
 

 

 

 

TOWN AND COUNTRY PLANNING ACT 1990 

 

Application by West Cumbria Mining Ltd  

Development of a new underground metallurgical coal mine and 
associated development at Former Marchon Site, Pow Beck Valley 

and area from Marchon Site to St Bees Coast 

 

Planning Inspectorate Reference: APP/H0900/V/21/3271069 

Local Planning Authority Reference: 4/17/9007 

Date of Inquiry:  7th September 2021 

 

 

PROOF OF EVIDENCE 

of 

Professor Paul Ekins OBE, PhD 

 

Professor of Resources and Environmental Policy 

UCL Institute for Sustainable Resources 

University College London 

  

 

 

10 August 2021 

  

SLACC/PE/1 

 



2 
 

CONTENTS 

1. INTRODUCTION ............................................................................................................................... 4 

2. OVERVIEW ....................................................................................................................................... 7 

3. SOME BASIC MARKET ECONOMICS ................................................................................................ 9 

Supply and demand in normal markets ........................................................................................ 9 

Supply and demand relating to steel and coal ........................................................................... 10 

The economics of a new coal mine ............................................................................................ 15 

4. THE DYNAMICS OF GLOBAL STEEL AND COKING COAL PRODUCTION ......................................... 18 

5. THE IMPERATIVE OF GHG EMISSIONS REDUCTION ...................................................................... 22 

6. THE UK AND EU STEEL INDUSTRIES .............................................................................................. 23 

7. THE FUTURE OF STEEL PRODUCTION............................................................................................ 26 

Global steel production .............................................................................................................. 26 

EU and UK steel production ........................................................................................................ 26 

8. CONCLUSION ................................................................................................................................. 29 

 

 



3 
 

Appendices in SLACC/PE/2 

 

Appendix 1   Global Coking Coal Mine Dataset, Dr Scamman (29 July 2021) 

Appendix 2   Evidence on the UK and EU Steel Industries 

Appendix 3   Ioannis Mitsios, Panagiotis Fragkos, Maria Kannavou Evidence of the European 
decarbonisation pathways and their impacts on the steel sector, with projections to 
2050 of steel production and coking coal use in the UK and EU (E3 Modelling, Athens, 
2021) 

Appendix 4  Excerpt from S Greenlaw and D Shapiro Principles of Micro-Economics 2e OpenSTax 
(2018) 

Appendix 5   Andrew J. Pimm, Tim T. Cockerill, William F. Gale ‘Energy system requirements of 
fossil-free steelmaking using hydrogen direct reduction’ Journal of Cleaner 
Production, Volume 312, (2021) 

Appendix 6  EUROSTAT Coal production and consumption statistics (July 2021) 

Appendix 7 Department for Business, Energy & Industrial Strategy, Final UK greenhouse gas 
emissions national statistics: 1990 to 2019, published 24 June 2021, Supplementary 
tables: 2019 UK greenhouse gas emissions by Standard Industrial Classification, Table 
8.1: Estimated territorial greenhouse gas emissions by industry section and group, UK, 
1990-2019 

Appendix 8  IPPR North “Forging the Future” (Webb 2021)  

Appendix 9 S&P Global Platts ‘HYBRIT pilot plant produces first sponge iron using fossil-free 
hydrogen gas’ (21 June 2021)  

Appendix 10  Vattenfall ‘HYBRIT: SSAB, LKAB and Vattenfall to begin industrialization of future 
fossil-free steelmaking by establishing the world’s first production plant for fossil-free 
sponge iron in Gällivare’ (24 March 2021) 

Appendix 11 Volvo Group ‘Volvo Group and SSAB to collaborate on the world’s first vehicles of 
fossil-free steel’ (8 April 2021) 

 

 

 

 

 

 

 

 

 



4 
 

1. INTRODUCTION 
 

1.1 My name is Professor Paul Ekins. I currently hold a professorship in resources and 

environmental policy at the UCL Institute for Sustainable Resources, University College 

London. Before that I was Professor of Sustainable Development at the universities of King’s 

College London, Westminster, and Keele. My PhD in economics is from the Department of 

Economics of Birkbeck College London. 

 

1.2 I have examined issues around environmental economics, including the economics of energy 

and climate change since 1985. From 2005-2019 I was a Co-Director (Deputy Director from 

2014-2019) of the UK Energy Research Centre (the UK’s principal energy research centre 

funded by the Research Councils). I was the founding Director of the UCL Institute for 

Sustainable Resources, a post from which I stood down in March 2021. I was a member of 

the European Commission’s High-Level Panel on the European Decarbonisation Pathways 

Initiative, and was the lead author of the chapter in its report on the economics and financial 

aspects of the transition.1 I led the European Commission’s Horizon 2020 project INNOPATHS 

(Innovation Pathways, Strategies and Policies for the Low-Carbon Transition in Europe), 

which entailed considerable modelling of European decarbonisation pathways, including of 

the industrial sector, including iron and steel. 

 

1.3 I am the author and co-author of many academic papers and reports related to energy and 

climate change.2  

                                                            
1  ‘Final Report of the High-Level Panel of the European Decarbonisation Pathways Initiative’, European 

Commission, November, Publications Office of the European Union, Luxembourg, 2018. 
2  Articles since 2015 include: 

McGlade, C. and Ekins, P. 2015 ‘The geographical distribution of fossil fuels unused when limiting global 
warming to 2oC’, Nature, pp.187-190. 

Peake. and Ekins, P. 2016 ‘Exploring the financial and investment implications of the Paris Agreement’, 
Climate Policy. 

Ekins, P., Drummond, P. and Görlach, B. 2017 ‘Combining policy instruments to achieve Europe’s 2050 
climate targets’, Climate Policy, Vol.17 Issue 1, pp.S1-S7. 

McGlade, C., Pye, S., Ekins, P., Bradshaw, M. and Watson, J. 2017 ‘The future role of natural gas in the UK: A 
bridge to nowhere?’, Energy Policy, Vol.113, pp.454-465. 

Winning, M., Price, J., Ekins, P., Pye, S., Glynn, J., Watson, J. and McGlade, C. 2019 ‘Nationally Determined 
Contributions (NDCs) under the Paris Agreement and the costs of delayed action’, Climate Policy. 

Pye, S., Bradley, S., Hughes, N., Price, J., Welsby, D. and Ekins, P. 2020 ‘An Equitable Redistribution of 
Unburnable Carbon’, Nature Communications, 11:3968, https://doi.org/10.1038/s41467-020-17679-3. 
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1.4 I have also co-edited three books in this area3. These article and books cover a wide range 

of topics around fossil fuels, greenhouse gas emissions and the policies that can reduce 

them.  

 

1.5 Over many years I have given written and verbal scientific evidence to a range of 

parliamentary committees, to various government departments, including DTI (member of 

the Cleaner Coal Technology Review Steering Group, 2001; member of the Sustainable 

Energy Policy Advisory Board, 2003-2007), BEIS, DEFRA (Chair of the Resources and Wastes 

Target Expert Group, 2019-present), and the Treasury, as well as to the UK Climate Change 

Committee (CCC), and the European Commission. I was the specialist adviser to the House 

of Commons Environmental Audit Committee from its foundation in 1997 to 2007, and was 

the specialist adviser to the Joint Committee of the Commons and the Lords on the Climate 

Change Bill. 

 

1.6 I was one of the experts who presented evidence in 2020 to the Citizens’ Climate Assembly, 

which was set up by six parliamentary Select Committees and reported to the House of 

Commons in September that year. I chaired, at the request of the Climate Change Committee 

(CCC), its Advisory Group on the Costs and Benefits of Net Zero and wrote the report to them 

on this topic in 20194 prior to their recommendation to adopt this as a target for 2050 under 

the Climate Change Act. I reconvened the Group, again at the CCC’s request, and wrote a 

                                                            
Van Ewijk, S., Stegemann, J. and Ekins, P. 2021 ‘Limited climate benefits of a global circular economy for pulp 

and paper’, Nature Sustainability, Vol.4 No.2, pp.180-187, February.  
Drummond, P., Scamman, D., Ekins, P., Paroussos, L. and Keppo, I.2021 ‘Growth Positive: zero-emission 

pathways to 2050’, Sitra, Helsinki. 
Ekins, P., Manzano, O. and Vogt-Schilb, A.2021 ‘Implications of Climate Targets on Oil Production and Fiscal 

Revenues in Latin America and the Caribbean’, Energy and Climate Change. 
3  Barker. T., Ekins, P. and Johnstone, N. Eds. 1995 Global Warming and Energy Demand, Routledge, London/New 

York  

Ekins, P., Skea, J. and Winskel, M. Eds. 2011 Energy 2050: the Transition to a Secure, Low-Carbon Energy 
System for the UK, Earthscan, London 

Ekins, P., Bradshaw, M. and Watson, J. Eds. 2015 Global Energy: Issues, Potentials and Policy Implications, 
Oxford University Press, Oxford. 

4  Ekins, P. 2019 ‘Chair’s Report of the Advisory Committee on the Costs and Benefits of Net Zero’, Committee 
on Climate Change, London. 
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follow-up report in 20205. I was a member of the Zero Carbon Commission in 2019-2020. In 

2015 I was awarded an OBE ‘for services to environmental policy’. 

 

1.7 I am providing evidence at the request of South Lakes Action on Climate Change (SLACC). In 

so doing I am acting as an independent expert offering my (pro-bono) services based on my 

academic and policy experience. The evidence which I have prepared and provide for this 

public inquiry is true to the best of my knowledge and belief. I confirm that the opinions 

expressed are my true and professional opinions based on the facts I regard as relevant in 

connection with the inquiry.  

 

1.8 Several academic colleagues have contributed to Appendices 1, 2 and 3 to my evidence (as 

attributed), but the main text is attributable solely to the author and does not necessarily 

reflect the views of my wider research colleagues or associated organisations.  

 

 

  

                                                            
5  Ekins, P., Ishwaran, M., Newton-Smith, R., Summerton, P., Turner, K. and Zenghelis, D. 2020 ‘Supplementary 

Report to the Committee on Climate Change’ from the Advisory Group on the Costs and Benefits of Net Zero, 
June, Committee on Climate Change, London.  
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2. OVERVIEW 
 

2.1 West Cumbria Mining (WCM) is proposing to open a new underground mine in West 

Cumbria to supply coking (metallurgical) coal to the UK and European Union (EU) steel 

industries. The Applicant estimates that the mine would produce 2.78 million tonnes of 

metallurgical coal per annum, to be used in steel production. It is envisaged that the mine 

would stay open until 2049 which would imply a period of at least 25 years of coal extraction. 

When used, the mined coal would emit around 220 million tonnes CO2.6 

 

2.2 This evidence challenges various arguments that have been put forward by WCM in support 

of its application, notably that: 

2.2.1 Coal from the new mine will ‘substitute’ for coal produced in mines elsewhere on 

a perfect one-tonne-for-one-tonne basis, leading to an equivalent reduction of 

coal production elsewhere, so that global emissions of carbon dioxide do not 

increase because of the new mine 

2.2.2 Coal from the new mine will primarily serve the UK and European markets, 

substituting perfectly for coal from further afield, and therefore reducing 

transport emissions 

 

2.3 This evidence is structured as follows, with various appendices giving further information, 

with references, on the various points made. First the evidence sets out some basic market 

economics, which shows that the ‘substitution’ argument runs directly counter to 

established economic theory and also to the evidence of how coking coal markets have 

developed in recent years (with further information in Appendix 1). Second, the evidence 

sets out the situation with regard to greenhouse gas (GHG) emissions and the measures that 

the UK and European Union countries are putting in place to meet the various emission 

reduction targets that they have adopted. Third, the evidence reviews the current UK and 

EU steel industry and assesses likely future developments as they seek to reduce their 

emissions in line with carbon emission reduction targets (further information in this area is 

given in Appendix 2). Finally, with the use of the European energy system model PRIMES, 

which is routinely used by the European Commission to project energy system developments 

                                                            
6  25 years of coal extraction, with expected production of 2.78 Mtpa, equates to approximately 69.5 million 

tonnes of metallurgical coal produced over the life of the mine.  The most recent greenhouse gas conversion 
factor published by the Department for Business, Energy & Industrial Strategy for coking coal is 3,165.24 Kg 
CO2e per tonne of coking coal used.  This equates to 220 million tonnes CO2e.  
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for the continent, the evidence presents two scenarios for the steel industry in Europe, and 

its demand for coking coal, through to 2050 (this information is expanded on in Appendix 3). 
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3. SOME BASIC MARKET ECONOMICS 
 

Supply and demand in normal markets  

3.1 The following exposition of basic market economics can be found in any economics 

textbook.7  Markets work by balancing supply and demand through the market price. The 

law of demand, for which there is very extensive evidence for normal goods (which include 

coking coal) states that more of a good is demanded at a lower price than at a higher price, 

which leads to the downward sloping demand curve D1 in Figure 1 below. The demand is 

satisfied through the supply of the good in question, with the marginal cost of production 

increasing as more of the good is supplied (because the cheapest means of production are 

employed first), so that there is an upward-sloping supply curve, shown by S1. The market 

price is set at the point where the two curves cross, p1, resulting in the market quantity 

supplied and demanded q1, in Figure 1. 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

Figure 1: Market supply and demand of a normal good 

 

3.2 When new supply comes on-stream (for example, through the opening of a new mine), it 

does not substitute for the output of an existing mine (it would be impossible to explain the 

                                                            
7 A relatively simple treatment similar to that given here may be found at https://assets.openstax.org/oscms-
prodcms/media/documents/Microeconomics2e-OP.pdf (excerpted in Appendix 4), produced as part of the 
OpenSTax project at Rice University, USA, by the academics Steven Greenlaw (University of Mary Washington) 
and David Shapiro (Pennsylvania State University) in 2018 (see Section 3.3, pp.61ff). Many textbook 
treatments get into much more complicated mathematics. 

https://assets.openstax.org/oscms-prodcms/media/documents/Microeconomics2e-OP.pdf
https://assets.openstax.org/oscms-prodcms/media/documents/Microeconomics2e-OP.pdf
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expansion of markets through such a mechanism), it shifts the supply curve outwards, to the 

new curve S2. This puts a downward pressure on price which, if nothing else changes, would 

tend to fall to p2, stimulating increased demand for the good, taking this to q2. However, 

the price reduction might also encourage the emergence of new sources of demand, shifting 

the demand curve out to D2, leading to yet another market equilibrium at p2’ and q2’. This 

process is constantly repeated as new resources are discovered, new technologies are 

developed, new markets emerge and new demand is created. The notion that new supply of 

a good will ‘substitute’ for existing supply runs counter to the whole experience of market 

dynamics and expansion, which is exhibited as strongly in steel and coking coal markets as 

in other markets, as will now be seen. 

 

Supply and demand relating to steel and coal 

3.3 The Applicant has consistently asserted, contrary to standard market economics, that coal 

from the new mine would result in reductions in coal extracted from mines overseas. 

However, evidence from many markets shows that (absent special – and rare – 

circumstances where the demand for a product is considered to be entirely “inelastic”) an 

increase in the supply of a commodity such as coking coal will reduce the price of the 

commodity, leading to increased demand, and therefore increased emissions. This is a 

normal feature of economic markets and to refute the assumption that greater supply of a 

product will lead to increased demand would require a very strong argument - and evidence 

- that the coal market has one or more rare features (such as a cartel which sets prices 

independently) which override normal economic forces. Nothing has been put forward here 

that would support such a conclusion. 

 

3.4 After I wrote to the County Council in December 2019 noting that the perfect substitution 

assumption was contrary to basic economic theory8, the Applicant subsequently submitted 

evidence from Dr Neil Bristow seeking to rebut this.9  

 

3.5 The economic rationale for the claim that normal economic forces would be displaced so 

that new coal supply from the Woodhouse Colliery would be offset on a perfect one-for-one 

tonne basis by supply reductions elsewhere is neither clear nor substantiated. Whilst the 

Applicant/Dr Bristow raise a number of factors which are said to support a conclusion that 

                                                            
8 CD3.6. 
9 CD1.71. 
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the perfect substitution assumption is valid, it is never explained precisely why these factors 

should lead to perfect substitution. 

 

3.6 However, in relation to the factors that the Applicant/Dr Bristow apparently cited in support 

of the claim, I would note that:  

 

3.6.1 Assertions have been made that demand for coking coal will be unaffected by the 

opening of the new mine because demand for coking coal is “led by the demand for 

steel.”10 This is contrary to basic economic theory. There is no reason why the 

demand for steel would not be responsive to the price of the inputs to steel 

production. Cheaper coking coal will, in the absence of policy incentives, result in 

more steel being produced through the traditional blast furnace method, and 

discourage investment in alternatives, even though such alternatives exist. Thus, an 

additional coking coal mine is highly likely to result in additional carbon emissions. 

 

3.6.2 Dr Bristow asserts that the production of coal by WCM is unlikely to affect steel 

supply or demand because “there are many variable components in steel 

production, and because steel consumption is driven by demand for it from the 

market (rather than its availability or price).”11 The latter part of this statement by 

Dr Bristow is obviously wrong. Of course steel consumption will be affected by 

macroeconomic factors, as with any product, but it is nonsensical to assert that 

demand for steel is not affected by its availability nor by its price. Clearly if the price 

of steel were to increase, this would cause buyers to purchase less (economists refer 

to this as ‘the law of demand’ and it is one of relatively few points of consensus 

among economists of all stripes about goods, including steel). This is both because 

some projects would become uneconomic and because alternative materials – or 

efficiencies of use – could be identified in at least some instances.12 

 

3.6.3 Conversely, if the price of steel made with coking coal were to go down (as is likely 

to be the case if supply of such coal were to increase, for the reasons given above), 

this would cause buyers to purchase more (the ‘the law of demand’ again). This is 

                                                            
10 CD4.1, §6.47, CD4.3, §4.19 
11 CD1.146, §6(v) 
12 CD9.1, p.1 
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both because some projects using steel would become economically viable, where 

they may not have been before, and because alternative means of production of 

steel would become less economic.   

 

3.6.4 It is also illogical to suggest that because there are a number of inputs to steel 

production, which may vary in price, the price of a single input (metallurgical coal, in 

this case) will not affect the price of the end product.13Whilst the prices of other 

inputs may well vary, it is contrary to basic economic orthodoxy to argue that a cost 

reduction of a key input to high-carbon steel production (i.e. using metallurgical coal) 

will not lead to any change in the price of the steel produced. It is likewise basic 

economics that if the price of steel is reduced, the amount supplied to the market 

will increase, because there will be new buyers that are willing to purchase steel at 

the slightly lower price.  

 

3.6.5 The Applicant/Dr Bristow also assert that metallurgical coal and manufactured steel 

are generally not stockpiled and/or stored for significant periods of time because 

they may degrade over time14 (Industries in which goods are delivered without a 

significant delay before use are sometimes referred to as having a ‘just-in-time 

supply chain’.) It is implied that this somehow supports the conclusion of perfect 

substitution. However, this is not a factor that would be expected to alter the normal 

forces of supply and demand. This is a relatively common feature of supply chains in 

many different industries and it is not clear why this should alter the normal working 

of economic markets.  

 

3.7 For all these reasons, it would be wrong to make the perfect substitution assumption in 

relation to new coal supply from the Woodhouse Colliery. 

 

3.8 Furthermore, and tellingly, the Applicant and Dr Bristow accept that there will be price 

differences. Dr Bristow, for the Applicant, stated that in his judgment Cumbrian coal will be 

“significantly cheaper, much more readily available, [and have] better retained quality due 

to shorter shipping distances.”15 Elsewhere, he stated that the operating costs of the 

                                                            
13 CD1.145, §6(v)(p.30) 
14 CD1.146, §4(p.21), §5(p.28), §6(iii)(p.30) 
15 CD1.146, §4(p.25) 
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Whitehaven mine will be “much lower than the majority of other mines producing HCC coal 

and this cost advantage is of significant interest to steel makers.”16 

 

3.9 Likewise, Wardell Armstrong, who were instructed as an independent advisor by the County 

Council, concluded that “the price of the coal delivered from WCM into the UK and EU 

markets should have a significant advantage …”17. This led the Council to conclude that it 

was considered likely that “the Cumbrian HVA coal would be at a competitive advantage 

over US coal in the European market.”18 This must mean that, compared with a US coal of 

similar quality, there are cost savings to using Cumbrian Coal (whether they be because of 

the actual price at which it is supplied or other factors such as the lack of interruption in 

supply that would make the coal more attractive and lead to reduced costs for steel 

producers).  

 

3.10 The Applicant (and the Council) however went on to argue that the coal would not be so 

much cheaper as to affect global metallurgical coal prices.19 These two positions are 

contradictory.  

 

3.11 Additional supply need not affect ‘global metallurgical coal prices’ writ large in order to affect 

behaviour. Here, supply of metallurgical coal in the UK and certain other EU countries of the 

magnitude proposed is essentially certain to affect the cost of metallurgical coal in these 

locations. This in turn will have an effect on the decisions of steel producers, including how 

much steel is produced in these locations and how much of this production is via higher- and 

lower-carbon methods (specifically, it will increase steel production and incentivise higher-

carbon production methods).  

 

3.12 It is crucially important to appreciate that the price differences discussed above need not be 

large to affect behaviour. Even a small local price difference for a major input such as 

metallurgical coal is likely to lead steel mills (which are often operating at low margins) to 

increase or decrease production. A few pence per tonne may be enough to influence a large-

scale purchaser. Likewise, for steel purchasers, very small differences in price may cause a 

                                                            
16 CD1.146, §4(p.23) 
17 CD9.12, §9.1.6 
18 CD4.5, §7.86 
19 CD1.146, §45(p.11), §4(p.25), §4(p.26), §6(v)(p.30), CD4.5, §7.22 
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major construction firm, for example, to switch an order from low- to high-carbon steel, for 

instance, or to use more steel in its next project instead of alternative construction materials.  

 

3.13 A reduction in coal prices also makes steel produced by low-carbon technologies less 

competitive. When UK and EU steel producers are considering whether to convert to 

alternative lower-carbon technologies or to instead continue to produce steel using coal, the 

existence of a significant, stable, long-term supply of lower-priced metallurgical coal is 

clearly likely to affect this decision-making, inhibiting the switch to lower-GHG-producing 

methods. For instance, a long-term, low-cost and stable supply of coking coal is likely to 

influence whether steel producers make the outlay to re-line a blast furnace, potentially 

prolonging high-carbon steel production at that facility for decades, or instead decide to 

direct those capital investments towards lower-carbon technologies. Thus, this mine is likely 

to have further ‘lock-in effects’ which discourage investment in low-carbon steel making 

technologies, even beyond the impacts discussed above (CD 8.23).  

 

3.14 I noted in my letters of December 201920 and September 202021  that the Applicant has never 

sought to specify mines that it says will close when the production from the proposed 

Woodhouse Colliery mine comes on stream. As far as I am aware, the Applicant has never 

identified any such mines that would cease production if this mine opens. However, more 

generally, the idea that the likely outcome of adding additional supply to a market would 

mean no change in the amount of product supplied runs counter to normal market 

behaviour, which has been demonstrated over centuries in respect of coal and other 

commodities. Imagine if the owners of the world’s second coal mine had argued that they 

were not increasing the world’s coal supply, as the owners of the world’s first coal mine 

would simply reduce their production in response. The market for coking coal has expanded 

dramatically over the past two centuries due to new supply coming online, as is shown in 

Section 4, which provides definitive evidence that still-producing mines do not shut down as 

new coal mines are opened. World demand for coal, or for the products it is used to produce, 

is not fixed, and putting new supply on the market will reduce the price and increase that 

demand.  

 

                                                            
20 CD3.6 
21 CD3.12 
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3.15 If the Whitehaven mine opens, and supplies British and EU steel mills, then the coal that is 

currently supplying them will go somewhere else stimulating underlying steel demand, so 

that the Whitehaven mine will have contributed directly to increasing carbon emissions. 

Given that EU and UK demand for coking coal is likely to be very small after 2035 (as shown 

in Section 7) I consider the most likely outcome is that coal from the new mine would go to 

markets outside the UK and the EU, particularly after that date. But even if it is all used in 

the UK and EU, it is still likely to displace to other regions significant volumes of coal which 

would otherwise have been sold into those markets, thus increasing global carbon 

emissions.  

 

The economics of a new coal mine 

3.16 A further reason that the new mine would likely lead to additional GHG emissions is related 

to the cost structure of such a mine. The Woodhouse Colliery would require a large initial 

investment before the mine would produce a single tonne of coal. This is because all of the 

site preparation and building construction must occur before any coal is produced. The 

processing plant, the conveyor, the rail loading facility, the initial underground access – all 

of these must be completed before production commences. Once these investments have 

been made, the marginal cost of producing each tonne of coal (i.e. the cost of extracting, 

processing and transporting another tonne of coal to market) is much lower. A rational mine 

operator will thus continue to produce coal as long as they are able to achieve a price which 

allows them to recoup this marginal cost of producing the coal.  

 

3.17 There is therefore no evidence I am aware of to support the conclusion that, if a market for 

the coal cannot be found in the UK or Europe, the mine will simply shut down, as has been 

asserted.22 The mine operator’s economic incentives will be to sell the coal anywhere in the 

world that a market can be found. Once the coal has been transported to the port at Redcar 

for onward shipping, there is nothing preventing the coal from being shipped to Africa or 

Asia, for instance, if the European market has collapsed or contracted significantly, as is likely 

to occur given legally-binding GHG emission reduction targets (see further discussion at 

section 5).  

 

                                                            
22 CD4.3, §4.3, §4.18 



16 
 

3.18 It is therefore not sound to assume that if the coal is no longer needed for use in the UK and 

Europe that the mine will close. The effect of the economic incentive to sell coal at anything 

above the marginal cost of extraction will mean that even if it would not make economic 

sense to open the mine, significant volumes of coal are likely to be sold wherever a market 

can be found, causing additional GHG emissions as a result of granting permission to this 

mine. 

 

Discouraging low-carbon steel 

3.19 A further reason that granting permission to this mine is likely to lead to additional 

greenhouse gas emissions is that it is likely to depress investment in alternatives to carbon-

intensive blast furnace steel production. Such alternatives, including reuse and 

remanufacture of steel; recycling of steel in electric arc furnaces (EAFs); the direct reduced 

iron process (DRI) which uses gas to make new steel; and producing steel with hydrogen; are 

all technically feasible. However, the relatively low price of blast-furnace steel production 

has inhibited the development of these alternatives.  

 

3.20 Separately, it may be noted that the cost of blast furnace production is, in fact, artificially 

low due to significant market subsidies received by the steel sector. Such subsidies, include, 

for example, free allowances under the Emissions Trading Scheme (ETS). Recent research 

has indicated, for instance, that, if such free allowances were not granted to the steel 

industry, Hydrogen Direct Reduction and EAF steelmaking powered with green hydrogen 

would be cost-competitive with blast furnace relining in the UK by 2030 at the latest, and by 

the mid-2020s under central scenarios (Appendix 5, Pimm 2021). 

 

3.21 However, in the absence of further policy or legislation, increasing the supply of coking coal 

will further discourage the deployment of such lower-carbon alternatives.  

 

3.22 As the UK progresses toward its statutory target of net-zero emissions by 2050, UK steel 

production will be required to shift to the low-carbon alternatives described above. From 

the arguments above it is clear that the coal produced by the Cumbria mine is likely both to 

increase emissions and to hamper the development and deployment of low-carbon 

technologies in this industry, thereby supporting the continuance of high-carbon steel 

production and contributing to dangerous climate change.  
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3.23 For these reasons, I conclude that claims that the mine would not result in additional carbon 

emissions, are entirely unfounded. On the contrary, I would expect the mine to result in 

considerable additional carbon emissions. 
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4. THE DYNAMICS OF GLOBAL STEEL AND COKING COAL PRODUCTION 
 

4.1 The demand for coking coal depends on the demand for steel. Figure 2 shows that steel 

demand has grown consistently, though at varying rates, and with some dips due to 

recessions, since 1950.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2: Global steel production, 1950-2020 (Source: CD9.21, p.7) 

 

4.2 Figure 3 shows how the world production of coking coal broadly reflected that of steel up 

until 2016. It stayed broadly unchanged from 1978-2000, with the increase in steel 

production being enabled by more efficient use of coking coal, and then took off post-2000 

with the huge increase in Chinese steel production, with a concomitant increase in both its 

consumption and production of coking coal. Since 2016 the global demand for coking coal 

seems to have levelled off, despite a continuing increase in steel production. 
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Figure 3: Global coking coal production and consumption (IEA, 2019) (Source: Appendix 1) 

 

4.3 Despite the recent levelling-off of demand for coking coal, the Global Energy Monitor (GEM) 

database (see Appendix 1) shows that a large number of new mines for coking coal are still 

being proposed. As of 2021 there were 119 operational mines producing bituminous 

metallurgical coal. No fewer than 79 new mines of this kind were being proposed, and there 

is no suggestion that these would ‘substitute’ for existing mines. Rather the GEM database 

suggests that they will simply add to existing reserves, while production from such mines 

would increase by 75% if all these proposed mines are realised (see Table 1, Appendix 1).  

 

4.4 As late as 2013 it was possible for experts to project further increases in the supply of coking 

coal, as shown by the projection of coking coal exports in Figure 4. As seen in Figure 3, this 

did not happen from 2016, and projections for increasing or steady coking coal use are now 

particularly dubious where binding emissions reduction targets exist, including in the UK and 

EU.  Such projections and the proposed new mines for coking coal referred to in the previous 

paragraph, also take no account of the carbon emissions associated with the using of coking 

coal in steel production and the resultant tightening constraints on its use, which is the topic 

of the next section. 
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Figure 4: Projections of coking coal exports, 2011-2035 (Source: Appendix 6 Alderman, 2013, with 

data from DOE/ EIA AEO 2011) 

  

4.5 Figure 5 shows that EU coking coal consumption, unlike that at the global level (Figure 3), 

has fallen from the level in 2005, but was broadly stable in 2015-2016.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: EU Coking coal consumption, 2000-2016 (Source: database managed by Emmanuel 

Aramendia, University of Leeds) (Units: 1 ktoe is around 1.4 mt coking coal) 
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4.6 According to Eurostat (July 2021): 

“The latest available annual figures show that in 2019 coking plants in the EU 

consumed 45 million tonnes of coking coal to produce 33 million tonnes of coke oven 

coke. In 2020, coking plants produced 30 million tonnes of coke oven coke. This is a 

new downward trend compared to previous years where coking plant activity was 

stable. The 2020 figures are estimates based on early annual data (‘Coke oven coke 

production’) and monthly data (‘Hard coal deliveries to coke ovens’).” (Appendix 6) 

It is very likely that this fall will be accentuated due to the constraint on the associated 

carbon emissions, as discussed in the next section. 

 

4.7 The dynamics of global steel and coking coal production, alongside the regional analysis 

specific to the EU, therefore demonstrate that the use of coking coal in the EU is already in 

decline. Section 7 shows that it is very likely to be phased out in the next decade, because of 

carbon emission constraints.  
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5. THE IMPERATIVE OF GHG EMISSIONS REDUCTION 
 

5.1 In recent years governments around the world have become increasingly concerned about 

the current and projected future impacts of climate change, and have made commitments 

for drastic reductions in GHG emissions. The commitments in Europe are particularly strong: 

the UK has a Nationally Determined Contribution under the UN Framework Convention on 

Climate Change of a 65% reduction in emissions from 1990’s level by 2030 and has put into 

law the Sixth Carbon Budget of a 78% emissions reduction by 2035 and net-zero emissions 

by 205023; the European Commission has also proposed a climate law that will contain a 

statutory reduction in GHG emissions of 55% from 1990’s level by 2030, and net-zero 

emissions by 2050.24 

 

5.2 Global GHG emissions are around 50 Gt CO2-equivalent (CO2e) per year, of which in 2019 

around 36 Gt CO2 came from the global energy system, including those from both the 

combustion of fossil fuels and industrial process emissions. 2.6 Gt of global energy system 

emissions came directly from the iron and steel sector. When including indirect emissions 

from the power sector and the combustion of steel off-gases (a further 1.1 Gt CO2/yr), the 

share of energy system CO2 emissions attributable to the iron and steel sector was 10% (CD 

8.16 IEA 2020). Clearly no aspiration for emission cuts to net zero can be achieved without 

deep cuts in emissions from the iron and steel sector. 

 

  

                                                            
23 CD 8.24 
24 CD 8.18 



23 
 

6. THE UK AND EU STEEL INDUSTRIES 
 

(Tables and Figures numbered A2.x can be viewed in Appendix 2) 

 

6.1 Tables A2.1 to A2.8 show UK and EU steel production from the recent past to the present. 

The Tables also show the production route – basic oxygen furnaces (BF-BOF) and electric arc 

furnaces (EAF). 

 

6.2 The EU steel industry in 2019 accounted for around 220 Mt GHG emissions annually 

(including both direct and indirect emissions). This is 5.7% of total EU emissions.25 GHG 

emissions from the UK iron and steel sector in 2019 were 10.8 Mt CO2e (out of a total of 

around 450 Mt).26 Clearly, the legally binding emission reduction targets in the UK and EU 

will require a transformation of their iron and steel industries if they are to be met. 

 

6.3 Since Cumbria County Council resolved to approve the proposed coal mine at Whitehaven, 

on the 2nd of October 2020, the details of that transformation have been further clarified. 

 

6.4 The UK Climate Change Committee (CCC) published its advice on the UK 6th Carbon Budget 

on the 9 December 2021 (CD 8.10) and the UK adopted the recommended budget on the 23 

June 2021 (CD 8.24). The EU Commission working document “Towards competitive and clean 

European Steel” was published on the 5 May 2021 (CD 8.15), and the European Commission 

adopted the ‘Fit for 55’ policy package (CD 8.17), intended a ‘make a reality’ of the European 

Green Deal on the 14 July 2021 (CD 8.18). Both the UK and EU have set targets that will mean 

that the use of coking coal should be significantly reduced or eliminated. These new 

developments give additional weight to the arguments against the mine. 

 

6.5 In 2020 the UK produced 7.1 million tonnes (Mt) of steel, of which around 80% was from its 

blast furnace – basic oxygen furnaces (BF-BOF) and 20% was from electric arc furnaces (EAF) 

that use electricity to re-melt scrap, rather than using coking coal (Tables A2.1, A2.2, A2.3, 

                                                            
25   CD 8.15 European Commission, Staff Working Document: Towards Competitive and Clean European Steel 

(2021) [SWD 2021; 353 final], at page 7. 
26  Appendix 7, Department for Business, Energy & Industrial Strategy, Final UK greenhouse gas emissions 

national statistics: 1990 to 2019, published 24 June 2021, Supplementary tables: 2019 UK greenhouse gas 
emissions by Standard Industrial Classification, Table 8.1: Estimated territorial greenhouse gas emissions by 
industry section and group, UK, 1990-2019. 
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A2.4, A2.5, A2.6 in Appendix 2). The EU 27 (excluding the UK) produced about 132 Mt of 

steel in 2020, of which around 43% was from EAFs, with the balance coming from its blast 

furnaces (Tables A2.7, A2.8 in Appendix 2) (CD9.18) 

 

6.6 Both the EU and UK have signalled that a significant “technology shift” is needed. Secondary 

steel production, i.e., from EAFs, must increase significantly, and GHG from primary steel 

production must reduce to net zero by 2050 or before. Both the EU and UK indicate that this 

can be achieved by replacing BF/BOF Furnaces with Direct Reduced Iron Furnaces that use 

hydrogen as a reducing agent i.e., H-DRI instead of coking coal.27 

 

6.7 Hydrogen can be made from water using electrolysis, and if the energy used is renewable 

the hydrogen is known as “Green hydrogen” and the resultant steel is low-emissions and is 

known as “Green Steel”. If the hydrogen is made from natural gas and CCS used to capture 

CO2 from the process, it is known as “Blue hydrogen”. 

 

6.8 For the UK, the advisory pathways that accompany the legally binding 6th Carbon Budget set 

a target of net-zero steelmaking by 2035, with no unabated use of coal. One option (the 

Balanced Pathway, Figure A2.1) would leave 2 of the 4 current Blast Furnaces operating but 

requiring CCS by 2035 (CD8.11, p. 28). EAF steel production would increase, so the use of 

coking coal would be approximately halved. 

 

6.9 However, deeper and faster cuts in carbon emissions by 2035, and lower ongoing emissions, 

are achieved by closing all Blast Furnaces (CD8.12, p.141). This is the scenario described in 

the 6th Carbon Budget “Tailwinds Pathway” (Figure A2.1), under which the UK could achieve 

net zero by the early 2040s. This pathway relies only on H-DRI and EAF for steel making, i.e. 

no coking coal at all after 2035. 

 

6.10 The UK Industrial Decarbonisation Strategy (CD8.14, p.141) includes a plan for industrial 

clusters with hydrogen production that would be centred on the current UK iron and steel 

plants, enabling the shift to H-DRI (Figures A2.2, A2.3). CCS infrastructure is also proposed; 

however, the UK government is not stipulating whether H-DRI or CCS will be used, leaving 

that to the iron and steel industry to decide. One analysis of the 6th Carbon Budget’s 

                                                            
27  EU: European Green Deal announcement (CD 8.18); UK: Sixth Carbon Budget Report (CD 8.10). 
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decarbonisation path suggests that for steel making, CCS’s main use will be to abate the 

process of creating hydrogen for H-DRI (Appendix 8, IPPR ‘Forging the Future’, April 2021). 

Another has called for investment in an H-DRI plant to make sponge iron to help UK steel 

plants with BFs or EAFs make the transition (CD 9.7). Clearly if such a plant were in a 

hydrogen hub, that would be compatible with rapid decarbonisation pathways. 

 

6.11 Development of “Green Steel” in the EU is further advanced, probably due to partnerships 

as are now being requested in the UK. The pilot project of the Hybrit partnership between 

SSAB, LKAB and Vattenfall with support from the Swedish Energy Agency, produced the first 

sponge iron reduced using fossil fuel hydrogen at their H-DRI furnace at Lulea, Sweden, in 

June 2021 (Appendix 9). A demonstration plant is planned to be commissioned in 2025, with 

sales of 1.3 Mtpa from 2026 rising to 2.7 Mtpa by 2030 (Appendix 10). Further commercial 

production facilities that will produce significant amounts of fossil free steel are planned by 

a number of companies in similar timescales. Volvo announced in April that, starting in 2021, 

it will start to use the low-carbon steel in its cars and increase its use through the 2020s 

(Appendix 11).  

 

6.12 A rapid growth of H-DRI is now anticipated by the EU Green Deal, potentially assisted by 

restriction of “free” ETS allowances and a carbon border tax on carbon-intensive steel. The 

EU Green Deal’s emphasis on the circular economy, and improvements in scrap recycling 

should lead to further shifts to EAF (Figure A2.5). More efficient design of products and 

structures will lead to reductions in total need for steel (Figure A2.6). As a result, a case has 

been made (CD 9.6) that primary steel making with H-DRI could provide all the steel the EU 

requires, whilst achieving net zero by 2050.  

 

6.13 There is no mistaking the UK and EU determination to decarbonise the steel sector in line 

with their decarbonisation targets. In the EU especially, technological developments are 

underway that seem very likely to make low-carbon steel commercially available and used 

by the end of this decade. The aspiration of WCM to sell its coking coal into the UK and EU 

markets for the purpose of steel-making there is very unlikely to be realised, especially 

beyond the middle of the next decade. This conclusion is reinforced by the modelling of the 

future development of these markets, the results of which are set out in the next section. 
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7. THE FUTURE OF STEEL PRODUCTION 
 

Global steel production 

7.1 In 2021 the IEA produced its ‘Net-Zero by 2050’ roadmap (CD 8.16, IEA, 2021). The key 

conclusion relevant to this proposal is: “Beyond projects already committed as of 2021, there 

are no new oil and gas fields approved for development in our pathway, and no new coal 

mines or mine extensions are required.” (CD 8.16 IEA, 2021, p.21, emphasis added). This is 

the clearest possible statement from the highest global energy authority that adequate fossil 

fuels, including coal, are already in production, and that further supply will either contribute 

to global over-supply, or to the undermining of global decarbonisation targets. 

 

EU and UK steel production 

7.2 To generate further insights into how the UK and EU iron and steel sector could decarbonise 

as part of this global move to net-zero emissions by 2050, SLACC commissioned E3 

Modelling, a specialist European consultancy, to model scenarios relating to predicted 

energy consumption in the steel sector in the UK and EU up to 2050. E3 Modelling is 

frequently instructed to provide energy, economic and environmental modelling to clients 

including the European Commission, governments, the World Bank, and private companies. 

Scenarios were generated using the PRIMES energy system model, which is the model used 

by the European Commission for many of its own scenario exercises. The results of this 

modelling are described in detail in Appendix 3, along with the PRIMES model itself. 

 

7.3 Two scenarios were modelled: A Base Scenario, which achieves the EU targets of 2030 prior 

to its most recent ramping up of climate ambition, and a Policy Scenario in which the now 

legally binding targets in the EU and UK for 2030 (55% and 65% reductions respectively), 

2035 (UK 78% reduction) and net-zero emissions in 2050 (both EU and UK) are achieved. It 

may be noted that output from the iron and steel sector is the same in the Base and Policy 

Scenarios, and that steel output in the EU and UK is comparable to that in 2010 (Figure A 

3.3, Appendix 3), so that the extra decarbonisation in the Policy Scenario is not achieved by 

the offshoring of steel-making (and associated emissions). The results of the scenarios are 

described in detail in Appendix 3, but the key results of the Policy Scenario are also presented 

here.  
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7.4 In the Policy Scenario there is a rapid decline of the use of coal and oil products by the iron 

and steel industry and a fast uptake of electrification and renewable energy. Focusing on 

coal, Figures 6 and 7 below show that there is essentially no demand for coal expected in 

steel-making post 2035-2040 in either the EU or UK. Under these circumstances, after 2030 

the Whitehaven mine will increasingly need to find markets for its coal outside Europe, 

where it will disincentivise the uptake of low-carbon steel production there, for the reasons 

given earlier. 

 

 

 

 

 

 

 

 

 

 

Figure 6: Policy Scenario: EU27 Energy consumption evolution in Iron & Steel 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Policy Scenario: UK Energy Consumption evolution in Iron & Steel 

 

7.5 More specifically, the use of solids (hard coal, coke) in the UK iron and steel sector drops 

significantly in the Policy Scenario by about 60% in the UK in the period 2015-2030, and by 

more than 80% by 2035, while it is eliminated completely by 2040. The picture is the same 
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in the EU27 where the use of solids for Iron and Steel manufacturing is projected to decline 

by 75% over 2015-2035 and by more than 99% by 2040. Table 1 gives the decline in coal use 

in the steel sector for 2015-2050. 

 

 2015 2030 2035 2040 2050 

EU27 33004  19214  8410  225  100  

UK 4013  1599  737  31  7  
 

Table 1: Policy Scenario: Solids consumption evolution in Iron and Steel (in ktoe) 

 

7.6 Switching to natural gas takes place (but only up to 2040) and biomass use increases 

modestly; the biomass share remains low, below 10% in EU-level up to 2030 and increases 

up to 20% in 2050. In the UK, the biomass share in 2050 is higher i.e. 25%. 

 

7.7 Electricity and hydrogen (both produced by renewable energy) are the main alternative fuels 

(accounting for 72% in the EU-level energy mix in 2050) that substitute for reduced fossil fuel 

(especially coal) consumption. Hydrogen is massively deployed in the mix, with its share in 

the sector’s energy consumption increasing from 6% in 2040 to 39% in EU-level in 2050. 

Interestingly, based on PRIMES projections, the UK reaches even higher shares of hydrogen 

in the Iron & Steel industry i.e. 45% in 2050, due to its even more ambitious emission 

reduction targets for 2030 and 2035. This hydrogen is mostly used for DRI processes in order 

to substitute for solid fuel use in blast furnaces. 

 

7.8 Modelling in this section shows that in both the UK and EU, even if they maintain iron and 

steel industries comparable in size to those in 2010, the use of coking coal will decline from 

2025, and disappear entirely from 2040. It is therefore very likely that coal from the 

Cumbrian mine would start to be squeezed out of these markets during this decade, so that 

assertions that this coal will predominantly or wholly serve European markets are most 

unlikely to be realised. Rather it is far more likely that this coal will seek markets further 

afield, where it will add to global carbon emissions and slow down the global spread of low-

carbon steel-making from Europe, thereby exacerbating climate change. 
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8. CONCLUSION 

 

8.1 This evidence has shown conclusively that the West Cumbria mine, if commissioned, would 

add significantly to global CO2 emissions. The argument that coal from the West Cumbria 

mine would somehow ‘substitute’ for coal produced elsewhere has no basis in either 

economic theory or in the post-war history of mine and steel expansion. 

 

8.2 Up until fairly recently, there were plans to open large numbers of new mines for 

metallurgical coal. However, such plans run completely counter to current ambitions for 

deep reductions in global CO2 emissions. The IEA has stated categorically that no new mines 

are required for steel making if global emission reduction targets are to be achieved. 

 

8.3 Both the EU and UK steel industries currently use large quantities of coking coal for steel 

making, but such use is expected to drop dramatically in the coming years due to legally-

binding EU and UK emission reduction targets. In light of this, there are ambitious plans in 

both jurisdictions to introduce new low- or zero-carbon technologies for steel making.  

 

8.4 Such technologies are currently more expensive than conventional steel making using coking 

coal, but it is to be expected that their widespread deployment will bring down costs, as has 

been the case with many other low-carbon technologies. However, further supply of 

metallurgical coal, such as would be brought about through the opening of new mines, and 

the downward pressure this would exert on coal and high-carbon steel prices, would 

obstruct the introduction of these new technologies. 

 

8.5 Detailed modelling of the EU and UK steel industries under the legally binding constraints on 

their CO2 emissions which both jurisdictions have imposed shows that coal use for steel 

making declines dramatically through the 2030s and ceases entirely by 2040. After 2030 the 

West Cumbria mine, if in operation, would increasingly have to look outside Europe for its 

markets, completely negating one of the main arguments that have been used for its 

opening, namely that it would supply markets in Europe and prevent the transport of coking 

from more distant sources. Far from being a secure source of long-term employment, as has 

been claimed, the mine would find itself fighting for its survival in an increasingly competitive 

global market. While it did so, it would be adding to global carbon emissions and 

exacerbating climate change. 

 

10 August 2021 
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APPENDIX 1 

Global Coking Coal Mine Dataset 
Dr Daniel Scamman, 29 July 2021 

Institute for Sustainable Resources, University College London 

Dataset Objectives 
• Major [coking coal] mine opening, production, reserves and projected closure dates
• Combined – Item 4: A global map of coking coal production (including in EU), the age of the

mines, how long they are likely to produce for and how much coal they will produce, and the
prospect of Whitehaven coal 'substituting' for any of this output, as has been claimed by the
mine developers

1. Data sources
A number of sources on coal mines were consulted for this analysis:

1.1 IEA Coal Information 

The IEA Coal Information [1] is a 500-page annual publication on the coal sector constructed from 
IEA/OECD World Energy Statistics.  It contains useful definitions of coal grades and types, including 
hard vs brown coal, and thermal vs coking coal and lignite, though different nations sometimes use 
different definitions for these (the IEA’s definitions are based on inherent qualities of the coal such as 
calorific value and reflectance; some nations classify coal based on usage).  Anthracite is the hardest 
and rarest coal, and generally used for industrial and residential heating.  Bituminous is another hard 
coal, and used for making coke due to its high carbon content and caking ability.  Brown coal consists 
of sub-bituminous coal and lignite, and is used for thermal coal.  Bituminous coal which is not used for 
making coke (called “Other bituminous coal”) is also used for thermal coal. 

The IEA Coal Information report contains useful historical global and national coking coal production, 
consumption and trade data going back to 1978.  Around 1,000 Mt of coking coal is produced globally 
per year, which is around 13% of total coal production (steam coal is around 76% and lignite 10%). 
Coking coal consumption roughly doubled between 2000 and 2015, though this has levelled off the 
last few years (Figure 1).  China is the biggest producer and consumer of coking coal.  Roughly 300 Mtpa 
of coking coal is traded internationally (i.e. 30% of total production), with some differences between 
import and export data due to differences in classification systems and stock level variations.  Australia 
is the biggest coking coal exporter (just over half the global total), followed by the United States.  
Additionally, about 50 Mtpa of pulverised coal injection (PCI) is used in blast furnaces, led by Japan 
and Korea.1   

1 PCI is otherwise excluded from this analysis, which focuses on coking coal.  PCI numbers are relatively small. 
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Figure 1: Global coking coal production and consumption [1] 

The IEA Coal Information report also contains a brief discussion of coal resources and reserves, with 
references to other sources.  Proven economically recoverable global coal reserves were estimated in 
2018 at a little over 1,000 billion tonnes, representing around 140 years at current production levels 
[7.57 Gtpa).  Coking coal resources are not specified, but current world hard coal total resources are 
estimated to be 17.7 trillion tonnes, or over 24 times current proven reserves.  Coal resources are 
widely distributed around the world, but proven coal reserves tend to be concentrated in the countries 
which rely on coal for domestic energy or export revenue. 
 
Although the Coal Information report contains detailed historical data for a range of nations and coal 
types, some gaps in the data remain (particularly for non-OECD countries), and some assumptions and 
conversions have been made.  Also no data on individual existing or proposed mines are included (e.g. 
numbers, ages, reserves, closure dates), just national-level production and consumption rates.  The 
Coal Information report has also been discontinued since 2019.2 
 
1.2 OECD Coal Library 
 
Another coal dataset is hosted online by the OECD Library [2].  World data is available for production, 
with similar coking coal production numbers to the Coal Information report of around 1,000 Mtpa, 
though with a few differences which could be due to gaps, different conversion factors or updates.  
Consumption and trading data is only provided for OECD countries, and data is only reported back to 
2011.  Again, no data is included on individual coal mines.3   
 
1.3 GEM’s Global Coal Mine Tracker 
 
Individual coal mine details are available online at the Global Coal Mine Tracker (GCMT) hosted by 
Global Energy Monitor (GEM) [3].  This includes data on operational and planned mines for different 
coal grades (thermal, metallurgical, mixed and unspecified) and types (anthracite, bituminous, sub-
bituminous and lignite).  The tracker includes mine name, owner, operator, country, production 
capacity, and reserves.  Opening dates and lifetimes are reported for some mines; lifetimes can also 
be estimated from the reserve and production capacity data.  A mapping tool displays mine numbers 
and capacities in different locations, and a dashboard portrays new mine data including number, 
capacity, location and expected CO2e emissions (both combustion and methane).  GEM aims to update 
its Tracker every 6 months, and following its update on 7th July 2021, it currently includes every 
operating mine producing 3 million tonnes per annum (mtpa) or greater, and every proposed mine 
with a capacity of 1 mtpa or greater.4  Smaller mines are included at discretion.  It is expected this will 
be extended to include every operational coal mine producing 1 mtpa or greater by January 2022, 
expanding coverage to 1,800 mines and over 90% of output [4]. 
 
According to the description of its methodology5, GEM’s Tracker gathers preliminary lists of coal mines 
in each country from public and private data sources including the Global Energy Observatory, the 
European Association for Coal and Lignite (EURACOAL), the Global Methane Initiative Country Profiles, 

2 According to https://www.oecd-ilibrary.org/energy/coal-information_16834275 
3 The World Coal Association also has a number of resources, thought these may only be available for 
members https://www.worldcoal.org/resources/.  Unclear at this stage if WCA provides different data to that 
available from other sources. 
4 Before 7th July 2021, the Tracker had 1,185 mines including operational mines over 5 mtpa. After the update 
it has 1,513 mines. 
5 https://globalenergymonitor.org/projects/global-coal-mine-tracker/methodology/ 
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and Mining Data Online, as well as various company and government sources. The data is then 
validated and updated through five main sources: 
1. Government data on individual coal mines (such as China’s National Energy Administration, 

Australian Mine Atlas, and the U.S. Mine Safety and Health Administration’s Mine Retrieval 
System); country energy and resource plans; and government websites tracking coal mine permits 
and applications, including Canada’s Impact Assessment Agency and Australia’s Office of the Chief 
Economist “Resource and Energy Major Projects List.” 

2. Reports by state-owned and private mining companies; 
3. News and media reports; 
4. Local non-governmental organizations tracking mining permits and mine operations;  
5. On the ground contacts who can provide first-hand information about a project or mine.  
Where possible, coal mine data is circulated for review to researchers familiar with local conditions 
and languages. 
 
GEM’s coal mine tracker is not exhaustive and is compiled from a range of official and unofficial 
sources, and considerable care has been taken to generate and validate its data.  It contains the most 
extensive freely available dataset on individual coal mines currently known to us, and hence is the 
best available source for analysing coking coal mine capacity and reserves. 
 
1.4 JRC’s Science for Policy Report 
 
EU coal mining data is listed in Appendix B of the 2021 JRC report “Recent trends in EU coal, peat and 
oil shale regions” [5].  Coal mining data for 29 EU regions is supplied, including production and coal 
type (but not grade).  However it makes the point that metallurgical coal is only produced in two of 
these regions (in Poland and the Czech Republic); 22% of the Polish mine output is coking coal, along 
with 49% of the Czech coal, totalling around 13 mtpa.6  This JRC data has been cross-checked with the 
GEM database and good agreement has been found; the GEM dataset has been used here as it is more 
extensive. 
 
1.5 Global Energy Observatory (GEO) 
 
Another online coal mine database is hosted by GEO [6].  Currently this database contains details of 
374 mines in 10 countries (mostly the USA, Australia and South Africa) including country, state, and 
capacity totalling 269 Mtpa.  Individual pages contain further data on specific mines, though this is not 
collated on the main page.  GEO invites collaboration to build the dataset, and their data can be edited 
from anywhere in the world.  The database appears to contain a substantial number of gaps and, 
although submissions are moderated, the level of validation is unclear.  The website also states that 
the database was last updated in 2018.  Hence the GEM dataset is used in this analysis. 
 
1.6 OCI / IISD 
 
A bottom-up coal mine dataset has been assembled by a research team led by personnel from Oil 
Change International (OCI) and the International Institute for Sustainable Development (IISD).  Six 
countries are included (India, the US, Indonesia, Australia, South Africa and Poland), along with a 
substantial fraction of China’s mines and top-down data for Russia and Germany; together these 9 
countries account for over 90% of global coal production.  The bottom-up dataset includes the number 
of mines and reserves, and in many cases production rates, coal grade (thermal vs coking), start date, 
operating company and projected mine life.  This dataset currently covers more mines for these six 
countries than GEM’s, though GEM also includes other mine data and data from other countries.  This 

6 The Czech mines could close, reducing production further: https://www.gem.wiki/Karvina_coal_mines 
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database is currently being published in an upcoming journal paper [7], but given it is not currently 
publicly available it has been excluded for now from this analysis. 
 
1.7 Other datasets 
Other datasets are available that require a subscription and licence e.g. Mining Data Solutions7, or 
S&P.  The European Environment Agency’s Industrial Emissions Portal contains European data8, 
though it is difficult to ascertain the operating status of coal mines.  Some national governments 
have a list of mines through their ministry of energy websites, though these are likely to already 
have been consulted by other datasets listed in this analysis. 
 
  

7 https://miningdataonline.com/ 
8 https://industry.eea.europa.eu/ 
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2. Coking coal mine data 
 
This section summarises data on coking coal mines from GEM’s Global Coal Mine Tracker.  A map of 
global coal mine capacities (all grades) is shown in Figure 2. 
 

 
Figure 2: Global coal mine capacities (operational/proposed, all grades) [3] 

A breakdown of mine by type, grade and status is shown in Table 1.  There are a total of 1,084 
operational coal mines totalling 285 Gt of reserves and 6.0 Gtpa production capacity.  A further 428 
mines totalling 60 Gt of reserves and 2.2 Gtpa of production capacity are proposed, giving a total of 
1,512 coal mines with 346 Gt of reserves and up to 8.2 Gtpa production capacity.  These reserves (both 
operational and proposed) should last 42 years at maximum production rates (in reality some mines 
will be exhausted before then).  GEM have published an analysis of new coal mines in Carbon Brief [4] 
noting, for example, that thermal coal accounts for 71% of planned new capacity (where coal type is 
known) despite the decline in coal-fired power generation, though this number is reversed in North 
America where metallurgical coal accounts for 70% of proposed capacity. 
 

  Operational Proposed Total 

  No. Reserve Capacity No. Reserve Capacity No. Reserve Capacity 

Grade Type - Mt Mtpa - Mt Mtpa - Mt Mtpa 

Thermal 

Anthracite 10 5,343 36 0 0 0 10 5,343 36 

Bituminous 245 57,224 1,434 77 10,179 368.99 322 67,403 1,803 

Subbituminous 274 31,122 1,474 69 10,123 439.71 343 41,245 1,914 

Lignite 144 115,318 1,259 59 13,016 449.735 203 128,334 1,709 

Metallurgical  
Anthracite 4 186 12 0 0 0 4 186 12 

Bituminous 119 20,932 487 79 6,707 362.72 198 27,639 850 
Thermal & Met Bituminous 72 19,228 467 29 4,106 160.55 101 23,334 628 

Unspecified 
Anthracite 25 3,236 91 17 2,685 47.2 42 5,920 139 

Bituminous 191 32,530 781 96 14,118 377.1 287 46,648 1,158 

Lignite 0 0 0 2 0 1.125 2 0 1 

 Total 1,084 285,117 6,042 428 60,934 2,207 1,512 346,051 8,249 
Table 1: Global coal mine data.  Summary table compiled from individual data in [3]9 

9 “The results of this data may be cited with attribution, but the data itself may not be distributed or 
incorporated into other databases without the express permission of Global Energy Monitor.” 
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Extracting data from this specifically for coking coal is complicated by the fact that, although some 
dedicated coking (metallurgical) mines are listed, some Mixed (thermal & met) and Unspecified mines 
can also be expected to generate coking coal.  This additional production has been estimated here on 
the basis that this additional coking coal will be produced purely from bituminous mines and that, 
since 32.7% of dedicated operational thermal or coking bituminous mines produce coking coal, this 
same fraction of Mixed and Unspecified bituminous mines will also produce coking coal.  Note these 
fractions are smaller for reserves and capacity (26.8% and 25.3% respectively), indicating that coking 
mines tend to be smaller than thermal coal mines.  Also note these fractions increase for proposed 
mines, indicating that more bituminous mines are expected to be coking coal mines in the future than 
in the past.  These estimates for total coking coal mine data are shown in Table 2. 
 

  Operational Proposed Total 

  No. Reserve Capacity No. Reserve Capacity No. Reserve Capacity 

Grade Type - Mt Mtpa - Mt Mtpa - Mt Mtpa 

% bituminous used for coking10 32.7% 26.8% 25.3% 50.6% 39.7% 49.6% - - - 

Dedicated met All 123 21,118 499 79 6,707 363 202 27,825 862 

Thermal and Met* Bituminous 24 5,150 118 15 1,631 80 38 6,780 198 

Unspecified* Bituminous 62 8,712 198 49 5,607 187 111 14,320 385 

Total met  209 34,980 815 142 13,945 629 351 48,925 1,445 
Table 2: Global coking coal mine data.  Compiled from [3].  *Estimated from the thermal:met ratios for 
bituminous coal (where specified). 

This data indicates that there are 123 operational dedicated coking mines globally over 3 Mtpa with 
reserves of 21.1 Gt capable of producing up to 499 Mtpa (i.e. 42.3 years’ supply at maximum 
production rates).  Adding estimated fractions from operational Mixed and Unspecified bituminous 
mines, this rises to an equivalent of 209 mines with reserves of 35.0 Gt capable of producing 815 Mtpa 
of coking coal per year.11  Adding proposed mines (dedicated and mixed/unspecified) over 1 Mtpa, 
this rises to a total equivalent of 351 mines with reserves of 48.9 Gt with a production capacity of 1.45 
Gtpa (34 years). 
 
Figure 3 shows the opening year and remaining life where reported for operational and proposed coal 
mines (all grades) from the GEM Tracker. 
 

10 e.g. 119 bituminous mines used for coking, and 245 for thermal i.e. 32.7% are used for coking 
11 IEA data (Fig 1 above) indicates annual production of coking coal is around 1,000 Mtpa, so this estimate is a 
bit low.  The shortfall could be due to exclusion of mines below 3 Mtpa from the current version of the GEM 
Tracker, or due to more coking coal coming from Mixed and Unspecified bituminous mines than assumed here. 
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Figure 3: Reported coal mine opening year and remaining life (operational/proposed, all grades). Compiled 
from [3] 

A significant number of mines are quite old (pre 1950).  However a large spike in new mines can be 
seen after 2000.  Some of these may have replaced the production of previously closed mines but, 
given the data presented here indicates an average mine life of around 40 years, at least some of this 
must reflect an increase in coal demand.  A significant number of mines were reported to have 
remaining lifetimes of over 100 years, though the most common remaining lifetime was 20-30 years, 
with the median lifetime 33 years. 
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industry, government and academic sources, which is referred to in the main evidence document. 
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Table A2.1 UK Crude Steel Production 2008-2020 (Eurofer 2021) 

 

Table A2.2 UK crude steel production data (from WSA, 2021) 

Year 
 

Metric 

20
10

 

20
11

 

20
12

 

20
13

 

20
14

 

20
15

 

20
16

 

20
17

 

20
18

 

20
19

 

20
20

 

Total tonnage 
(million tonnes 
crude steel)  

9.7 9.5 9.6 11.9 12.1 10.9 7.6 7.5 7.3 7.2 7.1 

Percentage crude 
steel production by 
process (%) - BOF 

75.4 73.3 78.6 83.6 83.9 83.8 80.6 80.1 77.8 78.8 80.9 

-        EAF 24.6 26.7 21.4 16.4 16.1 16.2 19.4 19.9 22.2 21.2 19.1 
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Table A2.3 UK annual production by process (UK Steel Statistics 2021 : Make 
UK) 

 

 

Table A2.4 Characteristics of integrated steel production sites in the UK 
(MakeUK, 2021 – unless otherwise stated). 

Route Site name Capacity (million 
tonnes/year) 

No. of employees No. of blast furnaces – 
not necessarily all 
operational 

In
te

gr
at ed

 Tata Port Talbot 4.5 8,500 2 

British Steel Scunthorpe 3.1 3,250 4 (British Steel, 2021) - 

EA
F Celsa (Cardiff) 1.1+ 2,000 (across UK} - 

Liberty Rotherham 1.2 1,047 - 

Outokumpu (Sheffield) 0.2+ 570 - 

Sheffield Forgemasters 0.1 640 - 

The Environment Agency has not published data on plant age and upgrades since 2004. However, 
monitoring press releases and other publicly available information shows difficulties within the 
sector. 
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Table A2.5 Summary of publicly available information on plant upgrades and 
potential 

  

There are two steel plants remaining in the UK that still use blast furnace – basic 
oxygen furnaces (BF-BOF), making around 80% of the UK crude steel, while 20% is 

1 https://www.tatasteeleurope.com/ts/corporate/news/tata-steel-restarts-port-talbot-blast-furnace 
2 https://www.hse.gov.uk/pubns/web34.pdf 
3 https://www.tatasteeleurope.com/ts/corporate/news/work-begins-on-life-extension-project-for-tata-steel-blast-furnace 
4 https://www.walesonline.co.uk/news/wales-news/huge-job-loss-fears-tata-18623935 
5 https://www.bbc.co.uk/news/uk-wales-53465239 
6 https://www.bbc.co.uk/news/uk-wales-54936547 
7 7 https://britishsteel.co.uk/news/jingye-completes-acquisition-of-british-steel/. 
8 https://www.grimsbytelegraph.co.uk/news/local-news/british-steel-owner-jingye-asks-4141944 
9 https://britishsteel.co.uk/news/british-steel-investing-100m-this-year-to-improve-manufacturing-and-
environmental-performance/ 
10 https://britishsteel.co.uk/news/british-steel-investing-100m-this-year-to-improve-manufacturing-and-
environmental-performance/ 
11 https://www.thetimes.co.uk/article/steel-deal-could-be-the-answer-if-liberty-fails-hints-kwarteng-
67jj70hmk 

Site Area 
upgraded 

Description 

Tata Port 
Talbot 

BF no. 4 New £185m blast furnace (rebuild) in 20131 (BBC News, 2013). 
A 20 year “campaign” would end in 2033, 25 year in 2038 

BF no. 5 Rebuild worth £75m in January 2003 after 2001 explosion2 
(Environment Agency, 2004). 
Work to extend operational life in 2018, production restarted in 
2019 (expected to increase its lifetime by 5-7 years i.e. to 2024 or 
2026 ; Tata Steel, 20183; BBC News, 2019).  

Plant- wide Proposal to replace both blast furnaces with EAF - BBC news 4  5 
Proposal to sell Netherlands Steel works and make Port Talbot 
“self sufficient”6 BBC news 13 Nov 2020 

British 
Steel 
Scun-
thorpe 

Plant-wide £50m investment in rod mill upgrade, and £40m across operations 
in 2018 (BBC News, 2018).  
Acquired by Jingye  March 2020 – announces plan to develop an 
EAF at Teeside7.  Requests £100m Coronavirus loan May 2020 8  
March 2021 announces £100m investment for new billet caster, a 
scrap pre-heating facility, cranes and a new environmental 
emission control system.9   

Liberty 
Rother-
ham 

Plant-wide £60m to double production, with increased low carbon outputs 
(Liberty Steel Group, 2020). Plan to sell Stocksbridge Plant to 
settle debt 10 
BEIS considers new “Steel Deal” to save Liberty11 

Sheffield 
Forge-
masters 

EAF £2m investment to improve operational efficiency of EAF. EAF 
was installed in the 1960s and later upgraded to higher capacity. 
(Sheffield Forgemasters, 2017).  
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being made in electric arc furnaces (EAF), which use electricity to re-melt scrap, 
rather than using coking coal.  

Of the four EAF sites in the UK: Sheffield Forgemasters was recently (July 2021) 
nationalised in order to secure steel supplies for the Ministry of Defence; Liberty 
Steel in Rotherham is threatened with closure due to a debt crisis; Outokumpu 
(Sheffield), which makes stainless steel, is discussing closure with its employees; 
while Celsa (Cardiff) uses steel billet made in EU EAFs to manufacture steel 
products. 

Tata Steel at Port Talbot have two blast furnaces one of which must be relined or 
closed before 2030 and one before 2040.  Replacement with Electric Arc Furnaces is 
being discussed. 

It is clear that investment decisions are needed soon if both jobs, and a strategic 
supply of steel for the UK are to continue.  

 
Table A2.6  Summary of UK steel production and material flows by production 
route (from MakeUK, 2021) 

 

 

The material flows between Integrated Steelworks and Electric Arc Furnaces can be complex; Table 
2.6 shows the current flows in the UK.  However it is understood that crude steel from Blast 
Furnaces can also be added into EAF production to improve some characteristics of the steel 
produced12. 

12  I need to check the best source for this. MPI/Syndex report 2020 ? 
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Table A2.7 EU Steel Production Eurofer 2021 

 

Crude steel production in the EU 27 (excluding the UK) fell from 185 Mt in 2008 to about 132 
Mt in 2020. However YTD annualised production in the EU27 is around 154 Mt, much closer 
to the 2019 figure, perhaps indicating that the 2020 figure was low due to Covid-19.  
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Table A2.8 Eurofer 2021 
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The “Tailwinds” Pathway has the steepest drop and the most beneficial impact on cumulative Greenhouse Gas 
Emissions. It would require net zero GHG emissions from steelmaking by 2035, with no use of coking , or any 
other form of coal by then 

Figure A2.1 6th Carbon Budget Pathways. 

17



 

 

 

Figure A2.2 Hydrogen Infrastructure Map. UK Industrial Decarbonisation 
Strategy 2021 

 

 
Figure A2.3 Hydrogen Use in Industry UK Industrial Decarbonisation Strategy 
2021 

The National Networks scenario sees the most hydrogen utilisation of 86 TWh by 
2050. In this scenario hydrogen is available to all industrial sites and the Iron and 
steel sector opts to decarbonise through the DRI and EAF route. 

Figures from the UK Industrial Strategy March 2021 

18



 

 

 
Fi5  

Figure A2.4 UK Steel Decarbonisation – IPPR North April 2021 
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 CIRCULAR ECONOMY – REDUCING THE USE OF STEEL AND MAXIMISING RECYCLING 

Steel is already a highly circular material. On average, the EU already recovers 85% of end 
of-life steel for recycling. Recycling works because of the intrinsic economic value of steel 
scrap: the 131 Mt of scrap generated in the EU every year is worth some EUR 30 billion. 
The 10 EU uses 94 Mt of this scrap, making up half of the iron input to EU steelmaking. It 
exports 17 Mt, with Turkey the largest destination. Using steel scrap in the production 
process reduces CO2 emissions by 58%, air pollution by 86%, water use by 40% and 
water pollution by 76%.2 

A 2019 report from Professor Julian Allwood of Cambridge University states that “the 
global steel industry is transforming from using iron ore to recycling scrap. Global arisings 
of steel scrap are likely to treble in the next thirty years and we will never need more 
blast furnaces than we have today.” In 2017, only 20% of UK steel was produced in 
electric arc furnaces, against an EU average of 40%. Nine million tonnes of scrap steel 
were exported from the UK for recycling overseas. There is potential to increase the 
scrap usage of the UK industry within a strategy aiming at replacing the high level of 
imports by a higher proportion of local production. 

Circular-by-design approaches and better scrap sorting processes will improve the 
outlook and help accommodate increased circularity. By the 2050s, some estimates show 
that the amount of scrap available in the EU could be as large as total EU annual steel 
needs, raising the interesting prospect that recycling could satisfy a large part of the EU’s 
steel needs, if the quality is good enough. Steel could become a nearly fully circular 
material. 

 

Figure A2.5 Towards a Circular Economy in Steel 
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Figure A2.6. Historic data and outlook for EU steel production. 

The making of green steel in the EU: a policy evaluation for the early commercialization phase, 
Climate Policy  

Valentin Vogl, Max Åhman & Lars J. Nilsson (2020)  

Even under the most ambitious circular economy scenarios some primary steel 
production will be required in the future. Figure A2.6 illustrates a schematic path to a 
carbon-neutral steel industry in Europe by pursuing two distinct strategies: material 
efficiency and development of zero-emission primary production technologies 

 

Climate neutrality in 2050 means total emissions (left axis) and emission intensities (right 
axis) must approach zero. Material efficiency improvements and overall steel demand 
reduction can lower the amount of needed primary steel production significantly (see 
primary route – min.). 2050 data from Fleiter et al. (2019), Material Economics (2018); van 
Ruijven et al. (2016); historic emissions from EEA (2018), steel production data from World 
Steel Association (2009, 2019). 
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Introduction 
Since 2014, West Cumbria Mining (WCM) has been working to develop and deliver a new 
underground mine in West Cumbria to supply coking coal to the UK and EU steel industry. This would 
be the first new deep coal mine in the UK for the past 30 years and the only active since the last one 
- Kellingley Colliery – was permanently closed in 2015. The planning application proposes that the 
mine would produce 2.78 million tonnes of metallurgical coal per annum, to be used in steel 
production and WCM has accepted that any permission granted would expire in December 2049. This 
would imply a period of at least 25 years of coal extraction. When used the mined coal would emit 
around 220 million tonnes CO2. This figure excludes emissions arising from the construction of the 
mine and the extraction process itself 

It could be surmised that investing in coal – the most polluting of all fossil fuels - extracting facilities 
is not compatible with ambitious commitments on drastically cutting carbon emissions. Economic 
theory suggests that an increase in supply of a commodity, such as coal, would reduce its price, 
leading to increased demand and, therefore, increased emissions. In the case of the steelmaking 
industry, this may decrease the incentive to use coal more efficiently, or produce steel using 
alternative low-emission processes, even though all these are technically possible 

The purpose of this analysis is to test such a hypothesis using evidence from the European and 
International literature on decarbonisation targets and trends as well as results from various, recent 
analyses and scenarios that have been conducted using the PRIMES model during the past months to 
assess the EU’s 2030 and 2050 long-term strategy towards climate neutrality (E3M, 2018). The 
PRIMES (Price-Induced Market Equilibrium System) model is a large scale applied energy system 
model that provides detailed projections of energy demand, supply, prices and investment to the 
future, covering the entire energy system and emissions. The distinctive feature of PRIMES is the 
combination of behavioural modelling (following a micro-economic foundation with the behaviour of 
actors influenced by prices, technology dynamics, non-market forces and policies) with engineering 
aspects, covering all energy sectors and markets through specific sub-modules. It has a detailed 
representation of energy and climate policy instruments, including market drivers, standards, and 
targets by sector. It handles multiple policy objectives, such as GHG emissions reductions, energy 
efficiency, renewable energy targets and provides pan-European simulation of internal markets for 
electricity and gas. The model has received international recognition from the scientific community, 
the private sector and policy makers, as it has been extensively used for energy and climate policy 
impact assessment by the European Commission (e.g. the recent Fit for 55 policy package, the Clean 
planet for all strategy the 2030 Climate Target Plan), national governments to prepare NECPs or other 
policies (e.g. Belgium, France, Slovakia, Greece, Slovenia, Romania, Poland, Bulgaria) and industrial 
organisations (Eurogas, Eurelectric).  

Existing Evidence 
In the context of the EU’s (including the UK) target of net zero greenhouse gas emissions by 2050 and 
global efforts to keep average temperature increase below 1.5 °C increase, rapid reductions of 
emissions are required in the UK and the EU. 

IEA Net Zero to 2050: A Roadmap for the Global Energy Sector (IEA, 2021) 
According to the recent IEA analysis, we are approaching a decisive moment for international efforts 
to tackle the climate crisis. The number of countries that have pledged to reach net‐zero emissions by 
mid‐century or soon after continues to grow, but so do global greenhouse gas emissions. This gap 
between rhetorical pledges and real climate action needs to close if we are to have a fighting chance 
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of reaching net zero by 2050 and of limiting the rise in global temperatures to 1.5 °C by the end of 
century. Doing so requires a total and rapid transformation of the energy, transport and industrial 
systems. This transformation is also a huge opportunity for our economies, with the potential to create 
millions of new jobs and boost economic growth if implemented in a cost-efficient and socially 
acceptable way, ensuring that no one is left behind. 

Beyond projects already committed as of 2021, there are no new oil and gas fields approved for 
development in the IEA Net Zero Emission (NZE) pathway, and no new coal mines or mine extensions 
are required. The net zero pathway results in a sharp decline in global fossil fuel demand, meaning 
that the focus for fossil fuel producers switches entirely to output – and emissions reductions – from 
the operation of existing assets. The global coal demand1 declines by 98% over 2020-2050, while 
demand for coking coal falls at a slightly slower rate than for steam coal, but existing sources of 
production are more than sufficient to cover global demand through to 2050. 
 
The NZE pathway sees a radical technological transformation of the iron and steel sub‐sector based 
largely on a major shift from coal use to RE-based electricity and green hydrogen. By 2050, electricity 
and other non‐fossil fuels account for nearly 70% of final energy demand in the sector, up from just 
15% in 2020. This shift is driven by technologies such as scrap‐based electric arc furnaces (EAF), 
hydrogen‐based direct reduced iron (DRI) facilities, iron ore electrolysis and the electrification of 
ancillary equipment.  
 
Globally technologies that are currently on the market deliver around 85% of emissions savings in steel 
production to 2030. They include material and energy efficiency measures and a major increase in 
scrap‐based production – which is much more efficient than primary steel production – driven 
primarily by increased scrap availability as more products reach their end‐of‐life. Partial hydrogen 
injection into commercial blast furnaces and DRI furnaces gain pace in the mid‐2020s, building on pilot 
projects testing the practice today. After 2030, the bulk of emission reductions come from the 
deployment of hydrogen‐based DRI and iron ore electrolysis.  

In Europe, including the UK, many integrated steel plants (BF/BOF) are nearing the end of their 
lifetimes and policy measures to reduce carbon emissions have a key influence on impending 
investment decisions for their replacement.2 This study analyses the transition of the EU and UK steel 
industries and how this relates to the proposed coal mine in Cumbria.  

 

PRIMES energy system model 
 

The PRIMES (Price-Induced Market Equilibrium System) is a large-scale applied energy system model 
that provides detailed projections of energy demand, supply, prices and investment to the future, 
covering the entire energy system including emissions (see Figure A3.1). The distinctive feature of 
PRIMES is the combination of behavioural modelling (following a micro-economic foundation) with 
engineering aspects, covering all energy sectors and markets. The model has a detailed representation 
of instruments policy impact assessment related to energy markets and climate, including market 
drivers, standards, and targets by sector or overall. It handles multiple policy objectives, such as GHG 

1 Without using Carbon Capture and Storage 
2 SI-Series-Paper-05-Decarbonisation-of-the-Steel-Industry-in-the-UK_Materials Processing Institute and 
Syndex- March 2021 
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emissions reductions, energy efficiency, renewable energy targets and provides pan-European 
simulation of internal markets for electricity and gas. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A3.1 - Diagram of the PRIMES model3. 

PRIMES offers the possibility of handling market distortions, barriers to rational decisions, 
behaviours and market coordination issues and it has full accounting of capital and operating costs 
(CAPEX and OPEX) and investment on infrastructure needs. The model covers the horizon up to 2070 
in 5-year interval periods and includes all Member States of the EU28 individually as well as 10 other 
European countries. PRIMES is designed to analyse complex interactions within the energy system in 
a multiple agent – multiple markets framework. Decisions by agents are formulated based on 
microeconomic foundations (utility maximization, cost minimization and market equilibrium), 
embedding engineering constraints and explicit representation of technologies and their age; 
optionally perfect or imperfect foresight for the modelling of investment in all sectors. PRIMES is 
well placed to simulate long-term transformations for long-term (rather than short- term) transitions 
and includes non-linear formulation of potentials by type (resources, sites, acceptability etc.) and 
technology learning.  

Summarizing: 

• The PRIMES energy system model represents all demand and supply sectors in separate 
modules 

• A module formulates a typically non-linear and intertemporal optimisation or simulation 
model for the sector, as a typical decision problem formulated structurally following the 
microeconomic theory 

3 Further information about the PRIMES model can be found here: http://e3modelling.gr/wp-
content/uploads/2018/10/The-PRIMES-MODEL-2018.pdf 
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• The formulation by sector embeds engineering details and technical restrictions in the 
economic, behavioural problem  

• A module derives energy mix and energy investment depending on prices and volumes 
determined in other modules 

• The pricing modules calculate supply costs by sector and determine prices by sector of product 
use based on marginal costs and an allocation of fixed and capital costs depending on 
assumptions about market conditions 

• A market balancing routine ensures demand and supply equilibrium in all markets 
simultaneously, and determines market clearing prices, after iterations involving all the 
modules 

• The model includes policy instruments of different nature, e.g. the EU ETS, taxes, subsidies, 
measures removing barriers, infrastructure investment, technology standards, emission or 
efficiency performing standards, policy targets and others  

 

PRIMES Scenarios 
In the context of 2030 and 2050 European climate targets, E3M has conducted a number of impact 
assessments to project the impact of ambitious EU energy and climate policies on the evolution of 
the EU energy system, on transport, and on their greenhouse gas (GHG) emissions. In the current 
analysis, results from a Base Scenario as well as one Policy Scenario will be presented, both of which 
have been quantified with the PRIMES energy system model (E3M, 2018). By comparing the Base 
Scenario (assuming that the EU achieves its previous target of 40% GHG reduction by 2030) and Policy 
Scenario (assuming that the new EU target of at least 55% GHG emission reduction is achieved over 
1990-2030 as recently included in the Fit For 55 policy package), we can analyse the energy, economic 
and technology implications of future EU pathways as well as how increased GHG ambition relates to 
renewables and energy efficiency ambition and in particular how it affects the future development of 
the EU and UK steel sector. 

Although the main climate targets and policies vary between the two scenarios, there are some 
common assumptions (which are in line with the recent EC DG ENER Reference scenario) included in 
both scenarios so as to increase their comparability: 

• GDP and population: The 2021 Ageing Report (European Commission, 2021a) was used to 
depict long-term population4 and GDP growth trends, while the short- and medium-term 
GDP growth projections are taken from Spring 2020 DG ECFIN forecast (European 
Commission, 2021b), which includes assumptions about the impact of the COVID-19 
pandemic 

• Sectoral activity: exogenous projections were used from the GEM-E3, an advanced general 
equilibrium model – also developed by E3M – for the entire economy used to deliver value-
added projections by economic sector 

• COVID-19 impact on economic activity: More than a year after the COVID-19 outbreak the 
pandemic continues to cast a shadow of uncertainty over the pace and strength of economic 
recovery. The disruptions in economic value chains caused by the lockdowns have set off a 
sharp decline in economic activity, which affects the possible evolution of productive systems 
along with expectations surrounding consumption, savings, production, and investment plans 

4 Aligned on the Eurostat EUROPOP 2019 projection 
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in the medium- to long-term. The PRIMES-based scenarios incorporate the latest economic 
projections, as published by the OECD Economic Outlook and DG ECFIN. 
The DG ECFIN Spring 2020 short-term economic forecast used for the Reference Scenario 
points to a sharp drop in output in 2020 followed by fast recovery, while the projection to 
2030 reveals a permanent loss of output of around 2.3% compared to the pre-COVID-19 
projections. The activity projections used in PRIMES have seen a decline in 2020 followed by 
almost full recovery by 2025 for most industrial sectors, compared to pre-COVID-19 levels. 

• Global energy prices: The modelling is based on the most recent fossil fuel price trajectories 
as derived from the recent JRC Global Energy and Climate Outlook (JRC, 2021) 

• Technology progress for low-carbon technologies is assumed based on learning rates as 
described in (E3M, 2018), focusing on solar PV, wind turbines, electric vehicles, hydrogen and 
batteries. 

• Modelling approach: both scenarios present a projection, not a forecast, of the evolution of 
the EU energy system, transport system and GHG emissions. They do not predict how these 
will look in the future, but provide a model-based simulation of a possible future outlook, 
given the applied policy context. 

PRIMES includes a detailed representation of the industry sector in all EU Member States and the UK, 
with industry split into 11 sub-sectors, with a clear focus on energy-intensive manufacturing activities 
(e.g. iron and steel, cement, chemicals, paper and pulp, non-ferrous metals). PRIMES represents 
several types of industrial processes, technologies and energy forms used in industrial sectors and 
models the link between technology and processing types based on substitution possibilities (e.g. 
steel produced from integrated steelworks vs steel produced from electric arcs) as well as 
complementarities. The nested substitution possibilities combined with the structure of industrial 
processes represented in PRIMES is a good basis to estimate the realistic possibilities of direct 
electrification and penetration of low-emission fuels, such as hydrogen, synthetic gas, and biomass in 
industry. 

The inventory of possible industrial technologies includes the classification of Best Available 
Technology (BAT) regulation. Thus, PRIMES Industry can handle technology and emission 
performance standards as well as pricing instruments. Primary versus secondary production (steel, 
aluminium, copper, glass, paper and clinker) is handled explicitly, but depends mostly on activity-
related projections, regarding recycling and circular economy. Renewables (biomass, biogas, waste, 
black liquor, solar and geothermal) are part of the substitution possibilities, but cost-potential curves 
limit their expansion to only specific processes where it is technically and economically cost-efficient 
to be utilised. 

Base Scenario 
The Base Scenario is a policy relevant projection of the future developments in the EU energy system, 
transport system and greenhouse gas emissions that act as a benchmark for future policy initiatives. 
It reflects policies and market trends used by policymakers as a baseline for the design of policies in 
the mid- and long-term, notably in 2030 and 2050. It includes: 

• A core target of at least 40% reduction in domestic economy-wide GHG emissions in the 
period 1990-2030 

• The share of renewable energy in total gross energy consumption should be at least 32% in 
2030 (in line with the EU Renewable Energy Directive) 
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• Increased energy efficiency improvements to at least 32.5% in 2030 (in line with the provisions 
of the Energy Efficiency Directive - EED) making use of the tools foreseen in the Governance 
Regulation 

The scenario reflects the outcomes of adopted EU level policies and takes into account national 
contributions and planned policies as well as Member State projections as provided in the respective 
National Energy and Climate Plans (NECPs) and assumes no intensification of current policies or 
development of new policies fostering the deployment of renewable energy, energy efficiency and 
clean fuels beyond 2030. Furthermore, this scenario does not foresee intensification of energy 
efficiency and renewable energy policies beyond 2030, and therefore assumes that the current 
framework would not be revised to support higher climate ambition – neither in terms of regulatory 
nor financial/enabling measures.  

Policy Scenario  
The Policy Scenario assumes that the EU achieves its new NDC target for 2030 as included in the 2030 
Climate Target Plan (European Commission, 2020) and reduces its domestic greenhouse gas emissions 
by 55% in 2030 compared to 1990 and achieves climate neutrality by 2050. The Policy Scenario thus 
assumes that the recent EU legislative commitments to achieve 55% GHG emission reductions in 2030 
and climate neutrality by 2050 are achieved, as outlined in the recent “Fit For 55” policy package and 
the Climate Law. The overall targets are met with various combinations of policy instruments and 
portfolios building on the Base Scenario: In particular, it assumes high intensification of energy and 
transport policies (e.g. higher ambition for renewable energy and energy efficiency policies) and  
extension of carbon pricing to non-ETS sectors (transport and buildings) from 2026 onwards. 
(European Commission, 2021) 

Higher ambition in both EE policies as well as RES-Shares compared to the Base Scenario are applied. 
More specifically, in 2030 the scenario achieves a share of renewable energy of 38.4% in EU gross final 
energy consumption and an increase in (primary and final) energy efficiency of 36%: 

• RES: this scenario implements the Renewable Offshore Energy Strategy that creates better 
framework conditions for the uptake of, especially, offshore wind and provides guidelines and 
capacity-building schemes to implement renewable energy communities financed by the EU 
and self-consumption models enabling higher consumer uptake and faster development of 
decentralised renewable energy technologies. Cross-sectoral renewable energy policies, 
covering streamlined administrative procedures for renewable energy projects, provisions on 
installers of renewable energy technologies, deployment of corporate power purchase 
agreements (PPAs) including in heating and cooling are all strengthened. It introduces 
measures enhancing coordinated planning such as green criteria and labels, including for 
cross-border schemes, also located off-shore, which would enable further renewable energy 
deployment reducing lead times and lowering costs. In addition, the Policy Scenario increases 
the heating and cooling target, including for district heating and cooling. This could be 
supported by strengthening of the regulatory framework to mainstream renewable based 
solutions for heating and cooling in all sectors and through requirements to accelerate the roll 
out of smart, renewable energy-based district heating and cooling networks, as well of the 
development of alternatives to fossil fuels for energy and industrial uses. Furthermore, risk 
mitigation instruments and flanking measures are introduced to reduce the perceived risks 
and fragmented nature of renewable heating and cooling solutions. 
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• Energy Efficiency: intensification of policy measures, which could be undertaken at EU level 
to ensure a moderate increase of the overall energy efficiency ambition, implies the review of 
some elements of the Energy Efficiency (EE) legislative framework together with the scaling 
up of the financial and other enabling measures supporting them. 

o In order to further reduce emissions from industry in line with the higher climate 
target for 2030, changes need to be made in the way industry consumes energy and 
produces its products notably via increased material and energy efficiency, greater 
material recirculation, new production processes and carbon capture technologies. 
This scenario explores intensification of energy efficiency policies in industry through 
reinforcement of several EED measures to address the existing barriers preventing 
cost-effective energy savings solutions. These could refer mainly to the audit 
requirements and follow-up of their outcomes by the audited companies as well as 
waste heat reuse. In addition, eco-design and labelling requirements for products 
used in industry could also be strengthened. These policy measures are accompanied 
by scaling up of financial and other enabling measures. 

• ETS: this scenario aims at further strengthening ETS. In fact, looking at the exact ETS prices, 
this scenario projects an ETS price 60% higher in 2030 and 160% higher in 2050 compared to 
the Base Scenario. Specifically: 
 

 

      Figure A3.2. ETS Price evolution (€/tn CO2) in both scenarios 

PRIMES Scenario Results 
Activity in the Iron and Steel Sector 
Already since 2016, the economic output of the Steel Industry in the UK declined rapidly as several 
plants closed and international orders were cancelled5. Manufacturing output in the Steel Industry fell 

5 In summary, the combination of fierce international competition and high domestic costs made many UK 
steel plants uncompetitive. The industry responded with a series of plant closures, company mergers and staff 
layoffs. Some of the most notable events in the crisis were:  

• The closure of the Sahaviriya Steel Industries (SSI) plant in Redcar, Teesside in September 2015, 
which included the second largest blast furnace in Europe  
• The reduction in capacity at the Port Talbot plant in South Wales by Tata through late 2015 and 
early 2016  
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even more (10%) in 2020 compared to 2019, due to the economic disruptions of the coronavirus 
pandemic (House of Commons Library, 2021). The automotive industry was the main driver that led 
this contraction in steel demand in 2020. 

The future output development of the Iron & Steel industry shows a similar trend in the EU-level and 
in UK; more specifically, the output increases in the EU27 by 18% while in the UK by 29% relative to 
the 2020 levels, mostly driven by increases in steel production from electric arcs. The share of electric 
arc grows from 41% in the EU in 2015 to 48% in 2050 (in the UK it increases from 17% in 2015 to 26% 
in 2050). It should be noted that the same activity assumptions are used in both scenarios thus 
increasing their comparability. The ambitious climate targets are not met by declining industrial 
output, but by enhanced uptake of low-carbon technologies (e.g. RES-based electrification, Hydrogen 
DRI) and energy efficiency improvements in the sector.   

 

Figure A3.3. Iron & Steel Activity trends in EU27 and in the UK 

Emissions in the EU industry sector 
The shift towards higher value added and less energy intensive products combined with energy 
efficiency improvements (due to technological progress) causes energy demand to drop in the 
industrial sector in the last decade. In addition, recycling of materials is assumed to develop, which 
implies an improvement in the overall energy intensity of the sector, since recycled products are less-
energy intensive than non-recycled ones. 

In both scenarios, CO2 emissions show a large decrease ranging from -38% in the Base Scenario to -
98% in the Policy Scenario by 2050 – compared to 2015 figures. The Policy Scenario shows a drastic 
reduction of emissions from the industrial sector (and associated carbon intensity) to ensure 
alignment to the 2050 climate neutrality targets, mainly driven by the higher EU ETS prices. 

• The sale of Tata’s Scunthorpe site in April 2016  
• The transfer of British Steel pension liabilities to Greybull Capital in April 2016 
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Figure A3.4. Policy Scenario: CO2 Emissions and Carbon Intensity in industry 

Energy Mix in the Iron and Steel sector 
The large decline in EU final consumption of solid fossil fuels in industry is driven by fuel switching to 
less carbon-intensive fuels and technologies triggered by the strengthening of EU ETS linked with 
market trends and national policies. The final consumption of oil products and natural gas also 
decreases over time. The share of direct RES use in final energy increases over time but direct use of 
RES remains at small quantities in Base scenario. Electrification is a persisting trend in final energy 
demand in industries both in the EU and in the UK and accelerates significantly in the Policy Scenario. 

The projections point to a lengthy change in the industrial fuel mix under Base Scenario conditions. 
The abolition of high CO2 emitting fuels cannot happen very fast and thus a structural shift away from 
oil and coal is not sudden but is evident in the next three decades. Still however, restructuring is 
expected to take place in the long run, as a result of market forces and low-carbon technology 
improvements. In the short- and mid-term, obligations arising from the Industrial Emissions Directive 
(IED), along with national coal phase-out and RES support policies are gradually affecting the fuel mix.  

On the contrary, in the Policy Scenario the fuel switching is much faster, with a rapid decline of coal 
and oil products and a fast uptake of electrification and renewable energy. Focusing on coal, it seems 
that there is no need for coal in steel-making post 2035-2040.  

 

Figure A3.5. Policy Scenario: EU27 Energy consumption evolution in Iron & Steel 
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Figure A3.6. Policy Scenario: UK Energy Consumption evolution in Iron & Steel 

The use of solids (hard coal, coke) in the Iron and Steel sector drops significantly in the Policy Scenario 
by about 60% in the UK in the period 2015-2030, by more than 80% by 2035, while it is eliminated 
completely by 2040. The picture is the same in the EU27 where the use of solids for Iron and Steel 
manufacturing is projected to decline by 75% over 2015-2035 and by more than 99% by 2040. 

 2015 2030 2035 2040 2050 
EU27 33004  19214  8410  225  100  
UK 4013  1599  737  31  7  

Table A3.1. Policy Scenario: Solids consumption evolution in Iron and Steel (in ktoe) 

Switching to natural gas takes place (but only up to 2040) and biomass use increases modestly; the 
biomass share remains low, below 10% in EU-level up to 2030 and increases up to 20% in 2050. In the 
UK, biomass share in 2050 is somewhat higher i.e. 25%. 

Electricity and hydrogen (both produced by renewable energy) are the main alternative fuels 
(accounting for 72% in the EU-level energy mix in 2050) that substitute for reduced fossil fuel 
(especially coal) consumption. Hydrogen is massively deployed in the mix, with its share in the sector’s 
energy consumptions increasing from 6% in 2040 to 39% in EU-level in 2050. Interestingly, based on 
PRIMES projections, the UK reaches even higher shares of hydrogen in the Iron & Steel industry i.e. 
45% in 2050, as the UK has adopted even more ambitious emission reduction targets for 2030 and 
2035 (at least 68% and 78% GHG emission reduction relative to 1990 levels) relative to the EU27. This 
hydrogen is mostly used for DRI processes in order to substitute solid fuels use in blast furnaces.  

Conclusions 
Based on existing evidence from leading international organisations like the IEA and the European 
Commission, and our own quantitative evidence (developed with the state-of-the-art PRIMES energy 
system model), we conclude that there is not likely to be a market for coking coal in the EU or UK 
beyond 2035/2040, and that the use of coking coal rapidly diminishes already from 2030.  This finding 
is in line with the recent IEA analysis, suggesting that no new coal mines are required globally if net 
zero emissions are to be achieved globally and in Europe by mid-century. 

In the EU level, coal use for steel production is expected to decline considerably by 2035 and even 
more by 2050 even under the base scenario, while – in the more climate ambitious – Policy Scenario 
(which reflects EU legal commitments to reduce emissions at least by 55% by 2030) it phases out 
completely by 2035-2040. Based on PRIMES model-based results, the projected coal demand for the 
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EU and UK steel industry as well as the expected turn in the fuel mix indicates that a mine producing 
coking coal until 2049 is likely to have to seek markets beyond the UK and Europe.   
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KEY TERMS

a diagram that views the economy as consisting of households and firms interacting in a goods
and services market and a labor market

an economy where economic decisions are passed down from government authority and where
the government owns the resources

the way in which different workers divide required tasks to produce a good or service

the study of how humans make choices under conditions of scarcity

when the average cost of producing each individual unit declines as total output increases

products (goods and services) made domestically and sold abroad

economic policies that involve government spending and taxes

the trend in which buying and selling in markets have increasingly crossed national borders

a market in which firms are sellers of what they produce and households are buyers

measure of the size of total production in an economy

products (goods and services) made abroad and then sold domestically

the market in which households sell their labor as workers to business firms or other employers

the branch of economics that focuses on broad issues such as growth, unemployment, inflation, and
trade balance

interaction between potential buyers and sellers; a combination of demand and supply

an economy where economic decisions are decentralized, private individuals own resources, and
businesses supply goods and services based on demand

the branch of economics that focuses on actions of particular agents within the economy, like
households, workers, and business firms

see theory

policy that involves altering the level of interest rates, the availability of credit in the economy, and
the extent of borrowing

system where private individuals or groups of private individuals own and operate the means of
production (resources and businesses)

when human wants for goods and services exceed the available supply

when workers or firms focus on particular tasks for which they are well-suited within the overall
production process

a representation of an object or situation that is simplified while including enough of the key features to help us
understand the object or situation

typically an agricultural economy where things are done the same as they have always been done

a market where the buyers and sellers make transactions in violation of one or more
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government regulations

KEY CONCEPTS AND SUMMARY

1.1 What Is Economics, and Why Is It Important?
Economics seeks to solve the problem of scarcity, which is when human wants for goods and services exceed the
available supply. A modern economy displays a division of labor, in which people earn income by specializing in
what they produce and then use that income to purchase the products they need or want. The division of labor allows
individuals and firms to specialize and to produce more for several reasons: a) It allows the agents to focus on areas of
advantage due to natural factors and skill levels; b) It encourages the agents to learn and invent; c) It allows agents to
take advantage of economies of scale. Division and specialization of labor only work when individuals can purchase
what they do not produce in markets. Learning about economics helps you understand the major problems facing the
world today, prepares you to be a good citizen, and helps you become a well-rounded thinker.

1.2 Microeconomics and Macroeconomics
Microeconomics and macroeconomics are two different perspectives on the economy. The microeconomic
perspective focuses on parts of the economy: individuals, firms, and industries. The macroeconomic perspective looks
at the economy as a whole, focusing on goals like growth in the standard of living, unemployment, and inflation.
Macroeconomics has two types of policies for pursuing these goals: monetary policy and fiscal policy.

1.3 How Economists Use Theories and Models to Understand Economic Issues
Economists analyze problems differently than do other disciplinary experts. The main tools economists use are
economic theories or models. A theory is not an illustration of the answer to a problem. Rather, a theory is a tool for
determining the answer.

1.4 How To Organize Economies: An Overview of Economic Systems
We can organize societies as traditional, command, or market-oriented economies. Most societies are a mix. The last
few decades have seen globalization evolve as a result of growth in commercial and financial networks that cross
national borders, making businesses and workers from different economies increasingly interdependent.

SELF-CHECK QUESTIONS

1. What is scarcity? Can you think of two causes of scarcity?

2. Residents of the town of Smithfield like to consume hams, but each ham requires 10 people to produce it and
takes a month. If the town has a total of 100 people, what is the maximum amount of ham the residents can consume
in a month?

3. A consultant works for $200 per hour. She likes to eat vegetables, but is not very good at growing them. Why
does it make more economic sense for her to spend her time at the consulting job and shop for her vegetables?

4. A computer systems engineer could paint his house, but it makes more sense for him to hire a painter to do it.
Explain why.

5. What would be another example of a “system” in the real world that could serve as a metaphor for micro and
macroeconomics?

6. Suppose we extend the circular flow model to add imports and exports. Copy the circular flow diagram onto a
sheet of paper and then add a foreign country as a third agent. Draw a rough sketch of the flows of imports, exports,
and the payments for each on your diagram.

7. What is an example of a problem in the world today, not mentioned in the chapter, that has an economic
dimension?
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8. The chapter defines private enterprise as a characteristic of market-oriented economies. What would public
enterprise be? Hint: It is a characteristic of command economies.

9. Why might Belgium, France, Italy, and Sweden have a higher export to GDP ratio than the United States?

REVIEW QUESTIONS

10. Give the three reasons that explain why the
division of labor increases an economy’s level of
production.

11. What are three reasons to study economics?

12. What is the difference between microeconomics
and macroeconomics?

13. What are examples of individual economic
agents?

14. What are the three main goals of
macroeconomics?

15. How did John Maynard Keynes define
economics?

16. Are households primarily buyers or sellers in the
goods and services market? In the labor market?

17. Are firms primarily buyers or sellers in the goods
and services market? In the labor market?

18. What are the three ways that societies can organize
themselves economically?

19. What is globalization? How do you think it might
have affected the economy over the past decade?

CRITICAL THINKING QUESTIONS

20. Suppose you have a team of two workers: one is
a baker and one is a chef. Explain why the kitchen can
produce more meals in a given period of time if each
worker specializes in what they do best than if each
worker tries to do everything from appetizer to dessert.

21. Why would division of labor without trade not
work?

22. Can you think of any examples of free goods, that
is, goods or services that are not scarce?

23. A balanced federal budget and a balance of trade
are secondary goals of macroeconomics, while growth
in the standard of living (for example) is a primary goal.
Why do you think that is so?

24. Macroeconomics is an aggregate of what happens
at the microeconomic level. Would it be possible for
what happens at the macro level to differ from how
economic agents would react to some stimulus at the
micro level? Hint: Think about the behavior of crowds.

25. Why is it unfair or meaningless to criticize a theory
as “unrealistic?”

26. Suppose, as an economist, you are asked to analyze
an issue unlike anything you have ever done before.
Also, suppose you do not have a specific model for
analyzing that issue. What should you do? Hint: What
would a carpenter do in a similar situation?

27. Why do you think that most modern countries’
economies are a mix of command and market types?

28. Can you think of ways that globalization has
helped you economically? Can you think of ways that it
has not?
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Summing Up Factors That Change Supply
Changes in the cost of inputs, natural disasters, new technologies, and the impact of government decisions all affect
the cost of production. In turn, these factors affect how much firms are willing to supply at any given price.

Figure 3.15 summarizes factors that change the supply of goods and services. Notice that a change in the price of
the product itself is not among the factors that shift the supply curve. Although a change in price of a good or service
typically causes a change in quantity supplied or a movement along the supply curve for that specific good or service,
it does not cause the supply curve itself to shift.

Figure 3.15 Factors That Shift Supply Curves (a) A list of factors that can cause an increase in supply from S0 to
S1. (b) The same factors, if their direction is reversed, can cause a decrease in supply from S0 to S1.

Because demand and supply curves appear on a two-dimensional diagram with only price and quantity on the axes,
an unwary visitor to the land of economics might be fooled into believing that economics is about only four topics:
demand, supply, price, and quantity. However, demand and supply are really “umbrella” concepts: demand covers
all the factors that affect demand, and supply covers all the factors that affect supply. We include factors other than
price that affect demand and supply are included by using shifts in the demand or the supply curve. In this way,
the two-dimensional demand and supply model becomes a powerful tool for analyzing a wide range of economic
circumstances.

3.3 | Changes in Equilibrium Price and Quantity: The

Four-Step Process

By the end of this section, you will be able to:

• Identify equilibrium price and quantity through the four-step process

• Graph equilibrium price and quantity

• Contrast shifts of demand or supply and movements along a demand or supply curve

• Graph demand and supply curves, including equilibrium price and quantity, based on real-world

examples

Let’s begin this discussion with a single economic event. It might be an event that affects demand, like a change in
income, population, tastes, prices of substitutes or complements, or expectations about future prices. It might be an
event that affects supply, like a change in natural conditions, input prices, or technology, or government policies that
affect production. How does this economic event affect equilibrium price and quantity? We will analyze this question
using a four-step process.

Step 1. Draw a demand and supply model before the economic change took place. To establish the model requires
four standard pieces of information: The law of demand, which tells us the slope of the demand curve; the law of
supply, which gives us the slope of the supply curve; the shift variables for demand; and the shift variables for supply.
From this model, find the initial equilibrium values for price and quantity.

Step 2. Decide whether the economic change you are analyzing affects demand or supply. In other words, does the
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event refer to something in the list of demand factors or supply factors?

Step 3. Decide whether the effect on demand or supply causes the curve to shift to the right or to the left, and sketch
the new demand or supply curve on the diagram. In other words, does the event increase or decrease the amount
consumers want to buy or producers want to sell?

Step 4. Identify the new equilibrium and then compare the original equilibrium price and quantity to the new
equilibrium price and quantity.

Let’s consider one example that involves a shift in supply and one that involves a shift in demand. Then we will
consider an example where both supply and demand shift.

Good Weather for Salmon Fishing
Supposed that during the summer of 2015, weather conditions were excellent for commercial salmon fishing off the
California coast. Heavy rains meant higher than normal levels of water in the rivers, which helps the salmon to breed.
Slightly cooler ocean temperatures stimulated the growth of plankton, the microscopic organisms at the bottom of the
ocean food chain, providing everything in the ocean with a hearty food supply. The ocean stayed calm during fishing
season, so commercial fishing operations did not lose many days to bad weather. How did these climate conditions
affect the quantity and price of salmon? Figure 3.16 illustrates the four-step approach, which we explain below, to
work through this problem. Table 3.6 also provides the information to work the problem.

Figure 3.16 Good Weather for Salmon Fishing: The Four-Step Process Unusually good weather leads to
changes in the price and quantity of salmon.

Price per
Pound

Quantity Supplied in
2014

Quantity Supplied in
2015

Quantity
Demanded

$2.00 80 400 840

$2.25 120 480 680

$2.50 160 550 550

$2.75 200 600 450

$3.00 230 640 350

$3.25 250 670 250

Table 3.6 Salmon Fishing
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Price per
Pound

Quantity Supplied in
2014

Quantity Supplied in
2015

Quantity
Demanded

$3.50 270 700 200

Table 3.6 Salmon Fishing

Step 1. Draw a demand and supply model to illustrate the market for salmon in the year before the good weather
conditions began. The demand curve D0 and the supply curve S0 show that the original equilibrium price is $3.25 per
pound and the original equilibrium quantity is 250,000 fish. (This price per pound is what commercial buyers pay at
the fishing docks. What consumers pay at the grocery is higher.)

Step 2. Did the economic event affect supply or demand? Good weather is an example of a natural condition that
affects supply.

Step 3. Was the effect on supply an increase or a decrease? Good weather is a change in natural conditions that
increases the quantity supplied at any given price. The supply curve shifts to the right, moving from the original
supply curve S0 to the new supply curve S1, which Figure 3.16 and Table 3.6 show.

Step 4. Compare the new equilibrium price and quantity to the original equilibrium. At the new equilibrium E1, the
equilibrium price falls from $3.25 to $2.50, but the equilibrium quantity increases from 250,000 to 550,000 salmon.
Notice that the equilibrium quantity demanded increased, even though the demand curve did not move.

In short, good weather conditions increased supply of the California commercial salmon. The result was a higher
equilibrium quantity of salmon bought and sold in the market at a lower price.

Newspapers and the Internet
According to the Pew Research Center for People and the Press, increasingly more people, especially younger people,
are obtaining their news from online and digital sources. The majority of U.S. adults now own smartphones or
tablets, and most of those Americans say they use them in part to access the news. From 2004 to 2012, the share of
Americans who reported obtaining their news from digital sources increased from 24% to 39%. How has this affected
consumption of print news media, and radio and television news? Figure 3.17 and the text below illustrates using
the four-step analysis to answer this question.

Figure 3.17 The Print News Market: A Four-Step Analysis A change in tastes from print news sources to digital
sources results in a leftward shift in demand for the former. The result is a decrease in both equilibrium price and
quantity.

Step 1. Develop a demand and supply model to think about what the market looked like before the event. The demand
curve D0 and the supply curve S0 show the original relationships. In this case, we perform the analysis without
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specific numbers on the price and quantity axis.

Step 2. Did the described change affect supply or demand? A change in tastes, from traditional news sources (print,
radio, and television) to digital sources, caused a change in demand for the former.

Step 3. Was the effect on demand positive or negative? A shift to digital news sources will tend to mean a lower
quantity demanded of traditional news sources at every given price, causing the demand curve for print and other
traditional news sources to shift to the left, from D0 to D1.

Step 4. Compare the new equilibrium price and quantity to the original equilibrium price. The new equilibrium (E1)
occurs at a lower quantity and a lower price than the original equilibrium (E0).

The decline in print news reading predates 2004. Print newspaper circulation peaked in 1973 and has declined since
then due to competition from television and radio news. In 1991, 55% of Americans indicated they received their
news from print sources, while only 29% did so in 2012. Radio news has followed a similar path in recent decades,
with the share of Americans obtaining their news from radio declining from 54% in 1991 to 33% in 2012. Television
news has held its own over the last 15 years, with a market share staying in the mid to upper fifties. What does this
suggest for the future, given that two-thirds of Americans under 30 years old say they do not obtain their news from
television at all?

The Interconnections and Speed of Adjustment in Real Markets
In the real world, many factors that affect demand and supply can change all at once. For example, the demand for
cars might increase because of rising incomes and population, and it might decrease because of rising gasoline prices
(a complementary good). Likewise, the supply of cars might increase because of innovative new technologies that
reduce the cost of car production, and it might decrease as a result of new government regulations requiring the
installation of costly pollution-control technology.

Moreover, rising incomes and population or changes in gasoline prices will affect many markets, not just cars. How
can an economist sort out all these interconnected events? The answer lies in the ceteris paribus assumption. Look
at how each economic event affects each market, one event at a time, holding all else constant. Then combine the
analyses to see the net effect.

A Combined Example
The U.S. Postal Service is facing difficult challenges. Compensation for postal workers tends to increase most years
due to cost-of-living increases. At the same time, increasingly more people are using email, text, and other digital
message forms such as Facebook and Twitter to communicate with friends and others. What does this suggest about
the continued viability of the Postal Service? Figure 3.18 and the text below illustrate this using the four-step
analysis to answer this question.
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Figure 3.18 Higher Compensation for Postal Workers: A Four-Step Analysis (a) Higher labor compensation
causes a leftward shift in the supply curve, a decrease in the equilibrium quantity, and an increase in the equilibrium
price. (b) A change in tastes away from Postal Services causes a leftward shift in the demand curve, a decrease in
the equilibrium quantity, and a decrease in the equilibrium price.

Since this problem involves two disturbances, we need two four-step analyses, the first to analyze the effects of higher
compensation for postal workers, the second to analyze the effects of many people switching from “snail mail” to
email and other digital messages.

Figure 3.18 (a) shows the shift in supply discussed in the following steps.

Step 1. Draw a demand and supply model to illustrate what the market for the U.S. Postal Service looked like before
this scenario starts. The demand curve D0 and the supply curve S0 show the original relationships.

Step 2. Did the described change affect supply or demand? Labor compensation is a cost of production. A change in
production costs caused a change in supply for the Postal Service.

Step 3. Was the effect on supply positive or negative? Higher labor compensation leads to a lower quantity supplied
of postal services at every given price, causing the supply curve for postal services to shift to the left, from S0 to S1.

Step 4. Compare the new equilibrium price and quantity to the original equilibrium price. The new equilibrium (E1)
occurs at a lower quantity and a higher price than the original equilibrium (E0).

Figure 3.18 (b) shows the shift in demand in the following steps.

Step 1. Draw a demand and supply model to illustrate what the market for U.S. Postal Services looked like before this
scenario starts. The demand curve D0 and the supply curve S0 show the original relationships. Note that this diagram
is independent from the diagram in panel (a).

Step 2. Did the change described affect supply or demand? A change in tastes away from snail mail toward digital
messages will cause a change in demand for the Postal Service.

Step 3. Was the effect on demand positive or negative? A change in tastes away from snailmail toward digital
messages causes lower quantity demanded of postal services at every given price, causing the demand curve for postal
services to shift to the left, from D0 to D1.

Step 4. Compare the new equilibrium price and quantity to the original equilibrium price. The new equilibrium (E2)
occurs at a lower quantity and a lower price than the original equilibrium (E0).

The final step in a scenario where both supply and demand shift is to combine the two individual analyses to
determine what happens to the equilibrium quantity and price. Graphically, we superimpose the previous two
diagrams one on top of the other, as in Figure 3.19.
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Figure 3.19 Combined Effect of Decreased Demand and Decreased Supply Supply and demand shifts cause
changes in equilibrium price and quantity.

Following are the results:

Effect on Quantity: The effect of higher labor compensation on Postal Services because it raises the cost of production
is to decrease the equilibrium quantity. The effect of a change in tastes away from snail mail is to decrease the
equilibrium quantity. Since both shifts are to the left, the overall impact is a decrease in the equilibrium quantity of
Postal Services (Q3). This is easy to see graphically, since Q3 is to the left of Q0.

Effect on Price: The overall effect on price is more complicated. The effect of higher labor compensation on Postal
Services, because it raises the cost of production, is to increase the equilibrium price. The effect of a change in tastes
away from snail mail is to decrease the equilibrium price. Since the two effects are in opposite directions, unless we
know the magnitudes of the two effects, the overall effect is unclear. This is not unusual. When both curves shift,
typically we can determine the overall effect on price or on quantity, but not on both. In this case, we determined the
overall effect on the equilibrium quantity, but not on the equilibrium price. In other cases, it might be the opposite.

The next Clear It Up feature focuses on the difference between shifts of supply or demand and movements along a
curve.

What is the difference between shifts of demand or supply versus
movements along a demand or supply curve?

One common mistake in applying the demand and supply framework is to confuse the shift of a demand or a
supply curve with movement along a demand or supply curve. As an example, consider a problem that asks
whether a drought will increase or decrease the equilibrium quantity and equilibrium price of wheat. Lee, a
student in an introductory economics class, might reason:

“Well, it is clear that a drought reduces supply, so I will shift back the supply curve, as in the shift from the
original supply curve S0 to S1 on the diagram (Shift 1). The equilibrium moves from E0 to E1, the equilibrium
quantity is lower and the equilibrium price is higher. Then, a higher price makes farmers more likely to supply
the good, so the supply curve shifts right, as shows the shift from S1 to S2, shows on the diagram (Shift 2),
so that the equilibrium now moves from E1 to E2. The higher price, however, also reduces demand and so
causes demand to shift back, like the shift from the original demand curve, D0 to D1 on the diagram (labeled
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Shift 3), and the equilibrium moves from E2 to E3.”

Figure 3.20 Shifts of Demand or Supply versus Movements along a Demand or Supply Curve A
shift in one curve never causes a shift in the other curve. Rather, a shift in one curve causes a movement
along the second curve.

At about this point, Lee suspects that this answer is headed down the wrong path. Think about what might be
wrong with Lee’s logic, and then read the answer that follows.

Answer: Lee’s first step is correct: that is, a drought shifts back the supply curve of wheat and leads to a
prediction of a lower equilibrium quantity and a higher equilibrium price. This corresponds to a movement
along the original demand curve (D0), from E0 to E1. The rest of Lee’s argument is wrong, because it mixes up
shifts in supply with quantity supplied, and shifts in demand with quantity demanded. A higher or lower price
never shifts the supply curve, as suggested by the shift in supply from S1 to S2. Instead, a price change leads
to a movement along a given supply curve. Similarly, a higher or lower price never shifts a demand curve,
as suggested in the shift from D0 to D1. Instead, a price change leads to a movement along a given demand
curve. Remember, a change in the price of a good never causes the demand or supply curve for that good to
shift.

Think carefully about the timeline of events: What happens first, what happens next? What is cause, what is
effect? If you keep the order right, you are more likely to get the analysis correct.

In the four-step analysis of how economic events affect equilibrium price and quantity, the movement from the old to
the new equilibrium seems immediate. As a practical matter, however, prices and quantities often do not zoom straight
to equilibrium. More realistically, when an economic event causes demand or supply to shift, prices and quantities
set off in the general direction of equilibrium. Even as they are moving toward one new equilibrium, a subsequent
change in demand or supply often pushes prices toward another equilibrium.

3.4 | Price Ceilings and Price Floors

By the end of this section, you will be able to:

• Explain price controls, price ceilings, and price floors

• Analyze demand and supply as a social adjustment mechanism

To this point in the chapter, we have been assuming that markets are free, that is, they operate with no government
intervention. In this section, we will explore the outcomes, both anticipated and otherwise, when government does
intervene in a market either to prevent the price of some good or service from rising “too high” or to prevent the price
of some good or service from falling “too low”.
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ceteris paribus

complements

consumer surplus

deadweight loss

demand

demand curve

demand schedule

economic surplus

equilibrium

equilibrium price

equilibrium quantity

excess demand

excess supply

factors of production

inferior good

inputs

law of demand

law of supply

normal good

price

price ceiling

price control

KEY TERMS

other things being equal

goods that are often used together so that consumption of one good tends to enhance consumption of the
other

the extra benefit consumers receive from buying a good or service, measured by what the
individuals would have been willing to pay minus the amount that they actually paid

the loss in social surplus that occurs when a market produces an inefficient quantity

the relationship between price and the quantity demanded of a certain good or service

a graphic representation of the relationship between price and quantity demanded of a certain good or
service, with quantity on the horizontal axis and the price on the vertical axis

a table that shows a range of prices for a certain good or service and the quantity demanded at each
price

see social surplus

the situation where quantity demanded is equal to the quantity supplied; the combination of price and
quantity where there is no economic pressure from surpluses or shortages that would cause price or quantity to
change

the price where quantity demanded is equal to quantity supplied

the quantity at which quantity demanded and quantity supplied are equal for a certain price level

at the existing price, the quantity demanded exceeds the quantity supplied; also called a shortage

at the existing price, quantity supplied exceeds the quantity demanded; also called a surplus

the resources such as labor, materials, and machinery that are used to produce goods and
services; also called inputs

a good in which the quantity demanded falls as income rises, and in which quantity demanded rises and
income falls

the resources such as labor, materials, and machinery that are used to produce goods and services; also called
factors of production

the common relationship that a higher price leads to a lower quantity demanded of a certain good or
service and a lower price leads to a higher quantity demanded, while all other variables are held constant

the common relationship that a higher price leads to a greater quantity supplied and a lower price leads to
a lower quantity supplied, while all other variables are held constant

a good in which the quantity demanded rises as income rises, and in which quantity demanded falls as
income falls

what a buyer pays for a unit of the specific good or service

a legal maximum price

government laws to regulate prices instead of letting market forces determine prices
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price floor

producer surplus

quantity demanded

quantity supplied

shift in demand

shift in supply

shortage

social surplus

substitute

supply

supply curve

supply schedule

surplus

total surplus

a legal minimum price

the extra benefit producers receive from selling a good or service, measured by the price the
producer actually received minus the price the producer would have been willing to accept

the total number of units of a good or service consumers are willing to purchase at a given price

the total number of units of a good or service producers are willing to sell at a given price

when a change in some economic factor (other than price) causes a different quantity to be demanded
at every price

when a change in some economic factor (other than price) causes a different quantity to be supplied at
every price

at the existing price, the quantity demanded exceeds the quantity supplied; also called excess demand

the sum of consumer surplus and producer surplus

a good that can replace another to some extent, so that greater consumption of one good can mean less of the
other

the relationship between price and the quantity supplied of a certain good or service

a line that shows the relationship between price and quantity supplied on a graph, with quantity supplied
on the horizontal axis and price on the vertical axis

a table that shows a range of prices for a good or service and the quantity supplied at each price

at the existing price, quantity supplied exceeds the quantity demanded; also called excess supply

see social surplus

KEY CONCEPTS AND SUMMARY

3.1 Demand, Supply, and Equilibrium in Markets for Goods and Services
A demand schedule is a table that shows the quantity demanded at different prices in the market. A demand curve
shows the relationship between quantity demanded and price in a given market on a graph. The law of demand states
that a higher price typically leads to a lower quantity demanded.

A supply schedule is a table that shows the quantity supplied at different prices in the market. A supply curve shows
the relationship between quantity supplied and price on a graph. The law of supply says that a higher price typically
leads to a higher quantity supplied.

The equilibrium price and equilibrium quantity occur where the supply and demand curves cross. The equilibrium
occurs where the quantity demanded is equal to the quantity supplied. If the price is below the equilibrium level, then
the quantity demanded will exceed the quantity supplied. Excess demand or a shortage will exist. If the price is above
the equilibrium level, then the quantity supplied will exceed the quantity demanded. Excess supply or a surplus will
exist. In either case, economic pressures will push the price toward the equilibrium level.

3.2 Shifts in Demand and Supply for Goods and Services
Economists often use the ceteris paribus or “other things being equal” assumption: while examining the economic
impact of one event, all other factors remain unchanged for analysis purposes. Factors that can shift the demand curve
for goods and services, causing a different quantity to be demanded at any given price, include changes in tastes,
population, income, prices of substitute or complement goods, and expectations about future conditions and prices.
Factors that can shift the supply curve for goods and services, causing a different quantity to be supplied at any given
price, include input prices, natural conditions, changes in technology, and government taxes, regulations, or subsidies.
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3.3 Changes in Equilibrium Price and Quantity: The Four-Step Process
When using the supply and demand framework to think about how an event will affect the equilibrium price and
quantity, proceed through four steps: (1) sketch a supply and demand diagram to think about what the market looked
like before the event; (2) decide whether the event will affect supply or demand; (3) decide whether the effect on
supply or demand is negative or positive, and draw the appropriate shifted supply or demand curve; (4) compare the
new equilibrium price and quantity to the original ones.

3.4 Price Ceilings and Price Floors
Price ceilings prevent a price from rising above a certain level. When a price ceiling is set below the equilibrium price,
quantity demanded will exceed quantity supplied, and excess demand or shortages will result. Price floors prevent a
price from falling below a certain level. When a price floor is set above the equilibrium price, quantity supplied will
exceed quantity demanded, and excess supply or surpluses will result. Price floors and price ceilings often lead to
unintended consequences.

3.5 Demand, Supply, and Efficiency
Consumer surplus is the gap between the price that consumers are willing to pay, based on their preferences, and
the market equilibrium price. Producer surplus is the gap between the price for which producers are willing to sell
a product, based on their costs, and the market equilibrium price. Social surplus is the sum of consumer surplus and
producer surplus. Total surplus is larger at the equilibrium quantity and price than it will be at any other quantity and
price. Deadweight loss is loss in total surplus that occurs when the economy produces at an inefficient quantity.

SELF-CHECK QUESTIONS

1. Review Figure 3.4. Suppose the price of gasoline is $1.60 per gallon. Is the quantity demanded higher or lower
than at the equilibrium price of $1.40 per gallon? What about the quantity supplied? Is there a shortage or a surplus
in the market? If so, how much?

2. Why do economists use the ceteris paribus assumption?

3. In an analysis of the market for paint, an economist discovers the facts listed below. State whether each of these
changes will affect supply or demand, and in what direction.

a. There have recently been some important cost-saving inventions in the technology for making paint.
b. Paint is lasting longer, so that property owners need not repaint as often.
c. Because of severe hailstorms, many people need to repaint now.
d. The hailstorms damaged several factories that make paint, forcing them to close down for several months.

4. Many changes are affecting the market for oil. Predict how each of the following events will affect the equilibrium
price and quantity in the market for oil. In each case, state how the event will affect the supply and demand diagram.
Create a sketch of the diagram if necessary.

a. Cars are becoming more fuel efficient, and therefore get more miles to the gallon.
b. The winter is exceptionally cold.
c. A major discovery of new oil is made off the coast of Norway.
d. The economies of some major oil-using nations, like Japan, slow down.
e. A war in the Middle East disrupts oil-pumping schedules.
f. Landlords install additional insulation in buildings.

g. The price of solar energy falls dramatically.
h. Chemical companies invent a new, popular kind of plastic made from oil.

5. Let’s think about the market for air travel. From August 2014 to January 2015, the price of jet fuel increased
roughly 47%. Using the four-step analysis, how do you think this fuel price increase affected the equilibrium price
and quantity of air travel?

Chapter 3 | Demand and Supply 77

54



6. A tariff is a tax on imported goods. Suppose the U.S. government cuts the tariff on imported flat screen
televisions. Using the four-step analysis, how do you think the tariff reduction will affect the equilibrium price and
quantity of flat screen TVs?

7. What is the effect of a price ceiling on the quantity demanded of the product? What is the effect of a price ceiling
on the quantity supplied? Why exactly does a price ceiling cause a shortage?

8. Does a price ceiling change the equilibrium price?

9. What would be the impact of imposing a price floor below the equilibrium price?

10. Does a price ceiling increase or decrease the number of transactions in a market? Why? What about a price
floor?

11. If a price floor benefits producers, why does a price floor reduce social surplus?

REVIEW QUESTIONS

12. What determines the level of prices in a market?

13. What does a downward-sloping demand curve
mean about how buyers in a market will react to a higher
price?

14. Will demand curves have the same exact shape in
all markets? If not, how will they differ?

15. Will supply curves have the same shape in all
markets? If not, how will they differ?

16. What is the relationship between quantity
demanded and quantity supplied at equilibrium? What is
the relationship when there is a shortage? What is the
relationship when there is a surplus?

17. How can you locate the equilibrium point on a
demand and supply graph?

18. If the price is above the equilibrium level, would
you predict a surplus or a shortage? If the price is below
the equilibrium level, would you predict a surplus or a
shortage? Why?

19. When the price is above the equilibrium, explain
how market forces move the market price to
equilibrium. Do the same when the price is below the
equilibrium.

20. What is the difference between the demand and the
quantity demanded of a product, say milk? Explain in
words and show the difference on a graph with a demand
curve for milk.

21. What is the difference between the supply and
the quantity supplied of a product, say milk? Explain
in words and show the difference on a graph with the
supply curve for milk.

22. When analyzing a market, how do economists deal
with the problem that many factors that affect the market
are changing at the same time?

23. Name some factors that can cause a shift in the
demand curve in markets for goods and services.

24. Name some factors that can cause a shift in the
supply curve in markets for goods and services.

25. How does one analyze a market where both
demand and supply shift?

26. What causes a movement along the demand curve?
What causes a movement along the supply curve?

27. Does a price ceiling attempt to make a price higher
or lower?

28. How does a price ceiling set below the equilibrium
level affect quantity demanded and quantity supplied?

29. Does a price floor attempt to make a price higher
or lower?

30. How does a price floor set above the equilibrium
level affect quantity demanded and quantity supplied?

31. What is consumer surplus? How is it illustrated on
a demand and supply diagram?

32. What is producer surplus? How is it illustrated on
a demand and supply diagram?

33. What is total surplus? How is it illustrated on a
demand and supply diagram?

34. What is the relationship between total surplus and
economic efficiency?

35. What is deadweight loss?

78 Chapter 3 | Demand and Supply

This OpenStax book is available for free at http://cnx.org/content/col12170/1.7 55



CRITICAL THINKING QUESTIONS

36. Review Figure 3.4. Suppose the government
decided that, since gasoline is a necessity, its price
should be legally capped at $1.30 per gallon. What do
you anticipate would be the outcome in the gasoline
market?

37. Explain why the following statement is false: “In
the goods market, no buyer would be willing to pay
more than the equilibrium price.”

38. Explain why the following statement is false: “In
the goods market, no seller would be willing to sell for
less than the equilibrium price.”

39. Consider the demand for hamburgers. If the price
of a substitute good (for example, hot dogs) increases
and the price of a complement good (for example,
hamburger buns) increases, can you tell for sure what
will happen to the demand for hamburgers? Why or why
not? Illustrate your answer with a graph.

40. How do you suppose the demographics of an aging
population of “Baby Boomers” in the United States will
affect the demand for milk? Justify your answer.

41. We know that a change in the price of a product
causes a movement along the demand curve. Suppose
consumers believe that prices will be rising in the future.
How will that affect demand for the product in the
present? Can you show this graphically?

42. Suppose there is a soda tax to curb obesity. What
should a reduction in the soda tax do to the supply of
sodas and to the equilibrium price and quantity? Can you
show this graphically? Hint: Assume that the soda tax is
collected from the sellers.

43. Use the four-step process to analyze the impact of
the advent of the iPod (or other portable digital music
players) on the equilibrium price and quantity of the
Sony Walkman (or other portable audio cassette
players).

44. Use the four-step process to analyze the impact
of a reduction in tariffs on imports of iPods on the
equilibrium price and quantity of Sony Walkman-type
products.

45. Suppose both of these events took place at the same
time. Combine your analyses of the impacts of the iPod
and the tariff reduction to determine the likely impact
on the equilibrium price and quantity of Sony Walkman-
type products. Show your answer graphically.

46. Most government policy decisions have winners
and losers. What are the effects of raising the minimum
wage? It is more complex than simply producers lose
and workers gain. Who are the winners and who are the
losers, and what exactly do they win and lose? To what
extent does the policy change achieve its goals?

47. Agricultural price supports result in governments
holding large inventories of agricultural products. Why
do you think the government cannot simply give the
products away to poor people?

48. Can you propose a policy that would induce the
market to supply more rental housing units?

49. What term would an economist use to describe
what happens when a shopper gets a “good deal” on a
product?

50. Explain why voluntary transactions improve social
welfare.

51. Why would a free market never operate at a
quantity greater than the equilibrium quantity? Hint:
What would be required for a transaction to occur at that
quantity?

PROBLEMS

52. Review Figure 3.4 again. Suppose the price of
gasoline is $1.00. Will the quantity demanded be lower
or higher than at the equilibrium price of $1.40 per
gallon? Will the quantity supplied be lower or higher? Is
there a shortage or a surplus in the market? If so, of how
much?
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53. Table 3.8 shows information on the demand and
supply for bicycles, where the quantities of bicycles are
measured in thousands.

Price Qd Qs

$120 50 36

$150 40 40

$180 32 48

$210 28 56

$240 24 70

Table 3.8

a. What is the quantity demanded and the quantity
supplied at a price of $210?

b. At what price is the quantity supplied equal to
48,000?

c. Graph the demand and supply curve for bicycles.
How can you determine the equilibrium price
and quantity from the graph? How can you
determine the equilibrium price and quantity
from the table? What are the equilibrium price
and equilibrium quantity?

d. If the price was $120, what would the quantities
demanded and supplied be? Would a shortage
or surplus exist? If so, how large would the
shortage or surplus be?

54. The computer market in recent years has seen
many more computers sell at much lower prices. What
shift in demand or supply is most likely to explain this
outcome? Sketch a demand and supply diagram and
explain your reasoning for each.

a. A rise in demand
b. A fall in demand
c. A rise in supply
d. A fall in supply

55. Table 3.9 illustrates the market's demand and
supply for cheddar cheese. Graph the data and find the
equilibrium. Next, create a table showing the change in
quantity demanded or quantity supplied, and a graph of
the new equilibrium, in each of the following situations:

a. The price of milk, a key input for cheese
production, rises, so that the supply decreases by
80 pounds at every price.

b. A new study says that eating cheese is good for
your health, so that demand increases by 20% at
every price.

Price per Pound Qd Qs

$3.00 750 540

$3.20 700 600

$3.40 650 650

$3.60 620 700

$3.80 600 720

$4.00 590 730

Table 3.9
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56. Table 3.10 shows the supply and demand for
movie tickets in a city. Graph demand and supply and
identify the equilibrium. Then calculate in a table and
graph the effect of the following two changes.

a. Three new nightclubs open. They offer decent
bands and have no cover charge, but make their
money by selling food and drink. As a result,
demand for movie tickets falls by six units at
every price.

b. The city eliminates a tax that it placed on all
local entertainment businesses. The result is that
the quantity supplied of movies at any given
price increases by 10%.

Price per Pound Qd Qs

$5.00 26 16

$6.00 24 18

$7.00 22 20

$8.00 21 21

$9.00 20 22

Table 3.10

57. A low-income country decides to set a price ceiling
on bread so it can make sure that bread is affordable to
the poor.Table 3.11 provides the conditions of demand
and supply. What are the equilibrium price and
equilibrium quantity before the price ceiling? What will
the excess demand or the shortage (that is, quantity
demanded minus quantity supplied) be if the price
ceiling is set at $2.40? At $2.00? At $3.60?

Price Qd Qs

$1.60 9,000 5,000

$2.00 8,500 5,500

$2.40 8,000 6,400

$2.80 7,500 7,500

$3.20 7,000 9,000

$3.60 6,500 11,000

$4.00 6,000 15,000

Table 3.11
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A B S T R A C T

The iron and steel industry is one of the world’s largest industrial emitters of greenhouse gases. One promising 
option for decarbonising the industry is hydrogen direct reduction of iron (H-DR) with electric arc furnace (EAF) 
steelmaking, powered by zero carbon electricity. However, to date, little attention has been given to the energy 
system requirements of adopting such a highly energy-intensive process. This study integrates a newly developed 
long-term energy system planning tool, with a thermodynamic process model of H-DR/EAF steelmaking 
developed by Vogl et al. (2018), to assess the optimal combination of generation and storage technologies needed 
to provide a reliable supply of electricity and hydrogen. The modelling tools can be applied to any country or 
region and their use is demonstrated here by application to the UK iron and steel industry as a case study. It is 
found that the optimal energy system comprises 1.3 GW of electrolysers, 3 GW of wind power, 2.5 GW of solar, 
60 MW of combined cycle gas with carbon capture, 600 GWh/600 MW of hydrogen storage, and 30 GWh/130 
MW of compressed air energy storage. The hydrogen storage requirements of the industry can be significantly 
reduced by maintaining some dispatchable generation, for example from 600 GWh with no restriction on dis-
patchable generation to 140 GWh if 20% of electricity demand is met using dispatchable generation. The 
marginal abatement costs of a switch to hydrogen-based steelmaking are projected to be less than carbon price 
forecasts within 5–10 years.   

1. Introduction

Iron and steel is the industrial sector with the highest level of
greenhouse gas emissions, accounting for approximately 7% of global 
CO2 emissions (Philibert, 2017). Over 1.8 billion tonnes of steel are 
manufactured worldwide every year, the bulk of which is produced 
using the traditional blast furnace-basic oxygen steelmaking (BF-BOS) 
approach (World Steel Association., 2020). The industry is heavily 
reliant upon coal to produce coke as a reducing agent in blast furnaces 
and to provide heat and electricity, and as such around 1.8 tonnes of CO2 
are released per tonne of steel produced (World Steel Association., 
2019). 

Increasing numbers of countries and regions around the world are 
committed to heavy reductions in greenhouse gas emissions by 2050, 
with 2019 seeing the United Kingdom, France, New Zealand and 
Denmark all enshrine net zero emissions targets in law, and the EU agree 
a bloc deal for net zero which was subsequently presented to the UN 
(Darby, 2019). Within the iron and steel industry, the European division 

of the world’s largest steel producer, ArcelorMittal, recently announced 
its intention to be carbon neutral by 2050 (ArcelorMittal, 2020). In-
vestment decisions in the industry are long-lasting, as a result of high 
capital costs and long (e.g., 25-year) blast furnace campaigns. Conse-
quently, 2050 is only one investment cycle away, and new low carbon 
technologies must reach the market by 2030 to avoid “locking-in” CO2 
emissions (IEA. Clean Energy Innovation. 2020) for two to three decades 
to come. 

There is a range of possible approaches to decarbonising the iron and 
steel industry, varying in their technological maturity and greenhouse 
gas abatement potential. The main options are: substitution of coal and 
coke with biomass in blast furnaces and basic oxygen furnaces (Man-
dova et al., 2018, 2019; Tanzer et al., 2020); direct reduction of iron 
using natural gas, biogas, or hydrogen (Vogl et al., 2018; Andersson 
et al., 2020); carbon capture, utilisation, and storage (CCUS) (Tanzer 
et al., 2020); increased electrification and use of low carbon electricity 
generation (Luh et al., 2020); increased steel reuse and recycling 
(Dunant et al., 2018); and implementation of other energy efficiency 
improvements such as the HIsarna process (Quader et al., 2016) and 
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blast furnace top gas recycling (van der Stel et al., 2012). Of these op-
tions, only those involving bioenergy, CCUS, hydrogen, or electrification 
could achieve zero or near-zero net greenhouse gas emissions. 

When considering whether biomass should be encouraged in iron 
and steel manufacturing, governments must assess the available biomass 
resource and competing demands for this resource from other sectors, 
such as power generation. In the 2020 edition of their annual energy 
pathways report, Great Britain’s electricity system operator calculated 
that the most efficient use of GB’s limited biomass supply will be to 
produce negative emissions in the power sector, with industrial use of 
biomass likely to be limited to the cement sector (National Grid ESO, 
2020). The technical potential of biomass substitution in blast furnaces 
is dependent on its physical properties, and even the most appealing 
options (such as charcoal produced using slow pyrolysis) could only be 
used for partial substitution (Mandova et al., 2018; Fick et al., 2014), 
offsetting up to 57% of the CO2 emissions occurring on site (Norgate 
et al., 2012). Others have highlighted the uncertainty around whether 
biomass can truly contribute towards meeting the targets of the Paris 
agreement, considering the time taken for replanted trees and crops to 
absorb the CO2 emitted during combustion (MacDonald and Moore, 
2020). However, recent research has shown that aggressive use of 
biomass and CCUS in steelmaking could potentially provide net negative 
lifecycle emissions, effectively resulting in carbon negative steel (Tanzer 
et al., 2020). 

Aside from biomass, one of the most attractive options to radically 
decarbonise the iron and steel industry is hydrogen direct reduction of 
iron (H-DR) using shaft furnaces (similar to the MIDREX process for 
producing direct reduced iron, or DRI, with natural gas) (Vogl et al., 
2018; Pei et al., 2020), with iron then converted to steel in electric arc 
furnaces (EAFs) or induction furnaces supplied with zero carbon elec-
tricity from renewables or nuclear power. Within the H-DR process, 
hydrogen acts as the main reductant, converting iron ore to metallic iron 
and water. This can be contrasted with the traditional BF route, in which 
carbon is the main reductant, forming liquid hot metal saturated in 
carbon and carbon dioxide. There are then further carbon emissions 
from BOS, in which oxygen is injected into the liquid metal to oxidise 
carbon by the carbon boil reaction (C + ½ O2 → CO), so as to lower the 

carbon content of the liquid metal to those desired for steels. Direct 
reduction with natural gas (the MIDREX process) is already widely used 
in parts of the world where natural gas is in abundance. 

Use of hydrogen as a reducing agent has been under consideration 
since the early days of DRI in the 1970s (Tsay et al., 1976; Astier et al., 
1982), however it has seen little attention until recently due to the 
maturity of BF-BOS and historically low or non-existent carbon prices. 
H-DR/EAF steelmaking is now being seriously considered in Sweden as 
the only realistic option for the country to achieve its legally binding 
target of carbon neutrality by 2045 (Vogl et al., 2018; Kushnir et al., 
2020). Since 2016, SSAB, LKAB and Vattenfall have been working 
together on the HYBRIT initiative (Hydrogen Breakthrough Ironmaking 
Technology), which aims to replace coal with hydrogen in the steel-
making process (Pei et al., 2020). Construction of a pilot H-DR plant in 
Luleå was completed in 2020 (Reuters, 2020), and the replacement of 
fossil oil with bio-oil at iron ore pellet plants is already being trialled in 
Malmberget (reVattenfall team t, 2020). 

This recent interest in H-DR comes at a time when there is increasing 
focus on the potential use of hydrogen as an energy vector in difficult-to- 
decarbonise sectors of the economy (Abdin et al., 2020), such as heavy 
transport (Apostolou and Xydis, 2019), space heating (Quarton and 
Samsatli, 2020; Boait and Greenough, 2019), and industry. National 
Grid ESO recently announced that hydrogen will be required for the UK 
to reach net zero carbon emissions by 2050 (National Grid ESO, 2020), 
and it features heavily in the UK Government’s recently-published ten 
point plan to achieve net zero (Government. The Ten Po, 2020). 

Clean hydrogen is classed as either ‘green’ when produced using low 
carbon electricity, or ‘blue’ when produced using methane reforming 
with CCUS. 2020 saw several significant announcements regarding 
green hydrogen. In Spain, Iberdrola announced that it will build a 100 
MW solar PV plant featuring a 20 MWh lithium-ion battery storage 
system and a 20 MW electrolyser producing hydrogen for a fertiliser 
manufacturing facility (Lee, 2020). When operational in 2021, this will 
be the world’s largest green hydrogen plant. In the Netherlands, Shell 
and Eneco won a subsidy-free auction for a 759 MW offshore wind farm, 
with a 200 MW electrolyser expected alongside for one of Shell’s re-
fineries (Parnell, 2020). This will be part of a hub with 3–4 GW of 

Nomenclature 

b Biomass + CCUS power 
c Storage charge power 
d Storage discharge power 
E Installed energy storage capacity 
e Curtailed renewable energy 
g CCGT + CCUS power 
i Electricity storage technology index 
j Hydrogen storage technology index 
k Time step 
L Storage technology lifetime in years 
l Load 
n Nuclear power 
P Installed storage charge/discharge power capacity 
s Solar power; number of time steps in analysis period 
sref Reference solar time series 
Ty Length of analysis period in years 
t Time step 
tLS Tonne of liquid steel 
w Wind power 
wref Reference wind time series 
x Energy in storage 
α Capital cost of electricity generation per unit generation 

capacity 

γ Cost of storage power capacity 
ηc Storage charge efficiency 
ηd Storage discharge efficiency 
λ Operating cost of electricity generation per unit electricity 

generated 
φ Installed generation power capacity 
ω Cost of energy storage capacity 
BECCS Bioenergy with carbon capture and storage 
BEIS UK Government Department for Business, Energy and 

Industrial Strategy 
BF Blast furnace 
BOS Basic oxygen steelmaking 
CAES Compressed air energy storage 
CCGT Combined cycle gas turbine 
CCUS Carbon capture, utilisation, and storage 
CfD Contract for difference 
DR Direct reduction (of iron) 
DRI Direct reduced iron 
EAF Electric arc furnace 
ETS Emissions trading scheme 
HBI Hot briquetted iron 
H-DR Hydrogen direct reduction (of iron) 
LCOE Levelised cost of energy/electricity 
LS Liquid steel 
PV Solar photovoltaic power  
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wind-powered green hydrogen production. Outside Europe, Air Prod-
ucts signed an agreement with ACWA Power and NEOM to build a $5 
billion green hydrogen-based ammonia production facility in Saudi 
Arabia (Air Products, 2020). This will integrate 4 GW of wind and solar 
power to produce 590 tonnes of hydrogen per day and is expected to be 
operational in 2025. The ammonia will be transported globally and 
dissociated into hydrogen for use in buses and trucks. 

The surge of interest in green hydrogen is partly a result of consid-
erable reductions in the cost of electrolysers and renewable electricity 
(Glenk and Reichelstein, 2019). From analysis of recent contracts for 
difference (CfD) auctions in Europe, it has been shown that offshore 
wind projects are effectively already subsidy-free in Germany and the 
Netherlands, and it appears likely that in 2019 the UK will have 
auctioned the world’s first negative-subsidy offshore wind farm (Jansen 
et al., 2020). This implies that several offshore wind projects could 
expect to earn less money under the CfD-awarded contracts than under 
wholesale market terms alone and likely signals the end of CfDs for 
offshore wind in mature markets. 

While there have been recent developments of H-DR technologies 
(Guo et al., 2015) and process models for H-DR/EAF primary steel-
making (Vogl et al., 2018; Ranzani da Costa et al., 2013), little attention 
has been given to the wider energy system impacts of its adoption. A 
recent investigation of Sweden’s future energy system found that very 
little additional flexibility will be required to meet 2050 climate targets 
as a consequence of the significant hydropower capacity which is 
already in place (Kan et al., 2020). However, that study did not consider 
requirements for hydrogen, and many other countries, such as the UK, 
do not have such rich hydropower resources. 

This study seeks to improve the understanding of the energy system 
requirements of a switch to H-DR/EAF steelmaking. The methods pre-
sented are applicable to any country and their application is demon-
strated through a case study on Great Britain. An energy system planning 
tool has been developed, based on linear programming and time-series 
analysis of historical weather data, and is integrated with Vogl et al.’s 

(Vogl et al., 2018) thermodynamic process model of H-DR/EAF steel-
making, as presented in Section 2. In Section 3, the energy demands of 
H-DR/EAF steelmaking are investigated, and the optimal combination of 
energy generation, storage, and conversion technologies is found for a 
range of possible future scenarios. Marginal abatement costs of a switch 
to H-DR/EAF steelmaking are calculated and compared with carbon 
price projections, and the system costs are investigated. Finally, our 
conclusions are presented in Section 4. 

2. Methods 

To determine the costs and emissions associated with H-DR/EAF 
steelmaking, and the combinations of energy system technologies that 
can provide a firm supply of electricity and hydrogen, a newly devel-
oped energy system cost optimisation tool is integrated with an existing 
thermodynamic process model. 

2.1. Hydrogen direct reduction and electric arc furnaces 

To determine the resource consumption of H-DR/EAF steelmaking, 
we implement a thermodynamic process model recently developed by 
Vogl et al. (2018). As shown in the flow diagram of Fig. 1, the system 
comprises an electrolyser for splitting hydrogen from water, a shaft 
furnace for direct reduction of iron using hydrogen as the reducing 
agent, and an electric arc furnace for converting DRI and scrap into steel. 
The model uses mass and energy balances to determine the flows of 
hydrogen, oxygen, water, iron ore, sponge iron, scrap, carbon, lime, and 
slag, for a given liquid steel (LS) output and scrap charge, along with the 
requirements for electricity to run the electrolyser, shaft furnace, elec-
tric arc furnace, and heating systems (e.g., pre-heating of iron ore, 
hydrogen, and briquetted iron). For full details of the thermodynamic 
process model, the reader is directed to the paper by Vogl et al. (2018). 

Selected operating parameters of the H-DR/EAF system are given in 
Table 1. These are mostly taken from ref. (Vogl et al., 2018). EAF specific 

Fig. 1. Process flow diagram for H-DR/EAF steelmaking. Adapted from ref. (Vogl et al., 2018).  
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energy consumption has been updated using the value for EAFs with 
oxy-fuel burners, which could make use of the oxygen by-product from 
water electrolysis (requiring less than 10% of the by-product). 

In this work we assume that the EAF is charged with hot DRI directly 
from the shaft furnace. Hot DRI charging has been in use at a small 
number of natural gas DRI steelworks since 1998, and has higher energy 
efficiency than cold charging as well as reduced tap-to-tap time 
(ENERGIRON, 2020). 

Steelworks are typically run at full output to maximise plant uti-
lisation and return on investment. However, flexibility in H-DR/EAF 
steelmaking arises at a few points. Firstly, while DRI/EAF plants are 
designed for a specific ratio of scrap to DRI, the EAF scrap charge can be 
increased up to 100%. This typically occurs if the DR shaft furnace is 
shut down (such as for maintenance), allowing the plant to continue 
steel production. However, the product options from steel produced 
using 100% scrap are limited; wire rod, flat products, and thin strip 
require very pure iron and good scrap quality, and so charges for such 
products tend to contain low levels of scrap (Cavaliere, 2019). Having a 
relatively high design scrap charge (e.g., 50%) allows the capacity of the 
shaft furnace to be reduced. Such an approach might make sense 
economically if the plant is powered by renewable energy, as high scrap 
charges could be used to reduce electricity consumption at times when 
renewables output is low, with products such as rebar being produced at 
such times, then lower scrap charges could be used to produce flat 
products and wire rod at times when renewables output is high. 

We do not investigate in detail the options for demand response 
through modifying scrap charges in this work, as it would require a 
detailed understanding of the value of individual steel products and the 
changing demand for those products that is too granular for our intent of 
determining overall energy system impact. Instead, a simple analysis of 
the benefits of demand response is included. Aside from this, we assume 
that all flexibility must be provided in the energy system through dis-
patchable generation, renewables curtailment, and energy storage. It is 
anticipated that our approaches could be extended in future to examine 
demand response in more detail. 

Another source of flexibility in H-DR/EAF steelmaking is storage of 
DRI. It is not feasible to store DRI in its raw “sponge iron” form, as 
oxidation and self-heating/combustion can occur, but it can be com-
pacted at around 650 ◦C into briquettes known as hot briquetted iron 
(HBI), for ease of handling, shipping, and storage. In this work we as-
sume that DRI passes directly from the DR shaft furnace to the EAF, 
maximising energy efficiency in the steelmaking process, however we 
recognise that HBI storage could potentially be used to reduce re-
quirements for dispatchable energy, enabling greater use of renewables. 
Again, we anticipate that HBI storage could be integrated into future 
versions of the model. 

2.2. Energy system planning 

To determine the lowest possible cost of meeting the energy re-
quirements of a switch to H-DR/EAF steelmaking, an energy system 
planning tool has been developed. This uses time series analysis based 
on historical wind and solar capacity factors, with linear programming 

used to determine the lowest-cost combination of electricity generation 
technologies, electricity-hydrogen conversion technologies (electro-
lysers and hydrogen expansion turbines), and energy storage technolo-
gies. Low carbon dispatchable generation technologies are included in 
the form of combined cycle gas turbines with carbon capture, utilisation, 
and storage (CCGT + CCUS) and biomass + CCUS (also known as bio-
energy with carbon capture and storage, or BECCS). We recognise that 
the time taken for a BECCS facility to reach carbon neutrality depends 
upon a wide range of factors (Fajardy and Mac Dowell, 2017), and re-
searchers have questioned if biomass can truly contribute towards 
meeting the targets of the Paris agreement and the UK’s goal of reducing 
greenhouse gas emissions to net zero by 2050 (MacDonald and Moore, 
2020). Nuclear power is included on the basis that it can only provide a 
constant output. 

An overview of the arrangement of the energy system model is shown 
in Fig. 2. Arrows are used to show the possible power flows. The model 
includes the main electricity generation technologies expected to be 
present in future electricity systems: wind, solar, nuclear, CCGT + post- 
combustion CCUS, and biomass + post-combustion CCUS (w, s, n, g, b, 
respectively). Electricity can be converted to hydrogen using water 
electrolysis (feh), and hydrogen can be converted to electricity using 
hydrogen expansion turbines (fhe). Multiple energy storage systems can 
be present, comprising both electricity storage and hydrogen storage 
technologies, indexed by i and j respectively. Storage charging is deno-
ted by c and discharging is denoted by d. In the analysis presented here, a 
single electricity storage technology (underground compressed air en-
ergy storage, or CAES) and a single hydrogen storage technology (un-
derground salt cavern storage) are included. Renewables generation can 
be curtailed (e). 

The model accounts for conversion efficiencies for transfer of energy 
into and out of storage and between electricity and hydrogen. Each 
generation technology has an associated power capacity. Power capac-
ities are also associated with the electricity-hydrogen conversion tech-
nologies. Each energy storage technology has an associated charge/ 

Table 1 
Operating parameters for the H-DR steelmaking model.  

Parameter Value Refs. 

Electrolyser efficiency, ηel  72% Vogl et al. (2018) 
Heat exchanger efficiency, ηhxu  75% Vogl et al. (2018) 
Electrolyser operating temperature, Tel  70 ◦C Vogl et al. (2018) 
Shaft furnace operating temperature, Tdr  800 ◦C Vogl et al. (2018) 
Metallisation achieved in shaft furnace, 

α  
94% Vogl et al. (2018) 

EAF specific energy consumption on 
100% scrap charge 

425 kWh/ 
tLS 

Heat Treat Consortium. El 
(2020)  

Fig. 2. Energy flows in the energy system optimisation model.  
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discharge power capacity and energy storage capacity. The demands for 
electricity and hydrogen as calculated using the thermodynamic process 
model are given by le and lh. It should be noted that le does not include 
electrolyser demand as this is accounted for by feh. 

The linear programming tool finds the lowest cost combination of 
generation, storage, and electricity-hydrogen conversion technologies 
that could provide a firm supply of low- or zero-carbon electricity and 
hydrogen for H-DR/EAF steelmaking. For the power generation tech-
nologies, capacity costs and operating costs are accounted for. For the 
energy storage technologies, costs are included for energy storage ca-
pacity and power capacity. Capacity costs are also included for elec-
trolysers and hydrogen expansion turbines. Constraints on the net CO2 
emissions of the energy system are not included here (with residual 
emissions arising from CCGT + CCUS generation), however they could 
be easily added using inequality constraints, in order to specify a 
maximum carbon intensity of the manufactured steel. In any case, CCGT 
+ CCUS capacities are small in the optimum energy system due to high 
costs. 

Many long-term energy system planning tools (such as UK TIMES 
and OSeMOSYS) split the full analysis period into shorter periods rep-
resenting multiple years and allow plant to be built or decommissioned 
in each period, requiring a mixed integer programming approach. As an 
example, UK TIMES can be run for time horizons out to 2100 and largely 
uses five-year periods, each represented by four seasons, each of which is 
represented by a typical day of four time-slices (Daly and Fais, 2014). To 
include both electricity and hydrogen in our model while accounting for 
the inter-month variability in renewables availability and ensuring that 
runtimes remain reasonable, our model is formulated so that generation 
and storage capacities remain constant throughout the analysis period. 
To gain an understanding of the likely effect of energy technology cost 
reductions, the model is run using generation and electrolyser cost 
projections for five-year intervals between 2025 and 2040. Further in-
formation on the time-slice approach used in our model is given in 
Section 2.3. 

Constraints are used to ensure that the electricity and hydrogen de-
mands calculated using the process model outlined in Section 2.1 are 
met in each time interval using the installed generation and storage. Our 
approach makes the assumption of perfect foresight of renewables 
output, and so the results provide a lower limit on the amount of flexi-
bility (i.e., storage or dispatchable generation capacity) required. The 
wind and solar generation time series are formed by scaling up historical 
wind and solar capacity factors for the region of interest (see Section 
2.3). Constraints are used to ensure that nuclear provides a constant 
output, reflecting the fact that nuclear generation is used to provide 
baseload power due to its relatively high minimum stable output, long 
cold-start time, and high start-up cost (Staffell and Green, 2012, 2016). 

The optimisation problem is linear and solved using IBM ILOG 
CPLEX 12.10 through the CPLEX Connector for MATLAB. 

The optimisation problem is laid out below.  

subject to 

le − w − s − n − g − b+ e+ f eh − f he +
∑

i

(
ce,i − de,i

)
= 0 (2)  

lh +
f he

ηhe
− f ehηeh +

∑

j

(
ch,j − dh,j

)
= 0 (3)  

ce,i, de,i,Ee,i,Pe,i, ch,j, dh,j,Eh,j,Ph,j, xi,0, xj,0 ≥ 0 ∀ i, j (4)  

e,w, s,n, g, b,φ,Peh,Phe ≥ 0 (5)  

ce,i, de,i ≤ Pe,i ∀ i (6)  

ch,j, dh,j ≤ Ph,j ∀ j (7)  

g ≤ φg (8)  

b ≤ φb (9)  

f eh ≤ Peh (10)  

f he ≤ Phe (11)  

e≤w + s (12)  

0≤ xi,0 +
∑t

k=1

(
ci,kηc,i − di,k

/
ηd,i
)
Δt ≤ Ei ∀ i, t (13)  

0≤ xj,0 +
∑t

k=1

(
cj,kηc,j − dj,k

/
ηd,j
)
Δt ≤ Ej ∀ j, t (14)  

xi,0 ≤ Ei ∀ i (15)  

xj,0 ≤ Ej ∀ j (16)  

∑s

k=1

(
ci,kηc,i − di,k

/
ηd,i

)
Δt= 0 ∀ i (17)  

∑s

k=1

(
cj,kηc,j − dj,k

/
ηd,j
)
Δt= 0 ∀ j (18)  

w=φwwref (19)  

s=φssref (20)  

n = φn1 (21) 

αw, αs, αn, αg, and αb represent the capital costs of wind, solar, nu-
clear, CCGT + CCUS, and biomass + CCUS power; φ and λ represent the 
installed capacities and operating costs of the electricity generation 
technologies; αeh and αhe are the capital costs of electrolysers and 
hydrogen expansion turbines, and Peh and Phe are the installed capacities; 
ωe,i and ωh,j are the costs of electricity storage capacity and hydrogen 

storage capacity; γe,i and γh,j are the costs of charge/discharge power 
capacity for electricity and hydrogen storage; Ee,i and Eh,j are the energy 
storage capacities of the electricity and hydrogen storage; Pe,i and Ph,j are 
the charge/discharge power capacities of the electricity and hydrogen 
storage; Ty is the length of the analysis period in years; Le,i and Lh,j are the 
lifetimes of the electricity and hydrogen storage technologies in years; 

min
e,c,d,E,P,φ,g,b,x

αwφw +αsφs + αnφn + αgφg + αbφb +
(

λw

∑
w+ λs

∑
s+ λn

∑
n+ λg

∑
g+ λb

∑
b
)

Δt +αehPeh + αhePhe

+ Ty

(
∑

i
ωe,iEe,i

/
Le,i +

∑

i
γe,iPe,i

/
Le,i +

∑

j
ωh,jEh,j

/
Lh,j +

∑

j
γh,jPh,j

/
Lh,j

)

(1)   
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xi,0 and xj,0 are the energy in storage types i and j at the start of the 
analysis period; Δt is the length of the time interval associated with each 
entry in the time series l, w, s, n, g, b, e, c, d, and f ; and wref and sref are 
time series of wind and solar capacity factors. 

The equality constraints of equations (2) and (3) ensure that, at each 
time interval, electricity and hydrogen loads are met using the installed 
generation and storage. The inequality constraints of equations (4) and 
(5) are positivity constraints on all decision variables. The inequality 
constraints of equations (6)–(11) ensure that power capacity constraints 
are met for storage charge, storage discharge, gas and biomass genera-
tion, and electrolyser and hydrogen expansion turbine. The inequality 
constraints of equation (12) ensure that curtailment never exceeds the 
combined output of wind and solar. The inequality constraints of 
equations (13) and (14) ensure that energy storage capacity constraints 
are met. Equations (15) and (16) ensure that the energy in storage at the 
start of the analysis period is within the energy storage capacity con-
straints, and equations (17) and (18) ensure that, for each energy storage 
system, the states of charge at the start and end of the analysis period are 
equal. Equations (19)–(21) show how w, s, and n are formed by scaling 
up reference wind, solar, and nuclear time series, where historical wind 
and solar capacity factors are used as wref and sref . In equation (21), 1 is a 
vector of ones, ensuring that nuclear power provides a constant output. 

Since a linear programming approach is used, all terms in the 
objective function are linear functions of the decision variables, with the 
inherent assumptions that unit capital and operating costs are inde-
pendent of a technology’s installed capacity and utilisation. In reality, 
however, fixed costs can be shared over more units of output, thus 
tending to lower unit costs at high levels of deployment and utilisation. 
To account for this it would be necessary to introduce nonlinear terms 
and use nonlinear programming techniques, potentially increasing 
runtime considerably. By not including the sharing of fixed costs, our 
approach is quite conservative, and we believe that identifying the 
appropriate parameters to represent fixed costs could become quite 
arbitrary. 

2.3. Data 

To ensure that the results are representative, the energy system 
optimisation is performed using 20 years of historical wind and solar 
capacity factors (for the years 2000–2019). These were determined 
using reanalysis (Staffell and Pfenninger, 2016; Pfenninger and Staffell, 
2016) and are freely available for specific locations or as national-level 
averages at 1-h resolution at www.renewables.ninja (Pfenninger and 
Staffell, 2020). Using these data has the advantage that they provide the 
full renewables availability, whereas actual generation data would be 
affected by curtailment and the fact that renewables capacities and ca-
pabilities have changed markedly in the last 20 years. We use Great 
Britain as a case study in this work and intend to be forward looking, 
therefore values for wind are based on Great Britain’s long-term future 
wind fleet. Values for solar are based on the distribution and charac-
teristics of Great Britain’s existing solar PV fleet; the future solar fleet is 
not planned out to the same extent as the wind fleet, and so capacity 
factor data are only available for the existing fleet. 

After each time series has been synthesised at 1-h resolution, we then 
aggregate the data by “time-slice” for use in the energy system optimi-
sation, to ensure that computational time remains reasonable. We adopt 
a similar time-slice approach to that used in the UK TIMES model (Daly 
and Fais, 2014), but consider each month of the year rather than only 
four seasons. We use four time-slices to represent each month, sepa-
rating the 24-h day into night (00:00–07:00), day (07:00–17:00), eve-
ning peak (17:00–20:00), and late evening (20:00–00:00) periods. As a 
consequence, each year of data is represented with 48 time-slices. Using 
time-slices in this way ensures that the diurnal effects of solar resource 
are taken into account. The data used in this analysis are summarised in 
Table 2, with further details given in the rest of this section and in the 

Supplementary Material. 
The average annual capacity factors from the reanalysis data are 

shown in Fig. 3 over 40 years, from which the annual variability of wind 
power is particularly notable, with its annual capacity factor ranging 
from 34% in 2010 up to 44% in 1986. The coefficient of variation is 
5.5% for wind and 2.3% for PV. We recognise that renewables variation 
could be taken into account using a stochastic approach such as Monte 
Carlo simulation, with renewables capacity factors synthesised using 
Markov Chains. However, correctly accounting for the diurnal and 
seasonal changes in solar output in a Markov Chain would require 
implementation of a solar position algorithm (Bright et al., 2015). It was 
deemed that this would not carry sufficient benefit in answering our 
research questions to justify the effort. 

It is assumed that the steelworks’ electricity and hydrogen demands 
are constant, on the basis that manufacturers tend to run plant at full 
power to make full use of manufacturing capacity. The need to maximise 
asset utilisation and efficiency in this way has been elicited in discus-
sions with several senior figures from within the steel industry. It should 
be noted that energy storage requirements could be reduced by over-
sizing steel production capacity and modifying production rates ac-
cording to renewables availability, in which case storage of materials (e. 
g., HBI or steel products) would be required. It is anticipated that the 
trade-offs between energy storage and material storage will be investi-
gated in future work. 

Cost projections for low-carbon electricity generation technologies 
have recently been published by the UK Government’s Department for 
Business, Energy and Industrial Strategy (BEIS) for the years 2025, 2030, 

Table 2 
Summary of the data used in the analysis.  

Data Stream Details Sources 

Hydrogen and 
electricity 
demands 

Constant demands 
assuming steady steel 
production. 

Calculated using 
thermodynamic process 
model developed by Vogl 
et al. (Vogl et al., 2018) 

Wind and solar 
capacity factors 

One-hour resolution data 
for the UK’s existing solar 
fleet and long-term future 
wind fleet, developed using 
reanalysis. 
Data used for 2000–2019 
inclusive, aggregated to 
four time-slices per month. 

http://www.renewables.ninja 
(Pfenninger and Staffell, 
2020) 

Electricity 
generation 
costs/ 
parameters 

Projections of CapEx, OpEx, 
net CO2 intensities, and 
lifetimes for onshore wind, 
large-scale solar, CCGT +
CCUS, and biomass + CCUS, 
for the years 2025, 2030, 
2035, and 2040. LCOE for 
nuclear. Fuel costs for each 
year from 2020 to 2039 
inclusive. 

UK Government’s Department 
for Business, Energy and 
Industrial Strategy (BEIS) ( 
Department for Business, 
2020a; Department for 
Business, 2020b; Ray and 
Ferguson, 2018) 

Energy storage 
costs/ 
parameters 

CapEx for cavern-based 
hydrogen storage and 
compressed air energy 
storage per unit storage 
capacity and per unit 
charge/discharge power 
capacity. Lifetimes and 
charge/discharge 
efficiencies. 

(Vogl et al., 2018; nnovation 
landsca, 2019; Lord et al., 
2014; Barbour et al., 2015;  
Locatelli et al., 2015;  
Nikolaidis and Poullikkas, 
2018) 

Electricity/ 
hydrogen 
conversion 
costs/ 
parameters 

CapEx, efficiencies, and 
lifetimes for electrolysers 
and hydrogen expansion 
turbines. 

(Vogl et al., 2018;  
Department for Business, 
2020a; Schmidt et al., 2017a;  
Taibi et al., 2020; Gandolfi 
et al., 2020; Steward et al., 
2009) 

Carbon prices Low, central, and high 
projections of traded carbon 
prices for each year from 
2020 to 2039 inclusive. 

BEIS (Department for 
Business, 2019)  
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2035, and 2040 (Department for Business, 2020a). These were con-
structed by BEIS following a period of evidence gathering and are based 
on learning rates and economies of scale. Key parameters of the elec-
tricity generation technologies included in the model are shown in 
Table 3, those of the energy storage technologies are shown in Table 4, 
and electricity-hydrogen conversion parameters are shown in Table 5. 

Electrolyser cost reductions out to 2040 have been estimated based on 
the projections of Schmidt et al. (2017b). These reduce costs to £506/kW 
in 2025, £439/kW in 2030, £371/kW in 2035, and £338/kW in 2040, 
roughly in line with projections made elsewhere (Taibi et al., 2020). Full 
details of the projected capacity costs for electricity generation tech-
nologies and electrolysers are given in the Supplementary Material. 

Fig. 3. Annual capacity factors for wind and solar energy for Great Britain from 1980 to 2019, based on existing solar PV capacity and the long-term future wind 
fleet. Data from renewables.ninja (Pfenninger and Staffell, 2020). 

Table 3 
Key parameters of the electricity generation technologies included in the model. 2025 cost projections shown, projections for later years given in the Supplementary 
Material.   

Net CO2 Intensity 
(gCO2/kWh) 

Lifetime 
(years) 

Discounted Capacity Cost 
(£/MW) 

Variable Costa(£/ 
MWh) 

Refs. 

Onshore Wind 0 25 1,531,000 6 Department for Business (2020a) 
Solar PV 0 35 617,000 0 Department for Business (2020a) 
Nuclearb 0 35 0 60 Department for Business (2020a) 
CCGT + CCUS (post- 

combustion) 
34.3 25 2,149,000 5 (Department for Business, 2020a; Ray and 

Ferguson, 2018) 
Biomass + CCUS (post- 

combustion) 
− 1318.5 25 6,236,000 4 (Department for Business, 2020a; Ray and 

Ferguson, 2018)  

a Variable cost does not include fuel or carbon costs.  

b Nuclear LCOE of £60/MWh used.  

Table 4 
Key parameters of the energy storage technologies.   

Charging Efficiency Discharging Efficiency Lifetime (years) Energy Capacity Cost (£/kWh) Power Capacity Cost 
(£/kW) 

Underground H2 

Storage 
72% (Vogl et al., 
2018) 

62.5%a (nnovation 
landsca, 2019) 

30 0.67 (Lord et al., 2014) See Table 5 

Underground CAES 83.67% (Barbour 
et al., 2015) 

83.67% (Barbour et al., 
2015) 

30 (Nikolaidis and 
Poullikkas, 2018) 

2.50 (Locatelli et al., 2015; Nikolaidis and 
Poullikkas, 2018) 

300 (Locatelli et al., 
2015)  

a Hydrogen charging and discharging efficiencies are those of electrolyser and hydrogen expansion turbine, respectively.  

A.J. Pimm et al.                                                                                                                                                                                                                                 

65



Journal of Cleaner Production 312 (2021) 127665

8

Projected fuel costs for gas and biomass are taken from recently 
published reports by BEIS (Department for Business, 2020b; Ray and 
Ferguson, 2018) (with fuel efficiencies of 30% and 47% used for 
biomass + CCUS and CCGT + CCUS, respectively (Department for 
Business, 2020a)), and carbon prices are taken from the Treasury Green 
Book supplementary appraisal guidance also published by BEIS 
(Department for Business, 2019). These values are included in the 
Supplementary Material, along with other costs and parameters from the 
thermodynamic process model. Central estimates are used in the anal-
ysis unless stated otherwise. All costs are discounted to the start of the 
20-year analysis period using a discount factor of 5%. 

3. Results and discussion 

In this section we use the thermodynamic process model and energy 
system optimisation tool presented above to calculate the energy re-
quirements of H-DR/EAF primary steelmaking, the energy generation 
and storage capacities of the lowest-cost energy system to meet these 
requirements if the UK steel industry was switched to H-DR/EAF, and 
the expected future costs of producing steel using this approach. 

3.1. Energy demands of H-DR/EAF steelmaking 

The energy consumption and mass flows in H-DR/EAF steelmaking 
have been determined using the thermodynamic process model for a 
range of EAF scrap charges, as shown in Fig. 4. The strong relationship 
between energy demand and scrap use is clear; total energy demand 
when operating on 100% scrap (450 kWh per tonne of liquid steel, or 
tLS) is 87% lower than when operating on 100% DRI (3.43 MWh/tLS), 
with electrolysis accounting for two-thirds of total energy demand when 
operating on 100% DRI. As such, scrap utilisation will be key to reducing 
electrolyser capacity and electricity demand in H-DR/EAF steelmaking, 
however the product options for steel produced using high levels of 
scrap are limited and heavily dependent upon scrap quality. 

With a 50% scrap charge, hydrogen demand is 25.2 kgH2/tLS. To 
convert the 7.2 MtLS/yr UK steel industry to the H-DR/EAF approach at 

Table 5 
Key parameters of the electricity-hydrogen conversion technologies. 2020 
electrolyser costs shown, projections for later years given in the Supplementary 
Material.   

Lifetime (years) Cost (£/kW) 

Electrolyser 10 (Vogl et al., 2018;  
Schmidt et al., 2017a) 

540 (in 2020) (Vogl et al., 2018;  
Taibi et al., 2020) 

Hydrogen 
Expansion 
Turbine 

30 (Gandolfi et al., 
2020) 

800 (Department for Business, 
2020a; Gandolfi et al., 2020; Steward 
et al., 2009)  

Fig. 4. Energy demands and resource flows in H-DR/EAF steelmaking for a range of scrap charges.  

Table 6 
Optimal combination of generation and storage technologies to meet the energy 
demands of a complete switch to H-DR/EAF steelmaking in the UK. Based on 
near-term (2025) electricity generation technology costs.   

Scrap Charge  

0% 25% 50% 
Steel Production (MtLS/yr) 7.2 7.2 7.2 
Hydrogen Demand (GW) 1.42 1.06 0.70 
Non-H2 Electricity Demand (GW) 0.51 0.47 0.43 
Wind Capacity (GW) 5.25 4.09 2.96 
Solar Capacity (GW) 4.42 3.45 2.49 
Nuclear Capacity (GW) 0.00 0.00 0.00 
CCGT/Biomass þ CCUS Capacity (GW) 0.11 0.08 0.06 
H2 Storage Energy Capacity (GWh) 1067 832 600 
H2 Storage Power Capacity (GW) 1.08 0.83 0.61 
CAES Energy Capacity (GWh) 56 44 32 
CAES Power Capacity (GW) 0.22 0.18 0.13 
Electrolysis Capacity (GW) 2.48 1.86 1.25 
H2 Expansion Turbine Capacity (GW) 0 0 0  
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this level of scrap utilisation would require a hydrogen production rate 
of 181,720 tH2/yr, equivalent to 697 MW. This is very similar to the rate 
of hydrogen production required to convert the city of Leeds (population 
of 793,139 in 2019 (Leeds Observatory, 2021)) to hydrogen heating, of 
732 MW (Leeds City Gate, 2016). 

If H-DR/EAF steelmaking was pursued as a means of decarbonising 
the UK steel industry, it is possible that DRI would be imported as HBI 
from countries and regions with iron ore reserves and low electricity 
costs, for use in UK-based EAFs. The within-UK energy demands for this 
scenario are the non-electrolyser demands plus an additional energy 
demand for HBI preheating of up to 160 kWh/tLS. 

3.2. Energy system requirements 

The lowest cost combination of generation and storage technologies 
to meet the energy demands of a full switch to fossil-free H-DR/EAF 
steelmaking in the UK is shown in Table 6 for three different levels of 
EAF scrap charge, and the optimal storage operation over a 20-year 
period is shown in Fig. 5. All results presented in this subsection are 
based on estimates of electricity generation costs in 2025 and fuel/ 
carbon prices from 2020 to 2039, and so present a near-term view of the 
optimum energy system. 

From Table 6, the strong negative relationship between scrap charge 
and energy system requirements is again clear. The levelised cost of 
energy (LCOE) from nuclear power is higher than the combined LCOE 
from renewables and storage and so the optimal combination of energy 
technologies does not include nuclear power, even though it is naturally 
suited to providing a steady supply of electricity. 

The inter-seasonal and inter-annual operation of hydrogen storage is 
evident from Fig. 5. In the case of 50% scrap charge (which is used in the 
rest of the paper), with the optimal combination of storage capacities it 
would take around 41 days to fully discharge the hydrogen storage from 
100% state of charge, and 10 days to fully discharge the CAES. 

In this case, 80% of demand is met from wind, 19% is met from solar, 
and 1% is met from CCGT + CCUS. Renewables curtailment is equal to 
2.3% of the available supply. The optimal wind and solar power 

capacities are significant, equating to around 12% and 19% of the UK’s 
total installed wind and solar capacities in mid-2020 (24.1 GW 
(renewable UK, 2020) and 13.4 GW (Department for Business E, 2020)), 
respectively. In reality, considering the land-use requirements of solar 
power in particular, it is likely that large offshore wind farms would be 
the most appealing option in areas with suitable bathymetry. 

While we are focusing on green hydrogen here (produced using 
water electrolysis powered by low carbon electricity), blue hydrogen 
(produced using natural gas reforming with CCUS) has also been pro-
posed as a low cost means of providing low carbon hydrogen. The largest 
existing steam methane reforming plant has a capacity equivalent to 
338 MW (Leeds City Gate, 2016). This would be capable of providing the 
hydrogen required for a steel production rate of 3.5 MtLS/yr (roughly 
equal to the output of the large integrated steelworks at Port Talbot in 
South Wales, for example). 

The hydrogen storage capacities required for a range of wind and 
solar penetrations are shown in Fig. 6, along with the levelised cost of 
electricity to run the electrolysers, DRI furnaces, and EAFs. The 
hydrogen storage capacity curve is not completely smooth because only 
one dataset of renewables capacity factors is used (though this covers an 
extended period of 20 years) and because the cost of energy is quite 
insensitive to total storage capacity, due to its low costs. The curve 
flattens at high levels of energy from solar as dispatchable generation 
starts to become a cost-effective way of dealing with the loss of supply 
every night. It should be noted that the minimum LCOE happens to be 
almost exactly the £46.60/MWh that the UK steel industry currently 
pays for electricity (Aaskov, 2021). 

Evidently the cost of electricity is minimised at a high wind pene-
tration of around 80% as a result of wind power’s much higher load 
factor than solar. The minimum hydrogen storage capacity of 334 GWh 
(equating to a specific storage capacity of 46 kWh/tLS/yr) is found at a 
wind penetration of 60%. This is just over half of the cost optimal 
hydrogen storage capacity of 600 GWh (83 kWh/tLS/yr), found at a 
wind penetration of 80%. Storage capacity and cost of energy are 
minimised at relatively high levels of supply from wind because wind 
power is available day and night, unlike solar. There is a small degree of 

Fig. 5. Optimal energy system operation to provide the UK iron and steel industry with firm electricity and hydrogen in a complete switch to H-DR/EAF steelmaking, 
with 50% scrap charge. Values shown are monthly averages of the time-slice values. 
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complementarity between wind and solar in Great Britain as irradiance 
is weakly anticorrelated with wind speed throughout the year (Bett and 
Thornton, 2016), and hence, as is apparent in Fig. 6(a), the minimum 
value of required hydrogen storage capacity is away from the ends (i.e., 
0% or 100% wind or solar). The storage capacity requirement is more 
than doubled if the share of supply from wind is 100% rather than 80%. 

There is currently one underground hydrogen storage site in the UK, 
at Teesside, where hydrogen is stored in three relatively small salt 
caverns at a depth of 350–450 m and with a total volume of 210,000 m3 

(Caglayan et al., 2020; Crotogino et al., 2010). These were constructed 
in 1971–72 and are still in operation today (Donadei et al., 2016). The 
UK’s technical potential for onshore salt cavern storage of hydrogen is 
estimated to be in excess of 1000 TWh, with particularly high energy 
densities available in the East Yorkshire salt field (Caglayan et al., 2020). 
Other European countries with good onshore salt cavern storage po-
tential within 50 km of the coast (for brine disposal) include Germany, 
Denmark, Portugal, and Spain (Caglayan et al., 2020). The UK’s current 
natural gas storage capacity is in the region of 27 TWh, comprising 14 
TWh of medium-term gas storage capacity and 13 TWh of LNG capacity 
(Wilson, 2019). 

To reduce the energy storage requirements of hydrogen-based 
steelmaking it is possible to leverage other flexibility options, such as 
dispatchable generation and demand response. As shown in Fig. 7, 
maintaining a supply of dispatchable generation (e.g., from a source 
such as biomass or natural gas with CCUS) considerably reduces the 
energy storage requirements of the steel industry in a switch to H-DR/ 
EAF primary steelmaking. By way of example, if 20% of electricity 
supply is provided with dispatchable generation, it would be theoreti-
cally possible to match supply and demand using 143 GWh of hydrogen 

storage, less than half the lowest capacity in the cost-optimal system 
configuration. The imperfect capture rates of CCUS would mean residual 
CO2 emissions if CCGT + CCUS was used, though BECCS could provide 
CO2 removal and the steel industry could potentially use this as a means 
to offset CO2 emissions from other sectors or its own historical emis-
sions, depending upon future government policy. In any case, some 
reserve of dispatchable generation will likely be necessary to deal with 
extreme weather events, when wind and solar resources are low for an 
extended period. 

The optimal combination of generation and storage capacities for a 
steel production level of 1 MtLS/yr are shown in Fig. 8 against HBI 
import level, based on UK wind and solar resources and a 50% scrap 
charge. The capacity of CCGT + CCUS remains relatively small at all 
levels of HBI import, with cavern storage of hydrogen and compressed 
air providing more cost-effective load balancing. Nuclear capacity is 
zero at all levels of HBI import because of its relatively high cost. 

Total generation and storage requirements are reduced by over 50% 
if all DRI is imported rather than produced natively, however cross- 
border carbon regulation would be necessary to ensure that the car-
bon intensity of imported DRI is low. At high levels of DRI import, 
hydrogen requirements are reduced and hence hydrogen storage be-
comes less attractive than CAES for balancing renewables supply with 
the steel industry’s energy demands, due to hydrogen’s relatively low 
turnaround efficiency when used for electricity-in/electricity-out 
storage. 

3.3. Cost analysis 

The levelised costs of the optimal energy system for H-DR/EAF 

Fig. 6. (a) Hydrogen storage capacity required to switch current UK steelmaking output (7.2 MtLS/yr) to H-DR/EAF powered by renewable electricity with 50% 
scrap charge, and corresponding levelised cost of energy (electricity and hydrogen), at various penetrations of wind and solar power. (b) Optimal combinations of 
electricity generation capacity at the same penetrations of wind and solar power. 
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Fig. 7. Required storage capacity to meet the energy requirements of a complete switch to H-DR/EAF steelmaking in the UK against wind and solar’s share of 
renewable generation, with 50% scrap charge and for several different shares of electricity from dispatchable generation. 

Fig. 8. Optimal capacities of electricity generation and energy storage technologies for H-DR/EAF steelmaking, against HBI import level, for 50% scrap charge and 
based on UK wind and solar resources. 
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steelmaking are broken down by technology in Fig. 9. Wind power ac-
counts for over half of the energy system costs at all levels of HBI import, 
with electrolysers and solar power making up most of the remaining 
costs. With no HBI import, the total energy system cost is £68/tLS. If the 
entire 7.2 MtLS/yr UK primary steel industry were converted to the H- 
DR/EAF technology, the annualised energy system cost would be 
£487m. Total energy system cost reduces to £20/tLS if all HBI is im-
ported, or £146m annually in the UK. The total cost of energy storage 
capacity remains at £2-£4/tLS at all levels of HBI import. 

It must be noted that this analysis does not include legacy costs 
resulting from government policy, which are known to distort the UK 
electricity market (Helm, 2017). Socialising the legacy costs has been 
proposed, though in any case many of them are for time-limited con-
tracts that are due to expire in the mid-2020s (Helm, 2019). 

Fig. 10 shows a breakdown of the energy and resource requirements 
if the entire UK primary steelmaking capacity (7.2 MtLS/yr) was based 
on hydrogen DRI and EAFs at 50% scrap charge, along with costs per ton 
of liquid steel. In this case, the UK scrap consumption for a full con-
version to EAF steelmaking would be approximately 4 Mt/yr. This is 
around half of the UK’s ferrous scrap exports in 2019 (8.1 Mt/yr) (World 
Steel Association., 2020). 

Marginal abatement costs for H-DR/EAF steelmaking are shown in 
Fig. 11 along with recent UK Government carbon price projections 
(Department for Business, 2019). Marginal abatement costs in 2025 
range from £23/tCO2 for greenfield sites up to £38/tCO2 when consid-
ering blast furnace relining, reducing to £21-£37/tCO2 by 2030 and 
£17-£32/tCO2 by 2040. According to this analysis, if the steel industry 
paid the full cost of its carbon emissions (i.e., if emissions trading 
scheme (ETS) free allowances did not exist), H-DR/EAF steelmaking 
powered with green hydrogen would be cost-competitive with blast 
furnace relining in the UK by 2030 at the latest and potentially by the 
mid-2020s if central cost estimates prove to be accurate. If brownfield or 
greenfield sites are considered, cost competitiveness would be expected 
even sooner. With rising carbon prices in future, it is expected that by 

2040 the traded price of carbon in the UK will be 2–14 times the mar-
ginal abatement cost of H-DR/EAF steelmaking. 

Greater clarity over the future of ETS free allowances and carbon 
prices would allow the steel industry to plan for the future with greater 
confidence, stimulating investment in decarbonisation. The competi-
tiveness of UK industry could be improved through reforms to industrial 
electricity prices, which are some of the highest in Europe. This is a 
consequence of several factors affecting the UK, including relatively 
lower levels of cross-border electricity trading, reduced support for long- 
term contracts, and the way that network and policy costs are recovered 
evenly across all consumers whereas other countries recover propor-
tionately more from domestic and commercial consumers (Grubb and 
Drummond, 2018). As the cost of greenhouse gas emissions increases in 
the UK, a carbon border adjustment mechanism will be crucial to 
maintain the competitiveness of UK industry and ensure that carbon 
leakage does not occur. 

H-DR/EAF steelmaking can potentially be a lower cost option than 
bioenergy with carbon capture and storage, with recent projections of 
CO2 avoidance costs for the deployment of bio-CCS in the UK steel in-
dustry being in excess of £80/tCO2 (Mandova et al., 2019). Hydrogen 
direct reduction also has the added benefit of not having the carbon 
absorption lag of bioenergy or requiring the deployment of carbon 
capture and storage infrastructure. However, as shown in this paper, the 
energy requirements of hydrogen-based steelmaking are significant. 
Bio-CCS also has the potential to provide carbon dioxide removal, unlike 
green hydrogen derived using renewables. 

3.4. Limitations and future work 

The results presented in this section are based on analysis which 
includes a number of assumptions and simplifications in order to make 
the problem tractable. The key limitations are listed here along with 
their likely impact on the accuracy of the results and suggestions for how 
these effects might be account for in future. It is hoped that this will 

Fig. 9. Capital cost breakdown of optimal energy system to power H-DR/EAF steelmaking with 50% scrap charge. Based on UK wind and solar resources and 
assuming hot feed of non-imported DRI to EAFs. 
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guide future research in this area.  

• Steel industry in isolation. Our analysis determined the energy 
system requirements, and associated costs, for the iron and steel 
industry in isolation, rather than considering how it might fit into the 
wider energy system. As such, the energy system costs shown here 
provide an upper limit, considering that the steel industry could act 
in isolation if lower costs could not be achieved by integrating with 
the rest of the energy system (e.g., by absorbing renewable energy 
that would otherwise be curtailed at off-peak times). The wider en-
ergy system could be considered by adding components to the time 
series of electricity and hydrogen demands.  

• Dataset size. The analysis is based on 20 years of historic wind and 
solar capacity factors for the UK. While we believe that this is a 
sufficiently long period that bulk energy storage becomes necessary 
to deal with the varying renewables availability between seasons and 
years, we recognise that future weather events may be more extreme. 
Markov chains could be developed based on historic wind and solar 
reanalysis data and used to generate time series of renewables ca-
pacity factors for use in a Monte Carlo approach.  

• Data resolution. While the wind and solar capacity factors that we 
used are based on reanalysis performed using 1-h resolution data, we 
aggregated the hourly-resolution time series into time-slices (four 
per month), as explained in Section 2.3. This was performed to 
ensure that the runtime of the linear programming solver is not 
excessively long, while preserving several of the key characteristics 
of renewables availabilities (such as diurnal solar variation and 
seasonal wind and solar variation). However, by aggregating the 
data into time-slices, the higher resolution variation is lost. It can be 
expected that higher resolution data would tend to increase the en-
ergy storage requirements above those determined here. However, 

since energy storage costs comprise a relatively small component of 
the energy system cost (and an even smaller component of the total 
cost of steel production), the total costs would not be increased 
significantly. 

Previous energy system studies have conducted long-run energy 
system optimisation while accounting for high temporal resolution 
variation in supply and demand by “soft-linking” energy system plan-
ning tools and power system models (Zeyringer et al., 2018). A 
long-duration energy system planning tool is used with time-slices to 
determine the lowest cost combination of energy system technologies, 
then flexibility requirements (such as storage capacities and demand 
response) are fine-tuned using higher resolution data.  

• Perfect foresight. By using historic data and an optimisation 
approach that considers all of the data simultaneously, we have 
inherently assumed that the energy storage is operated based on 
perfect foresight of 20 years of wind and solar availabilities. This 
could be avoided in future work through several different ap-
proaches, such as introducing artificial uncertainty, adopting fore-
casting approaches, and using stochastic receding horizon analysis 
for the storage scheduling.  

• Materials storage. In our analysis, we have assumed that all of the 
energy balancing is conducted using energy storage. However, the 
output of a H-DR/EAF steelworks could be uncoupled from renew-
ables availability to some extent by storing HBI or finished steel. This 
approach could be included in the linear programming formulation if 
the analyst has an understanding of the costs of materials storage.  

• Varying scrap charge. Another source of energy flexibility in 
hydrogen-based steelmaking is the option to vary the scrap charge in 
the EAF and accordingly vary the output of the DR furnace feeding 

Fig. 10. Energy, resource, and cost breakdown if UK steel production was provided entirely using H-DR/EAF, with 50% scrap charge.  
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the EAF. EAF melting is a batch process with tap-to-tap times typi-
cally less than an hour, and so the scrap charge in each melt could be 
varied according to electricity price (driven by renewables avail-
ability). Again, this could be included in the linear programming 
formulation, though it must be considered that scrap metal can 
introduce contaminants that affect steel quality. 

• Experience rates and economies of scale. The optimisation prob-
lem uses unit costs for the energy technologies that are independent 
of the scale of deployment or utilisation. In reality, long run costs are 
reduced through economies of scale and through experience. Future 
analyses could account for the latter by including learning curves 
(Schmidt et al., 2017b), however this would introduce nonlinearities 
to the objective function. 

4. Conclusions 

Hydrogen direct reduction of iron ore is seen as one of the key 
technologies to radically decarbonise steel production. However, while 
it is known to be highly energy-intensive, the energy system re-
quirements and costs have not previously been considered in detail. In 
this study, we have addressed this gap in the knowledge through a case 
study on the United Kingdom, although the methods employed are 
applicable to any country. A previously published thermodynamic 
process model of H-DR/EAF steelmaking has been integrated with a new 
long-term energy system planning tool that has been developed and 
applied with recent projections of technology costs, carbon prices, and 
fuel prices. 

Our key findings can be summarised as follows:  

• Fossil-free steelmaking in the UK based on hydrogen direct reduction 
and electric arc furnaces is expected to be cost-competitive with blast 
furnace – basic oxygen steelmaking within 5–10 years, while having 
near-zero CO2 emissions.  

• For an annual production rate of one million tonnes of liquid steel, 
there is a steady hydrogen demand of 100–200 MW (depending upon 

the level of scrap utilisation) and 60–70 MW of additional electricity 
demand.  

• For the same annual production rate and assuming a 50% scrap 
charge, the optimum energy system largely comprises 415 MW of 
wind power capacity, 350 MW of solar, 180 MW of electrolyser ca-
pacity, and 80 GWh of cavern-based hydrogen storage. 

The energy demands of the H-DR/EAF approach are highly depen-
dent on the level of scrap in the electric arc furnace charge. Assuming an 
average scrap charge of 50%, it has been found that a complete switch to 
H-DR/EAF steelmaking in the UK, with its annual steel production of 7.2 
MtLS, would require a steady supply of around 700 MW of hydrogen 
(20.7 tH2/hr, or 182,000 tH2/yr) and 430 MW of additional electricity 
on top of that required for electrolytic hydrogen production. 

Using the energy system model with recent cost estimates for low- 
carbon energy system technologies and 20 years of wind and solar 
data, the optimal energy system to meet these demands has been found. 
With a 50% scrap charge to the electric arc furnaces, the optimal energy 
system would comprise 3 GW of wind power, 2.5 GW of solar power, 60 
MW of combined cycle gas power with carbon capture, 1.3 GW of 
electrolysers, 600 GWh/600 MW of hydrogen storage, and 30 GWh/130 
MW of compressed air energy storage. These capacities are significant, 
and long-term government support will be vital if the steel industry is to 
successfully transition to the H-DR/EAF steelmaking approach. 

Energy system costs for a self-sufficient UK steel industry operating 
on H-DR/EAF with a 50% scrap charge are estimated to be around £68/ 
tLS. Over half of these costs are for wind power, with electrolysers and 
solar power comprising the bulk of the remaining costs. It is possible that 
it will prove financially advantageous to import direct reduced iron from 
iron-rich countries, in which case the energy system costs to the UK 
could be reduced to around £20/tLS. 

The marginal abatement costs of H-DR/EAF steelmaking range be-
tween £23-£38/tCO2, and based on recent projections of traded carbon 
prices, these will be lower than the cost of carbon by 2030 at the latest, 
but potentially as soon as the early- or mid-2020s. These costs are also 

Fig. 11. CO2 price projections and marginal abatement costs for H-DR/EAF steelmaking in the UK, with 50% scrap charge.  
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lower than recent estimates of the cost of decarbonising steel production 
through deployment of bio-CCS. However, the values will be affected by 
legacy costs for electricity generation and free allowances to the iron and 
steel industry in the UK emissions trading scheme, and the effects of 
these must be investigated in more detail in future work. 

Given the finding in the present work that primary steelmaking 
based on hydrogen direct reduction and electric arc furnaces can be 
made competitive with blast furnace – basic oxygen steelmaking, we 
recommend that the UK Government provide support for technology 
demonstrators of this combination in the UK context, potentially 
considering developments such as integrated high temperature elec-
trolysis. On top of this, we make several further recommendations to the 
UK Government to drive forward decarbonisation of the UK steel in-
dustry: 1) address the policy and network costs that adversely affect 
industrial electricity prices and put the UK iron and steel industry at a 
disadvantage to international competition; 2) provide clarity over the 
future of free allowances to energy-intensive industry in the UK emis-
sions trading scheme (given that they effectively lower the cost of car-
bon emissions to heavy industry); and 3) develop and introduce cross- 
border carbon regulation for iron and steel products to ensure the 
competitiveness of UK industry and prevent carbon leakage. 
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Highlights

In 2020, the EU production of hard coal was 56 million tonnes, 80 % less than the 277 million tonnes of 1990.

From 2018 to 2020, the EU reduced its consumption of both hard coal and brown coal by a third.

Source: Eurostat (online data code: nrg_cb_sff)

This article explains how consumption and supply of coal in the European Union (EU) have evolved, highlighting the trends in production and
consumption of the main types of solid fossil fuels: hard coal and brown coal. In addition the article gives some figures on the supply of coke oven
coke.
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Consumption and production of hard coal
As illustrated in Figure 1 inland consumption of hard coal in the EU decreased steadily in the 1990s. Starting in 1999 and for almost a decade, the
yearly hard coal consumption stabilised at around 300 million tonnes. After a first sharp decline in 2008 and another in 2009, hard coal consumptio
stabilised around a new plateau of 250 million tonnes from 2010 onwards. Finally, in 2019, another strong decline in hard coal consumption started
The 2020 hard coal consumption of the EU is estimated to have reached 144 million tonnes, 35 % less than two years prior.

Production of hard coal in the EU has decreased almost continuously from 1990 and this long-term decrease has been more severe than for
consumption. In 2020, the EU production was 56 million tonnes, 80 % less than the 277 million tonnes of 1990. In 2020, 39 % of inland consumption
could be covered by production in the EU, compared to 71 % in 1990. The 2020 figures are estimates based on early annual data.

Consumption and production of hard coal

Consumption and production of brown coal

Deliveries of coal to power plants

Deliveries of coal to coking plants and coke oven coke production
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Figure 1: Inland consumption and production of hard coal, EU, 1990-2020
(million tonnes) 
Source: Eurostat (nrg_cb_sff)

In 1990, 13 Member States of the current EU were producing hard coal. In 2020 there were only two left: Poland and Czechia. Poland produced 54.4
million tonnes of hard coal (96 % of the total EU production) and Czechia produced 2.1 million tonnes (4 %). Compared to 2012, which was the last
peak in the EU hard coal production (106 million tonnes), in 2020 Poland decreased its production by 31 % and Czechia by 81 %. All other former ha
coal producers (including Germany and Spain) stopped their production.

Poland (43 %) and Germany (22 %) together accounted for almost two thirds of the total hard coal consumption of the EU in 2020, followed by Italy,
France, the Netherlands and Czechia (each between 3 % and 6 %). Figure 2 presents the hard coal consumption of the EU from 2015 to 2020 by
Member State.

Figure 2: Inland consumption of hard coal by Member State, EU, 2015-
2020 (million tonnes) 
Source: Eurostat (nrg_cb_sff)

Consumption and production of brown coal
The 2020 consumption of brown coal in the EU is estimated at 246 million tonnes, 33 % less than two years prior in 2018. Figure 3 presents the trend
since 1990. In the 1990s, the consumption decreased rapidly, floating between 2000 and 2015 in the range of 400 to 450 million tonnes per year. In
2016, consumption of brown coal started a downwards trend, a decline which accelerated from 2019 onwards.

The brown coal production trend is very similar to its consumption trend; brown coal is mostly produced in the countries of the consumption, while
imports and exports are negligible. The 2020 figures are estimates based on early annual data.

Figure 3: Inland consumption of brown coal, EU, 1990-2020 (million
tonnes) 
Source: Eurostat (nrg_cb_sff)

76

https://ec.europa.eu/eurostat/statistics-explained/index.php?title=File:Inland_consumption_and_production_of_hard_coal,_EU-27,_1990-2020_(million_tonnes).png
https://ec.europa.eu/eurostat/databrowser/view/nrg_cb_sff/default/table?lang=en
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=File:Inland_consumption_of_hard_coal_by_Member_State,_EU-27,_2015-2020_(million_tonnes).png
https://ec.europa.eu/eurostat/databrowser/view/nrg_cb_sff/default/table?lang=en
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=File:Inland_consumption_of_brown_coal,_EU-27,_1990-2020_(million_tonnes).png
https://ec.europa.eu/eurostat/databrowser/view/nrg_cb_sff/default/table?lang=en


8/7/2021 Coal production and consumption statistics - Statistics Explained

https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Coal_production_and_consumption_statistics&oldid=534943#Deliveries_of_coal… 3/4

Germany represented 44 % of the total brown coal consumption of the EU in 2019, followed by Poland (19 %), Czechia (12 %), Bulgaria (9 %) and
Romania and Greece (both 6 %). Figure 4 presents the brown coal consumption of the EU from 2015 to 2020 by Member State.

Figure 4: Inland consumption of brown coal by Member State, EU, 2015-
2020 (million tonnes).png 
Source: Eurostat (nrg_cb_sff)

Deliveries of coal to power plants
A big part of hard coal (53 % in 2019) and the majority of brown coal (93 % in 2019) is used for power production. In 2019, 93 million tonnes of hard
coal were delivered to power plants in the EU producing electricity and heat. For brown coal, this amount was 285 million tonnes.

Both series were decreasing in the 1990s, then remained mostly stable until 2012 (see Figure 5). Since 2013, hard coal deliveries for power productio
show a declining trend; in the electricity and heat production hard coal is more and more replaced by natural gas and renewable energy sources.
Brown coal deliveries to power plants also show a declining trend since 2013, with a slight increase in 2017. From 2019 onwards, deliveries of both
hard coal and brown coal to power plants have decreased significantly.

The 2020 figures are estimates based on monthly data, and take only into account electricity production by main activity producers.

Figure 5: Deliveries of brown coal and hard coal to power plants, EU,
1990-2020 (million tonnes) 
Source: Eurostat (nrg_cb_sff) (nrg_cb_sffm)

Deliveries of coal to coking plants and coke oven coke production
Hard coal (more specifically coking coal) is essential to produce coke oven coke for the steel and iron industry. The latest available annual figures
show that in 2019 coking plants in the EU consumed 45 million tonnes of coking coal to produce 33 million tonnes of coke oven coke. In 2020, coking
plants produced 30 million tonnes of coke oven coke. This is a new downward trend compared to previous years where coking plant activity was
stable (see Figure 6).

The 2020 figures are estimates based on early annual data (‘Coke oven coke production’) and monthly data (‘Hard coal deliveries to coke ovens’).
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Figure 6: Hard coal deliveries to coke ovens and coke oven coke
production, EU, 2016-2020 (million tonnes) 
Source: Eurostat (nrg_cb_sff) (nrg_cb_sffm)

Source data for tables and graphs
Download Excel file 

Data sources
The reporting of coal statistics is based on Energy statistics Regulation (EC) No 1099/2008 on energy statistics. The production and consumption dat
of hard coal and brown coal between 1990 and 2020 are based on annual statistics (Annex B of the Regulation). Almost all 2020 figures are based on
early annual questionnaires of solid fuels (voluntary data collection). These data are considered provisional/estimates of the annual statistics. Only
for the 'delivery of brown coal and hard coal to power plants' and ‘deliveries of hard coal to coke ovens’ cumulative monthly data for 2020 were used
(Annex C of the Regulation). These cumulative monthly data could also be considered as provisional/estimates of annual statistics.

Methodological note
The methodologies and data used for the calculations presented in this article do not make it possible to identify the specific contribution of the 202
COVID-19 pandemic compared to the existing trends from the data. Future data will allow Eurostat to ascertain whether the observed trends are
maintained during and after the pandemic.

Direct access to

Other articles Tables Database Dedicated section Publications Methodology
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Table 8.1: Estimated territorial greenhouse gas emissions by industry section and group, UK 1990-2019

Coverage: United Kingdom
Thousand tonnes carbon 

dioxide equivalent (ktCO2e)

Section Section name 2019

A Agriculture, forestry and fishing 47,298.1

B Mining and quarrying 21,646.3

C Manufacturing 73,684.9

D Electricity, gas, steam and air conditioning supply 64,308.2

E Water supply; sewerage, waste management and remediation activities 24,625.9

F Construction 13,224.1

G Wholesale and retail trade; repair of motor vehicles and motorcycles 15,477.8

H Transport and storage 28,217.0

I Accommodation and food services 3,563.8

J Information and communication 823.6

K Financial and insurance activities 257.7

L Real estate activities 966.5

M Professional, scientific and technical activities 1,832.4

N Administrative and support service activities 3,255.5

O Public administration and defence; compulsory social security 4,712.5

P Education 2,542.4

Q Human health and social work activities 5,431.5

R Arts, entertainment and recreation 1,035.5

S Other service activities 952.1

T Activities of households as employers; undifferentiated goods and services-producing activities of households for own use45.8

- Consumer expenditure 134,918.4

- Land use, land use change and forestry (LULUCF) 5,946.2

Total greenhouse gas emissions 454,766.1

SIC(07) group Section Group name 2019

1 A Products of agriculture, hunting and related services 46,677.5

2 A Products of forestry, logging and related services 94.8

3 A Fish and other fishing products; aquaculture products; support services to fishing 525.8

5 B Mining of coal and lignite 688.1

6 B Crude petroleum and natural gas 19,887.9

7 B Mining of metal ores 3.4

8 B Other mining and quarrying products 787.1

9 B Mining support services 279.9

10.1 C Processing and preserving of meat and production of meat products 910.5
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10.2-3 C Processing and preserving of fish, crustaceans, molluscs, fruit and vegetables 879.8

10.4 C Manufacture of vegetable and animal oils and fats 71.4

10.5 C Manufacture of dairy products 771.8

10.6 C Manufacture of grain mill products, starches and starch products 577.7

10.7 C Manufacture of bakery and farinaceous products 1,173.1

10.8 C Manufacture of other food products 1,253.4

10.9 C Manufacture of prepared animal feeds 362.9

11.01-06 C Manufacture of alcoholic beverages, including spirits, wine, cider, beer and malt 1,107.9

11.07 C Manufacture of soft drinks: production of mineral waters and other bottled waters 122.4

12 C Tobacco products 23.0

13 C Textiles 888.6

14 C Wearing apparel 248.6

15 C Leather and related products 31.5

16 C Wood and of products of wood and cork, except furniture; articles of straw and plaiting materials 794.9

17 C Paper and paper products 1,998.1

18 C Printing and recording services 379.2

19.1 C Manufacture of coke oven products 870.0

19.2 C Manufacture of refined petroleum products 12,839.9

20.11 + 20.13 C Manufacture of industrial gases and non-nitrogen-based inorganic chemicals 1,943.8

20.15 /1 C Fertilisers 682.3

20.15 /2 C Other nitrogen compounds 967.3

20.14+20.16+20.17+20.6 C Manufacture of petrochemicals 5,753.3

20.12+20.2 C Manufacture of dyestuffs, agro-chemicals 923.2

20.3 C Manufacture of paints, varnishes & ink 165.5

20.4 C Manufacture of cleaning & toilet preparations 301.4

20.5 C Manufacture of other chemical products & man-made fibres 531.3

21 C Basic pharmaceutical products and pharmaceutical preparations 639.5

22.1 C Rubber products 400.4

22.2 C Plastics products 2,762.2

23.1-4 & 23.7-9 C Manufacture of glass, refractory, clay, other porcelain and ceramic products, Stone, & abrasive products 2,669.4

23.51 C Manufacture of cement 6,997.6

23.52 /1 C Manufacture of lime 1,492.5

23.52 /2 C Manufacture of plaster 13.1

23.6 C Manufacture of articles of concrete, cement and plaster 690.7

24.1-3 C Manufacture of basic Iron & Steel 10,837.5

24.4-5 (not 24.42 nor 24.46) C Manufacture of other basic metals & casting (excl. Nuclear fuel & Aluminium) 772.0

24.42 C Aluminium production 481.4

24.46 C Processing of nuclear fuel 2.0

25.1-3+25.5-9 C Fabricated metal products, except machinery and equipment, excluding weapons and ammunition 2,680.4

25.4 C Manufacture of weapons and ammunition 101.980



26 C Computer, electronic, communication and optical products 692.5

27 C Electrical equipment 652.6

28 C Machinery and equipment n.e.c. 1,646.8

29 C Motor vehicles, trailers and semi-trailers 1,181.4

30.1 C Building of ships and boats 199.6

30.3 C Manufacture of air and spacecraft and related machinery 403.4

30.2+4+9 C Manufacture of other transport equipment, excluding ships, boats, air and spacecraft 104.9

31 C Furniture 801.1

32 C Other manufactured goods 562.5

33.15 C Repair & maintenance of ships 11.6

33.16 C Repair & maintenance of aircraft  & spacecraft 39.0

33 (not 33.15-16) C Rest of repair; Installation 276.2

35.1/1 D Electricity production - gas 45,325.0

35.1/2 D Electricity production - coal 7,235.7

35.1/3 D Electricity production - nuclear 97.4

35.1/4 D Electricity production - oil 124.2

35.1/5 D Electricity production - other 5,681.6

35.2-3 D Manufacture of gas; distribution of gaseous fuels through mains and steam and air conditioning supply 5,844.3

36 E Natural water; water treatment and supply services 867.5

37 E Sewerage services; sewage sludge 2,564.7

38 E Waste collection, treatment and disposal services; materials recovery services 21,188.4

39 E Remediation services and other waste management services 5.3

41 F Buildings and building construction works 2,371.9

42 F Constructions and construction works for civil engineering 5,723.1

43 F Specialised construction works 5,129.2

45 G Wholesale and retail trade and repair services of motor vehicles and motorcycles 2,021.4

46 G Wholesale trade services, except of motor vehicles and motorcycles 7,083.0

47 G Retail trade services, except of motor vehicles and motorcycles 6,373.4

49.1-2 H Rail transport 2,101.8

49.31/9 + 49.39 H Buses, coaches, trams and similar public urban transport n.e.c 3,725.6

49.31/1 H Underground, metro other non interurban rail services 12.6

49.32 H Taxis and other renting of private cars with driver 3,456.6

49.4 H Freight transport by road and removal services 11,448.8

49.5 H Transport via pipeline 85.5

50 H Water transport services 2,139.9

51 H Air transport services 1,722.1

52 H Warehousing and support services for transportation 1,835.7

53 H Postal and courier services 1,688.3

55 I Accommodation services 917.1

56 I Food and beverage serving services 2,646.781



58 J Publishing services 56.4

59 J Motion picture, video and television programme production services, sound recording and music publishing 130.5

60 J Programming and broadcasting services 12.4

61 J Telecommunications services 297.9

62 J Computer programming, consultancy and related services 296.0

63 J Information services 30.5

64 K Financial services, except insurance and pension funding 72.9

65.1-2 K Insurance & Reinsurance 29.8

65.3 K Pension funding 0.7

66 K Services auxiliary to financial services and insurance services 154.2

68.1-2 L Buying and selling of own real estate: renting and operating of own or leased real estate, excluding imputed rent 675.7

68.3 L Real estate activities on a fee or contract basis 290.8

69.1 M Legal activities 144.7

69.2 M Accounting, bookkeeping and auditing activities: tax consultancy 121.1

70 M Services of head offices; management consulting services 632.9

71 M Architectural and engineering services; technical testing and analysis services 381.0

72 M Scientific research and development services 250.1

73 M Advertising and market research services 89.8

74 M Other professional, scientific and technical services 142.1

75 M Veterinary services 70.6

77 N Rental and leasing services 1,129.5

78 N Employment services 190.8

79 N Travel agency, tour operator and other reservation services and related services 142.4

80 N Security and investigation services 154.4

81 N Services to buildings and landscape 921.0

82 N Office administrative, office support and other business support services 717.4

84 (not 84.22) O Public administration; compulsory social security services 2,744.8

84.22 O Public defence services 1,967.7

85 P Education services 2,542.4

86 Q Human health services 3,872.7

87 Q Residential care services 728.1

88 Q Social work services without accommodation 830.7

90 R Creative, arts and entertainment services 114.6

91 R Library, archive, museum and other cultural services 47.9

92 R Gambling and betting services 79.2

93 R Sporting services and amusement and recreation services 793.8

94 S Services furnished by membership organisations 267.8

95 S Repair services of computers and personal and household goods 64.5

96 S Other personal services 619.7

97 T Services of households as employers of domestic personnel 45.882



100 - Consumer expenditure - not travel 70,150.5

101 - Consumer expenditure - travel 64,767.9

- - Land use, land use change and forestry (LULUCF) 5,946.2

Total greenhouse gas emissions 454,766.1
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SUMMARY

The steel industry underpins the economies and identities of many towns and city 
regions across the North. Despite this, in the spring 2021 budget, the chancellor 
referred to steel as an industry of the past. This perception fails to realise the 
important role steel will play in both supporting the North’s economy and the UK’s 
wider transition to a low-carbon future. With the pursuit of the right technologies 
now and investment to create a competitive low-carbon steel industry, northern 
steel, as a foundational industry, can be central to the country’s prosperity in the 
decades to come.

This great transformation can offer something more hopeful; a cleaner, greener 
future for the steel industry. In turn, this will support prosperous towns and 
communities, providing the prospect of a good life for the people who live 
there. If we are serious about levelling up, we must begin to recast steel as an 
industry of the future. With a proper decarbonisation plan, the North’s steel 
industry can not only achieve net zero emissions; it can also transform its 
competitiveness to become a world leader in the low-carbon steel market.

None of this can be achieved without the right support or policy plans in place. 
There are major technological questions that need to be confronted, and policies 
to increase the demand for low-carbon northern steel need to be articulated. 

With a vision in place for the transition to net zero northern steel, the 
government’s levelling up agenda can be provided with fresh impetus. 
Alongside recent announcements on a northern economic campus and 
the UK infrastructure bank, decarbonising steel can help build the North’s 
economy and raise prosperity. Getting the correct policies in place can 
empower the steel industry to drive forward decarbonisation.

KEY FINDINGS
The UK steel industry is of national strategic importance. It employs 
approximately 32,000 people directly, with a further 52,000 people 
employed in its supply chain. Its direct contribution to the UK economy 
is £2 billion a year. Future market opportunities worth over £3.8 billion a 
year could be available by 2030. Over one-third of the industry’s jobs and a 
significant number of steel producers are based in the north of England. As 
a result, the North has a unique opportunity to lead the UK’s production of 
zero carbon steel.  

This report shows that there are clear opportunities from decarbonising the 
industry. A drive towards zero carbon steel would not just protect existing jobs; 
a modern and competitive industry would also attract new investment that can 
create new business opportunities, jobs, and wealth within the North.

To achieve this transformation, significant barriers need to be overcome. The 
negative perception of steel as a sunset industry persists and this has meant 
that there is a lack of forward planning for decarbonisation. To address this, 
we outline a comprehensive plan for decarbonising northern steel. In doing so, 
we propose a mix of resource efficiency, electrification, hydrogen, and carbon 
capture and storage technologies to decarbonise northern steel. We examine 
how this decarbonisation approach would play out across key industrial clusters 
located in Yorkshire and the Humber, as well as the North East. 
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We estimate the annual cost of decarbonising northern steel to be approximately 
£267 million by 2050. If pursued, our plan would result in a rapid drop in emissions 
from northern steel production by 2035, with the industry effectively reaching 
net zero by 2036. Alongside capital investment, we set out a package of key 
recommendations to help lay the foundations for a stronger, low-carbon, and 
productive industry. In doing so, we propose a better future for the industry 
alongside steel communities. 

RECOMMENDATIONS
The four pillars of our vision for zero carbon steel in the North are as follows. 

A new chapter for industrial decarbonisation strategy
Industrial decarbonisation strategy in the UK is too centralised and is not 
connected to a broader vision for how it will benefit regional economies. A 
new approach to developing industrial strategy for the steel industry should 
provide a national framework that facilitates input from regional and local 
leaders. The decarbonisation pathways for industrial clusters outlined in 
this report should be drawn upon to develop bespoke regional solutions 
that complement their wider plans for creating a low-carbon economy. Our 
plans would complement and provide region specific guidance for the UK 
government’s Industrial Decarbonisation Strategy. As part of its strategy,  
the UK government should address the high energy costs the industry  
currently faces.

Investment in the industry is not currently significant enough to enable it 
to carry out the required retrofitting of plants and change of production 
methods needed to produce low-carbon steel. We anticipate that the annual 
cost of this transition will be approximately £267 million by 2050. To achieve 
net zero, the UK government must increase its investment in electrification, 
hydrogen, resource efficiency and CCS technologies. Over the first decade, the 
UK government will need to significantly invest in technological development 
and industry decarbonisation. From the 2030s, we anticipate its share of the 
investment will fall as private sector investment is crowded in to meet at least 
half of the costs by the mid-2030s. 

Making the most of devolution
We have an emerging system of devolution in England. It has the potential to 
help drive innovation and investment in green steel, particularly in the North 
where 62 per cent of the population are covered by some form of devolution 
deal. We recommend that by drawing on the local knowledge, and partnerships 
of metro mayors and local authority leaders, the government can help fulfil net 
zero ambitions. For example, by helping to drive demand for green steel through 
progressive procurement and devolving allocations of research and development 
(R&D) expenditure, progress can be made on boosting regional productivity.

Ensuring a just transition to net zero
The decarbonisation of the North’s steel industry can also deliver benefits for 
the workers of the region. This means that investment and capital support must 
be underpinned by support for training, retraining and skills. A jobs guarantee 
offered from industry and underwritten by government could provide workers 
with confidence that they have a future in the industry. 

The low-carbon steel industry of the future must start training the workforce 
of tomorrow, today. Reviewing the capacity of (and improving investment in, if 
necessary) high-quality technical and vocational education will be crucial to 
create the skills pipeline that industry in the North will need. 
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A low-carbon steel market
The production of low-carbon steel is an opportunity to transform the fortunes 
of the UK’s steel industry. The likely imposition of carbon border adjustment 
mechanisms by major economies in the years to come will fire the starting gun 
on the race to net zero steel. If the North’s steel industry can get off the mark 
quickly, the rewards could be significant. The impetus for decarbonisation will 
soon be significant and it is pivotal that UK steel producers are supported in 
their efforts to decarbonise production. 

Within the industry, there remains a sense that central government could do more 
to support UK steel, both in terms of providing loans and other financial support 
to help the industry decarbonise, as well as by creating demand for UK steel 
domestically and by identifying new export opportunities. 

Ultimately, northern steel should strive to reverse its fortunes and compete on 
the global stage as a world leader in low-carbon steel production. This cannot 
happen if it lacks a well-paid, well-trained, and motivated work force. To this end, 
the UK government should consider the central importance of the North’s steel 
industry in any future trade negotiations and ensure that new deals do not erode 
its historically good pay and working conditions. 

5
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INTRODUCTION

Northern steel has faced significant challenges in recent decades, first with 
de-industrialisation and more recently with attempts to devalue steel through 
the dumping of steel on the international market (Rhodes 2018). At the same 
time, the high cost of energy for the industry have made it increasingly difficult 
for it to compete with international and European competitors, who can buy 
energy at much lower prices (UK Steel 2018). A lack of long-term strategy from 
consecutive governments and a view that the industry has been stuck in a 
process of managed decline has reduced industry morale. Yet despite these 
challenges, The UK’s steel industry remains a crucial foundational industry 
and today, UK-based manufacturers produce enough high-quality steel to 
meet most the UK’s steel needs. 

However, new opportunities now await the steel industry. The need to 
decarbonise our economy by 2050 will require a fundamental rethink of 
industry, but potentially, this transformation will provide an opportunity for 
northern steel to become a world leading, low-carbon industry. Not only will 
this transition to low-carbon production help preserve the many jobs that 
steel brings to the North, it will also create new demand for UK steel and 
allow the industry to grow and create new jobs. 

The moment for change in both our perception of the industry and our need to 
decarbonise is now urgent. Other countries have already begun to decarbonise 
their steel industry. The faster the UK moves to transform the industry, the more 
likely it is to be a market leader. With the requirement to reduce carbon emissions 
now enshrined in law, the question is no longer a matter of if, but a question of 
how the industry can best decarbonise. 

This report outlines a vision for decarbonising northern steel. To understand 
the challenges and opportunities facing the industry, three roundtables were 
held with key industry experts. Following this, a literature and policy review 
was conducted, as well as an analysis of the available data on steel industry in 
the north. The findings of this report are translated into key recommendations 
for achieving this vision for a transformed low-carbon steel sector in the north 
of England.
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1. 
NORTHERN STEEL MATTERS

The steel industry is a significant employer in the north of England. The industry 
has remained both a valuable economic asset (Rhodes 2018) and an important 
cultural institution (Nayak 2019) across the North’s regions. However, it is 
important to recognise that the industry has also faced significant challenges 
since the 1980s, with the most recent crisis occurring as a result of foreign 
competitors, notably China, flooding the market with cheap discounted steel 
(Hudson 2017). Since its peak employment in 1971, the industry in the UK has 
seen a gradual decline in the total number of people it employs reduced from 
over 320,000 to approximately 32,000 by 2016 (Rhodes 2018). Alongside direct 
employment, the UK’s steel industry employs approximately 52,000 people 
through its supply chains and contributes over £2 billion directly to the UK 
economy (UK Steel 2019). Future market opportunities worth over £3.8 billion  
a year could be available by 2030 (ibid).

While there has been a gradual decline in the number of people working directly 
in the steel industry since the 1980s, the steel industry in the North still directly 
employs a significant number of people, with approximately 12,000 people 
employed in steel production jobs as of 2019 (NOMIS 2020). 

FIGURE 1.1: THE STEEL INDUSTRY CONTINUES TO BE A SIGNIFICANT EMPLOYER IN THE 
NORTH OF ENGLAND, PRIMARILY IN YORKSHIRE AND THE HUMBER
Employees in the UK steel industry by region
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In the north of England, sites such as British Steel, Liberty Steel, and Sheffield 
Forgemasters are significant local employers in Scunthorpe, Rotherham, and 
Sheffield respectively. In Scunthorpe alone, the British Steel plant directly 
employs 3250 workers (Ember 2020). As a result, northern steel actively 
underpins much of the local economy in these areas. 

THE NEED FOR AN INDUSTRY TRANSFORMATION
While the steel industry makes a clear contribution to North’s economy, 
it faces significant challenges in terms of expanding its output, improving 
competitiveness and decarbonising its manufacturing processes. International 
markets are particularly competitive, and steelmakers are often operating 
along tight profit margins (BEIS 2020). Competitive industry is the sum of 
its parts. It needs to be underpinned by long-term strategy and vision, with 
significant investment in innovation and R&D. Successful industry should 
offer well-paid jobs, with clear opportunities for progression. Efforts should 
be made to ensure the domestic procurement of industry goods, while the 
quality of the final product and strategic trade policy create international 
demand and reduce export barriers. To date, the industry has been let down 
by a lack of long-term planning and industry investment. This is coupled with 
little attempt to create market opportunities for UK steel.

Steel remains a very carbon intensive industry and a significant amount of steel 
is still produced using carbon intensive blast furnaces (Ember 2020). The UK’s 
two remaining blast furnace sites are located at Port Talbot in South Wales and 
Scunthorpe in North Lincolnshire. These contribute significantly to the industry’s 
total emissions. 

FIGURE 1.2: NOT ALL STEEL PLANTS CONTRIBUTE EQUALLY TO THE UK’S EMISSIONS – 
PORT TALBOT AND SCUNTHORPE ACCOUNT FOR MORE THAN 90 PER CENT OF UK STEEL 
EMISSIONS
2018 emissions (tCO2)
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With the challenge of decarbonisation comes an opportunity to recast UK steel 
as a world leading supplier of high-quality steel. Ultimately, a more specialised 
industry that is less likely to attract high carbon taxes will give the UK industry 
a competitive advantage over other countries. At the same time, new methods 
can further increase the productivity of UK steel so that the UK’s needs are met 
alongside strong export demand from foreign markets. The development of the 
industry in this way can bring significant benefits to the North, contributing to the 
creation of new low-carbon jobs and ensuring that steel remains a vibrant part of 
the North’s cultural heritage. With the prospect of carbon pricing ramping up in the 
years to come, now is the time for the industry to be supported in its transition to 
net zero (Bloomberg 2021). Without this transition, it risks being diminished as a 
profitable and competitive industry. 

ENSURING A JUST TRANSITION
Bringing about the decarbonisation of the steel industry is not just about creating 
a world leading, competitive industry. Ensuring its transition is important both for 
safeguarding existing jobs and creating new ones. The North is already leading the 
way in transforming the steel industry, with the £75 million Zero Carbon Humber 
bid a clear indication that the North’s steel producing regions want to accelerate 
the drive to net zero (British Steel 2020).

The transition to a low-carbon economy will fundamentally change how work 
is carried out across industry sectors. Changes in manufacturing technique are 
likely to result in some jobs changing or moving elsewhere in the steel making 
process. A managed transition will be needed to ensure that people retain jobs 
where possible or find new jobs in the wider industry, and that the creation of a 
cutting-edge industry also provides new economic opportunities in specific areas 
like Teesside and South Yorkshire. 

A just transition requires maintaining and improving working standards and wages; 
it cannot erode them. Across the North, current skills training falls behind other 
regions, with more people only being qualified up to NVQ level 1 or 2 (Johns et 
al 2020). Raising education and skills provision across the North will be vital for 
creating the workforce pipeline that future low-carbon industries like steel need. 

Early evidence from IPPR’s citizens juries suggests that a just transition is 
important to people in the north of England. Jurors from across Tees Valley 
and County Durham concluded that the response to the climate and nature 
emergency must be fair, with a priority placed on creating a national blueprint 
for low-carbon work. Under this national plan, local industrial strategy must 
be formulated that ensures the North benefits from future low-carbon jobs 
(IPPR 2021). 

WHY A FUTURE FOR STEEL MATTERS FOR LEVELLING UP 
The government’s levelling up agenda represents an opportunity to ensure that 
manufacturing industries like steel can help support both decarbonisation and 
economic prosperity in the north of England. However, without a clear vision for 
the industry’s future, there is a danger that the slow death of the industry could 
level down prosperity and opportunity in places like Scunthorpe, Hartlepool, 
and Rotherham. 

One of the key barriers to progress is that the power to support the industry 
rests largely with central government. While a supportive national framework is 
important, currently, combined and local authorities have only limited powers 
and resources to intervene to support steel in their areas as table 1.1 illustrates. 
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TABLE 1.1: POWER TO SHAPE THE MAJOR POLICY DOMAINS TO DEVELOP INDUSTRY AND SUPPORT LEVELLING UP REST 
OVERWHELMINGLY WITH CENTRAL GOVERNMENT

Policy domain Importance for 
industry Role in levelling up Central government powers Role of combined and 

local authorities 

Industrial policy Determines where 
industry will be 
concentrated and 
how different 
businesses and 
industrial clusters 
will be integrated 
into the wider 
economy.

Creating prosperity: 
Supports foundational 
industry that 
contributes to regional 
GVA. Supports high 
skilled and well-paid 
jobs. Creates further 
employment in 
industry supply chains. 

UK government determines 
industrial strategy and 
shapes decisions around 
funding for industry. Its 
prioritisation of industry can 
determine the willingness of 
businesses to perform R&D.

Local and combined 
authorities’ involvement 
in local enterprise 
partnerships (LEPs). 
 
Economic development 
teams can provide 
supportive conditions 
for investment, including 
infrastructure support.

Adult education 
and skills

Securing workforce 
pipelines and 
meeting local 
labour market 
needs.

Equal opportunity: 
Ensures opportunity 
and access to good 
quality work in the 
labour market is 
widely available and 
distributed fairly 
across the country. 

UK government determines 
education and skills budget 
and coordinates national 
qualifications framework. 
Pre-adult education and 
careers advice overseen by 
schools.

Devolution of adult 
skills underway in some 
combined authorities 
(Raikes 2019).

Stimulating 
market access 
and demand 
internationally, 
nationally, and 
locally. 

Creating domestic 
demand for 
produced goods 
and ensuring export 
opportunities exist.

Creating prosperity: 
Brings value into the 
local economy by 
creating world leading 
business. Promotes 
wealth circulation and 
inclusive growth.

UK government produces 
procurement guidance and 
steers procurement for 
major infrastructure projects. 
 
Exit from the EU ensures 
that UK government is solely 
responsible for determining 
trade deals and creating 
export opportunities through 
Department for International 
Trade.

Combined and local 
authorities can use 
procurement policy to 
drive up standards and 
secure local economic/
social benefit. 
 
Planning authorities 
may be able to influence 
markets through specific 
low-carbon planning 
policies.

Steering 
investment

Vital for supporting 
R&D development 
of low-carbon 
technologies.

Creating prosperity: 
Government 
investment in 
industry can help 
leverage further 
private investment. 
Ensuring a fairer 
regional distribution 
of investment in 
industry development 
can boost economic 
growth, create jobs, 
and close regional 
divides.

R&D investment highly 
influenced by industrial 
strategy, which is formulated 
and implemented by UK 
government. 

Local and combined 
authorities can use 
economic development 
and investment teams to 
develop business cases 
and attract private R&D 
investment, as well as 
working alongside LEPs 
to support business 
development.

Source: Author’s analysis
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The importance of foundation industries like steel has not always been understood. 
For example, there was no reference to steel in the government’s 2016 Northern 
Powerhouse Strategy (HMT 2016). However, recent announcements from government 
including plans to create a new economic campus at Darlington potentially provide 
a fresh opportunity to refocus investment in the North and its industrial assets. 
The North’s major industrial clusters currently generate approximately 18 MtCO2 
emissions per year as of 2017 (BEIS 2017). The shift to net zero must transform these 
clusters and in doing so, safeguard the long-term competitiveness of northern 
industry, including steel. Doing so is vital for supporting jobs and businesses in 
towns and cities across the North.

A targeted strategy that focusses on building a low-carbon economy around 
existing industrial clusters could provide much needed substance to the rhetoric 
of levelling up. Securing the future of northern steel will also be vital in helping 
the North recover from the social and economic damage of Covid-19. Industrial 
areas with a history of heavy manufacturing have been hit hard by the pandemic. 
In these areas, many of which are in the north of England, the number of people 
receiving universal credit as an in-work top-up has doubled since the start of the 
pandemic (Beatty and Fothergill 2021). Many areas have also seen significant rises 
in unemployment, with 2020 unemployment levels at the highest they've been for 
25 years (Johns et al 2020). 

Ensuring the steel industry gets through the current economic challenge is not 
enough. We need to ensure the industry is resilient, and is able to achieve its 
potential as a vital part of the North’s future low-carbon economy. 
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2.  
A PLAN FOR DECARBONISING 
STEEL

In this chapter, we examine the pathways to decarbonise steel including costs, 
impacts, emissions, and potential implications for employment. Our analysis 
primarily draws on discussions that took place during three IPPR North 
roundtables on the topic of decarbonising steel, as well as the CCC’s Net Zero 
Pathway for manufacturing and construction (CCC 2020a).

Current methods of steel production explained
The main steel production methods currently deployed in the UK are the 
blast furnace-basic oxygen furnace (BF-BOF) method of production and 
electric arc furnace production (EAF).

BF-BOF production uses oxygen to convert a charge of blast-furnace iron 
and scrap into steel. Carbon is necessary to separate iron from oxygen. 
This requires coal to be converted into coke as the primary reducing agent. 
The UK’s two major steel plants – Port Talbot and Scunthorpe – use this 
method. While they produce the largest output of steel, they also produce 
the highest level of emissions.

EAF technology is already low-carbon. It uses high-current electric arcs 
to melt steel scrap and convert it into liquid steel. Because EAFs produce 
steel from high-quality steel scrap, they can achieve high levels of resource 
efficiency and re-use when compared to BF-BOF production. Because EAFs 
use a different production method and require different furnace inputs, 
retrofit is usually needed to convert BF-BOF plants to EAF production.

A SECTOR PATHWAY FOR DECARBONISATION 
The CCC’s sixth carbon budget provides a sector decarbonisation pathway 
for the manufacturing and construction industry, within which sits the steel 
industry (CCC 2020a). 

The CCC sector pathway outline a major role for resource efficiency, electrification, 
hydrogen and carbon capture and storage (CCS). These key technologies are analysed 
in this chapter. The full mix of technologies and measures is detailed in figure 2.1.
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FIGURE 2.1: A MIX OF DIFFERENT TECHNOLOGIES AND ACTIONS WILL BE NEEDED TO 
REDUCE EMISSIONS ACROSS DIFFERENT INDUSTRY SECTORS, INCLUDING IRON AND STEEL
Abatement in MtCO2e unlocked by different abatement methods for iron and steel as 
proposed by the CCC
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FIGURE 2.2: RAPID DEVELOPMENTS IN TECHNOLOGY COULD ALLOW THE UK’S STEEL 
INDUSTRY TO ABATE MOST EMISSIONS BY THE MID-2030S.
Abatement strategy applied to iron and steel subsector, with impact on annual 
emissions as proposed by the CCC (normalised to annual subsector baseline)
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As figure 2.1 illustrates, the biggest gains in emissions reduction within the iron and 
steel industry will come from a combination of resource efficiency, electrification, 
CCS and hydrogen. A mix of technological solutions is required because no single 
solution offers a panacea; each technology comes with its own benefits and 
weaknesses. The following sections will look at each of these different options to 
understand how they might be applied to decarbonise northern steel.

TABLE 2.1: A MIX OF TECHNOLOGIES WILL BE NEEDED TO DECARBONISE THE NORTH’S 
STEEL SECTOR 
The mix of technologies outlined in this chapter and their role in helping decarbonise 
the steel sector

Technology Role in decarbonising steel

Resource efficiency Allows steel producers to make more with less. Better use of resources 
and the use of recycled materials wherever possible minimises the need 
for producing primary materials through carbon intensive methods. 

Electrification Essential for expanding energy infrastructure to increase accessibility to 
electricity. This is needed for EAF production and for creating electrolysis 
to produce hydrogen. 
 
Electrification processes should also aim to expand the generation of 
energy from renewables and reduce energy costs to industry. 

Hydrogen Hydrogen has been identified as a replacement agent for BF-BOF 
steelmaking in bigger steel plants that may face significant costs  
and challenges in adapting to EAF production using scrap. The carbon 
emissions from hydrogen produced using natural gas will need to 
be captured. In the long run, the aim should be to produce as much 
hydrogen as possible through electrolysis. This avoids the need for 
natural gas and could be used to produce direct reduced iron that can 
be used in EAFs. 

Carbon capture and 
storage (CCS)

CCS can be used to capture emissions from BF-BOF steel production. 
However, we anticipate (see next chapter) CCS’ main use will be to capture 
the emissions from the production of hydrogen and to capture emissions 
from smaller processing sites. 

Source: Author’s analysis of CCC (2020a)

RESOURCE EFFICIENCY
Resource efficiency involves using resources more effectively and recycling 
materials where possible to reduce the primary production of materials 
through carbon intensive methods. Over the pasts several decades, the 
steel industry has significantly improved its resource efficiency (Carmona 
et al 2019). Because significant gains have already been made, the potential 
abatement of emissions from resource efficiency will likely be maximised by 
the late 2020s. Until then, efficiency gains are likely to come from greater use 
of scrap steel in steel production methods (ibid, CCC 2020b). 

Other abatement solutions will have to play a key role in reducing emissions 
beyond the 2020s once resource efficiency has been maximised. This is largely 
recognised by the steel industry, with industry experts acknowledging that 
while improved efficiency has resulted in much of the gains to date, further 
decarbonisation will not be possible without the deployment of new  
technologies at scale. 
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ELECTRIFICATION
Electrification of the industry will come about primarily through the wider 
adoption of Electric Arc Furnaces (EAFs). In the North, EAFs are currently in 
use at Liberty Steel in Rotherham, Sheffield Forgemasters, and Outokumpu in 
Sheffield (Ember 2020). Internationally, other countries have also pursued EAF 
production, with approximately 60 per cent of US steel now produced through 
EAF methods (Seetharaman 2016). The CCC’s pathway suggests electrification 
will deliver the largest reduction in emissions for the steel industry. 

Stakeholders in the North are optimistic about the benefits that will come with 
the widespread adoption of EAFs as a low-carbon solution. Steel production 
in Sheffield and Rotherham provides a clear example for the industry of how 
the technology can be effectively deployed. However, there is also substantial 
concern about the current cost of energy for industry (see ‘UK energy prices’ 
box). Additional concerns have been expressed about the impact of EAF uptake 
on employment. Trade unions for example have suggested that the use of 
EAF technology at Port Talbot will require fewer workers, reduce output, and 
ultimately result in less direct employment at the steelworks (Pooler and 
Pickard 2020).

These concerns could be answered by ensuring that the transition is underscored 
by a commitment to ensuring that every carbon intensive job in the industry is 
replaced by at least one low-carbon job either directly in industry or in its wider 
supply chain. Ultimately, a more productive and competitive industry can allow the 
UK not just to meet its own domestic steel needs, it can also ensure that northern 
steel plants are able to compete internationally as pioneering suppliers of low-
carbon steel. EAF technology can play a key role in achieving this.

UK energy prices: A key barrier for decarbonising steel
Energy costs for industry are a key barrier to widespread electrification. 
This was repeatedly referenced in our roundtable discussions as the most 
significant barrier holding back both the widespread adoption of EAFs 
and limiting the current capacity of the industry to be cost-effective and 
competitive. In 2018/19, the average electricity price for UK steel producers 
reached £65 per megawatt hour (MWh), comparted to £43/MWh in Germany 
and £31/MWh in France (UK Steel 2018). This price disparity equates to 
£55 million per year when compared to Germany and increases operating 
costs, while ultimately reducing the industries competitive edge (ibid). 

Reducing the cost of electricity for industry will require looking at the 
market factors that increase costs, such as demand and how much energy 
is imported from outside the UK, and increasing generation capacity. 
Over time, as the UK generates more of its energy requirements from 
renewables, industry costs are likely to decrease; the price of renewables 
has already fallen rapidly over the past decade and will continue to do 
so (Carbon Brief 2020). The UK is also home to expansive wind and solar 
resources, which will, in the long run, make electrification a viable and 
cost-effective route for decarbonisation (CCC 2020c). The increased need 
for electricity both in an industrial and domestic setting over the next 
decades will also require expanding grid capability (ibid). Consequently, 
electrification in the steel industry will need to be joined with efforts to 
expand the use of renewables and the energy grid’s capability to meet 
increased demand. 
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HARNESSING THE POWER OF HYDROGEN
Developing the North’s hydrogen economy is integral to decarbonise its transport, 
industry and to a lesser extent heat from buildings. As part of developing the 
hydrogen economy, the North needs to accelerate the roll out of necessary 
infrastructure such as distribution networks, while the use of hydrogen scales up 
alongside other decarbonisation technologies (CCC 2018). Furthermore, as grey 
hydrogen production requires natural gases, the development of green hydrogen 
from renewable energy sources will need to be accelerated to ensure that hydrogen 
remains a viable decarbonisation route (IEA 2019).1

Hydrogen is anticipated to be a relatively small part of the CCC’s proposed 
abatement pathway for the steel industry. Hydrogen, unlike the use of EAFs, 
is not currently an onstream technology. In industry, its adoption will depend 
on the development of wider hydrogen infrastructure to reduce costs, with 
the relevant networks for supplying hydrogen technology being relatively 
underdeveloped (CCC 2020d).

Moving from blue hydrogen to green hydrogen production will require pursuing 
ambitious electrification plans (Baxter 2020). In Sweden, low energy prices and 
a surplus of hydropower have made hydrogen-based production a reality, but 
neither of these conditions are currently present in the UK. For this reason and 
following the CCC’s pathways (CCC 2020d), hydrogen will initially need to be used 
in significant configuration with CCS technology to capture the emissions from 
production (blue hydrogen production). In the long term, hydrogen production 
will also benefit from electrification.

There is optimism within the industry that hydrogen can play a key role in 
decarbonising production. Hydrogen-based direct reduction of iron (DRI) could 
be used in EAF production (ibid, McKinsey 2020). Ambitious plans to create 
‘hydrogen economies’ in areas such as Merseyside, Tees Valley, Leeds, and the 
Humber could rapidly bring hydrogen technologies onstream in the next few 
years, increasing its role in decarbonising steel production (CEN 2020).

CARBON CAPTURE AND STORAGE
Carbon capture and storage (CCS) involves capturing the carbon dioxide emissions 
from industrial processes and storing them deep underground in geological 
formations. CCS will be crucial for capturing industry emissions and the £1 billion 
committed for various CCS technologies (to be applied across all manufacturing 
industries) will be pivotal in scaling up the technology from 2025 (CCC 2020d). Local 
government and business leaders in the North had previously developed CCS plans 
for industry and the energy sector. However, the government scrapped its CCS 
competition scheme in 2015 (BBC 2017). As a result, significant efforts will need to 
be made to rebuild trust in future commitments to the use of CCS. 

Our discussions with the steel sector revealed that CCS is perceived as 
advantageous. Unlike other technological solutions, it reduces the need to 
change existing industrial processes as carbon is captured from current modes 
of production. However, as with any technology it does not offer a panacea. 
Furthermore, as a technological solution, there are additional considerations 
attached to the widespread uptake of CCS by the steel industry. 

Because CCS requires appropriate sites to store emitted carbon dioxide, 
storage sites would need to be located close to existing steel works to reduce 
transport need and be logistically viable. Earlier research has suggested that 
industry located near the North Sea, such as steel producers in the North 

1 Hydrogen produced from natural gasses is often termed ‘grey hydrogen’. The process of capturing the 
excess carbon from this process is referred to as blue hydrogen production. Green hydrogen production 
involves using electrolysis to break water into component elements of hydrogen and oxygen. Unlike grey 
or blue hydrogen production methods, it is not dependent on the use of natural gases. 
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East and Humber region, are most likely to benefit from the potential of CCS 
(ECC 2015). CCS will also be necessary if plans are made to expand the use of 
hydrogen production within the steel industry. Until green hydrogen can be 
produced, the emissions from grey hydrogen will need to be captured.

CCS is identified by the CCC as a key technology that will enable the industry 
to decarbonise and is viewed positively by stakeholders in the North (CCC 
2020d). CCS is also a favoured technology in regional decarbonisation plans 
(such as Zero Carbon Humber) because it will be considerably cheaper than 
deploying some new technologies in heavy industry. The Humber and North 
East could benefit from CCS due to their proximity to possible storage locations 
in the North Sea. Overall, CCS effectiveness will be dependent on its coupling 
with other technologies and efforts to drive down demand for fossil fuels. We 
subsequently envisage a smaller role for it alongside hydrogen production in 
chapter 3.

A TIMELINE FOR DECARBONISATION 
No single technological solution will be able to decarbonise the North’s 
steel industry on its own. A blend of measures will be needed, and different 
technological pathways will need to be accelerated and deployed at different 
moments in time. The indicative timeline below summarises the appropriate 
moment for scaling up each technology. 

Some technologies are ready now. For example, resource efficiency is already being 
deployed and can be scaled up. Similarly, electrification is ‘tech ready’ as electric 
arc furnaces are already in operation. In contrast, hydrogen and CCS solutions 
are still developing, albeit at a rapid pace. Investing in their development now 
and beginning the expansion of infrastructure upgrades to deliver hydrogen and 
transport captured carbon for storage will take considerably longer.

TABLE 2.2: A MIX OF TECHNOLOGIES WILL NEED TO BE DEPLOYED TO DECARBONISE THE 
STEEL INDUSTRY
Estimated timescales for technological solutions to be achieved and required policy levers

Timescales Technology Policy levers 

2020–30 Resource efficiency Use existing technologies and modern methods of working to 
improve resource efficiency and drive-up industry productivity.

2020–30 Electrification - Begin expansion of energy generation from renewables. 
- Initiate policies to bring down energy costs for industry. 
- Expand capacity of the grid. 
- Provision of support to steelmakers to construct new electric 
arc furnaces where needed. 
- Devise circular economy plan for scrap steel.

2023–40 Hydrogen - Scale up production of blue hydrogen. 
- Develop infrastructure in parallel with CCS solutions. 
- Develop hydrogen technology to reduce dependence on natural 
gasses and produce hydrogen primarily through electrolysis. 
- Provide means to deliver hydrogen in significant quantities to 
steelmaking industry for use in the DRI process.

2023–40 CCS - Identify appropriate sites for CCS. 
- Development of hydrogen infrastructure in parallel. 
- Build infrastructure for transporting and disposing of captured 
carbon. 
- Ensure steel plants have the means to capture carbon 
effectively where necessary. 

Source: Author’s analysis
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3.  
A NEW ERA FOR THE STEEL 
INDUSTRY IN THE NORTH

This chapter outlines specific decarbonisation pathways for the major steel 
producing regions of the North. These proposed pathways draw heavily on 
the CCC’s overall strategy for abatement, while also making specific place-
based recommendations based on which technological solutions are likely 
to maximise emissions reductions and secure future jobs. We focus on the 
North’s major steel producing clusters across South Yorkshire and Derbyshire, 
the Humber, North Yorkshire2 and North Lincolnshire, and the North East. 

A NEW ERA FOR NORTHERN STEEL
Our analysis sets out a vision for decarbonising the major steel-producing 
clusters in the north of England. By adopting this vision, the UK government 
can show its commitment to northern steel. Our vision shows that steel is not 
just an industry of the past; it remains integral to the UK’s future. 

Across the identified cluster, jobs will be secured both through the direct 
employment of existing and new workers in upgraded electric arc furnaces, as 
well as through the possible deployment of hydrogen and CCS technologies. 
Alongside these major technologies, all the analysed clusters will need to 
pursue greater resource efficiency. 

While there are clear benefits to be gained from transitioning the industry, a 
‘one size fits all’ approach will not work. The North’s steel industry is diverse 
and different regions will require different solutions based on the configuration 
of their current steelmaking facilities and natural geography, and the 
development of their wider low-carbon economy. 

SOUTH YORKSHIRE AND DERBYSHIRE
Steel plants operated by Sheffield Forgemasters and Liberty Steel in Rotherham 
are already operating electric arc furnaces (EAFs) (Hall and Box 2018). A clear 
commitment exists to harnessing this technology, with Liberty Steel alone 
committing £60 million over the next few years to improve output from its 
Rotherham plant (PES 2020). To improve capacity in the South Yorkshire 
region, further investment will be needed. Any investment must also consider 
the strong likelihood that CCS will need to be applied to smaller processing 
facilities in the region, such as the Stocksbridge works (Element Energy 2020b). 

With additional support through government backed loans to help further develop 
capacity, the major steelmaking plants in South Yorkshire and Derbyshire can 
lead the way in making the most of tech-ready solutions. The quicker they can 
improve their production capacity and ensure that their scrap steel needs are met, 
the more likely they are to make the most of domestic and international market 
opportunities. Further policy measures will be needed to help bring down the cost 
of energy for industry. Local industrial strategy will need to be developed to ensure 
that low-carbon steel is used in traditional and advanced manufacturing industry. 

2 We use North Yorkshire County Council as the NUTS 3 region. Hartlepool, Stockton-on-Tees, South 
Teesside and Darlington are included in the North East cluster. 

103



IPPR NORTH  |  Forging the future A vision for northern steel's net zero transformation 19

FIGURE 3.1: DECARBONISATION ACTIVITY SHOULD BE FOCUSSED ON STEEL PRODUCING 
INDUSTRIAL CLUSTERS IN SOUTH YORKSHIRE, DERBYSHIRE (PURPLE), THE HUMBER, 
NORTH YORKSHIRE, NORTH LINCOLNSHIRE (PINK) AND NORTH EAST (BLUE)

Source: Author’s analysis

The development of the UK’s hydrogen economy could also benefit steel 
producers in the region. Early trials suggest that direct reduced iron could 
also be used alongside scrap in EAFs (MP 2017). This would help overcome any 
potential difficulties in procuring the quantity of high-quality scrap needed for 
EAF production and would further increase regional output (McKinsey 2020).

Overall, because the region has already implemented EAF technology, the efforts of 
government and industry should focus on increasing production rates and creating 
demand for low-carbon steel produced in the region. This will require reducing the 
cost of energy for industry and pushing ahead with other electrification measures. 
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THE HUMBER, NORTH YORKSHIRE, AND NORTH LINCOLNSHIRE
The Zero Carbon Humber partnership is pursuing a roadmap for decarbonisation 
that emphasises the use of CCS and hydrogen (Zero Carbon Humber 2021). The 
proximity of this cluster to the North Sea, combined with the development of the 
wider hydrogen economy in the region, would allow steel producers to pursue a 
mix of CCS and hydrogen technologies. In terms of steel production, hydrogen-
based production should be the ultimate goal, with CCS used to capture fossil 
fuels from the process of hydrogen production.

The British Steel plant in Scunthorpe is one of the UK’s two remaining blast 
furnace sites, with the other being located at Port Talbot. Scunthorpe is 
significant both in terms of its production output and the fact it employs 
around 3,250 workers (Ember 2020). Its strategic location close to the 
North Sea means that with the right support and development of hydrogen 
infrastructure, the plant can shift to hydrogen-based production. CCS 
could also be used to capture emissions from steel processing at smaller 
sites where the use of hydrogen is not possible. In the long run, switching 
from basic oxygen steelmaking to the use of hydrogen will provide a much 
more sustainable and long-term solution for the Scunthorpe plant than a 
solution that focusses only on CCS. Its wider deployment will require rapidly 
accelerating the development of hydrogen technologies. The ultimate aim 
should be to develop the use of green hydrogen for use in steel production. 

To develop this pathway, CCS and hydrogen technologies will need to be 
significantly scaled up in the years to come. Because these technologies are 
still developing, it is also important to acknowledge that this pathway is 
not as certain as one based on electrification. EAFs using scrap steel would 
represent an alternative pathway that uses a proven technology and is already 
effectively used by steelmakers in South Yorkshire. The main barriers to the 
deployment of EAFs include the costs of converting blast furnaces, potential 
shortfalls in the domestic and international scrap market and the risk to jobs 
posed by the more fundamental upheaval in production methods. For these 
reasons, we propose a hybrid solution that uses hydrogen in combination with 
EAF production.

Agile green steel: hybrid low-carbon production at 
Scunthorpe
The steel plant at Scunthorpe produces most of the North’s steel industry 
emissions. The process of enabling low-carbon production in Scunthorpe 
would have three phases. 

In line with previous plans mooted for the steelworks, EAF technology could 
be added to the site to create a hybrid setup (Metal Bulletin 2017). In the 
short-term, this would allow the plant to produce steel from scrap, while 
ongoing efforts are made to develop hydrogen technologies. 

Towards the end of the 2020s, hydrogen technology is likely to be available. 
In the first instance, some blue hydrogen could be directly inputted into 
the blast furnaces. More significantly, hydrogen can be used as a reducing 
agent in the direct reduction of iron (DRI). Direct reduced iron could be 
melted in an EAF (McKinsey 2020). As blue hydrogen requires natural 
gas for production, some CCS technology will also need to be scaled up 
from the beginning of the 2030s to capture carbon from production. This 
phase would enable hydrogen to be used in tandem with blast furnace 
technology, while EAF production takes place in parallel.

105



IPPR NORTH  |  Forging the future A vision for northern steel's net zero transformation 21

By 2035, green hydrogen could be used widely in the plant. Green hydrogen 
is carbon free and can be used as the sole reducing agent in the direct 
reduction of iron (DRI). This direct reduced iron could be widely used with 
EAF technology to produce steel (Bellona 2021, McKinsey 2020).3 Eventually, 
the blast furnaces could largely be replaced with EAFs and the steelworks 
could have a hybrid setup. It would focus on producing the majority of its 
steel through green hydrogen direct reduced iron and scrap steel in EAFs. 

This strategy has significant advantages. First, it could almost entirely 
remove carbon emissions from steel-making processes by the mid-
2030s. Second, it provides a low regret option. The use of direct reduced 
iron in EAFs would overcome any shortfalls that might exist in the scrap 
steel market, produce high quality steel and could sustain high levels of 
production. Third, while this route may have initial costs, the widescale use 
of green hydrogen would build demand for and leverage the North’s future 
hydrogen economies. 

To transform the Scunthorpe steelworks, further electrification in the 
form of EAFs and the development of hydrogen will be crucial. These 
requirements are reflected in the overall mix of technologies needed to 
decarbonise Northern steel and their corresponding costs are outlined in 
chapter 4.

Ultimately, different combinations of electrification, hydrogen and CCS 
could achieve similar decarbonisation results. Each combination has 
strengths and weaknesses. However, current plans for the region appear 
to favour a combination of hydrogen and CCS to decarbonise heavy 
industry. This is due to the likely supply of hydrogen close by and the 
development of CCS facilities in the North Sea that can make this pathway 
a cost-effective option (Zero Carbon Humber 2021, CCC 2020a). Our vision 
emphasises a mix of hydrogen and EAF production as the most effective 
route for decarbonising this cluster.

In summary, a combination of electrification and hydrogen, supported with 
the use of some CCS, could offer a sustainable long-term solution. 

NORTH EAST 
The North East represents the third most significant steel industry cluster and 
includes several notable processing plants in Middlesbrough and Hartlepool. 
With the closure of the British Steel plant in Redcar, no blast furnaces are 
operating in the region. However, plans have been mooted to restart production 
at Teesside, with the installation of new EAFs (Steel Orbis 2020). This proven 
low-carbon technology will increase demand for scrap in the short-term and 
will likely offer a significant production boost to the region.

Because scrap can increasingly be used as part of the production process 
in blast furnace-basic oxygen furnaces (all be it at a rate of 15–20 per cent), 
it’s also likely to find demand in the short-term, helping to drive up resource 
efficiency across the industry in other regions of the UK (IEA 2020, McKinsey 
2020). For this reason, exploring how scrap can be generated in greater 
quantities will be vital for kickstarting steel production in the North East. 
Alongside this, exploring how residual emissions can be abated from the 
region’s processing plants will likely require driving up resource efficiency, 
deploying CCS and accelerating the pace of electrification.

3 This technology is currently being tested in the HYBRIT steelworks in Sweden (HYBRIT 2021).
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The North East can play a vital role the North’s low-carbon future. To do so, 
plans to develop new EAFs on Teesside must be realised. In addition, the 
region’s proximity to the North Sea means it can support other regions by 
producing hydrogen and providing CCS storage. Strong political support for 
low-carbon industry has been expressed from metro mayors in the Tees Valley 
and North of Tyne. A new Teesside Taskforce has also been established by the 
UK2070, which is examining a revitalisation of the steel industry in the area 
(UK2070 2020). In addition, the government’s commitment to the economic 
campus in Darlington and the expansion of freeports in the region provides 
new momentum to think about how the North East can develop a low-carbon 
steel industry.  

FIGURE 3.2: THE PROPOSED STRATEGIES DEPLOYED ACROSS THE IDENTIFIED CLUSTERS 
WOULD DELIVER SIGNIFICANT EMISSIONS REDUCTIONS BEFORE 2035, WITH THE BULK OF 
DECARBONISATION ACHIEVED BY 2036
Projected emissions from northern steel in tCO2e under proposed abatement strategy
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4.  
POLICIES TO SUPPORT 
DECARBONISING AND 
INDUSTRY GROWTH 

This chapter outlines the policies needed to support investment in the industry, 
expand R&D, ensure the transition is just, and create future market opportunities. 
This mix of policy measures is needed to ensure the steel industry can decarbonise 
and increase demand for low-carbon steel produced in the North. 

INVESTING TO DECARBONISE THE INDUSTRY: CORE COSTS 
New funds such as the £170 million Industrial Decarbonisation Challenge Fund 
and the planned £250 million Clean Steel Fund will enable industrial clusters 
to accelerate their decarbonisation efforts (BEIS 2021b). These funds are 
part of the UK Government’s Industrial Decarbonisation Strategy (HMG 2021). 
However, current funding will need to be significantly ramped up. In addition, 
the government’s plans to increase R&D spend to 2.4 per cent of GDP by 2027 
won’t be realised without additional public R&D expenditure to crowd-in 
additional private investment (Parkes 2019).

We estimate that the annual cost for cutting emissions to near zero in the 
North’s steel industry would be approximately £267 million by 2050.4 In 
practice, if these costs are spread over the lifetime of the investment, the 
annual cost will likely be lower earlier on as fewer emissions are abated. As 
more emissions are abated through the 2030s, the costs will be affected by 
increased abatement, carbon value trajectories, potential changes in low-
carbon fuel costs and other technological developments. The cost in 2050 
represents how much the annual cost will be in that year for applying our 
strategy and continuing abatement. In practice the speed of decarbonisation 
will be determined by industry action. Our analysis suggests that with the right 
action, decarbonisation could accelerate in the 2030s, abating most emissions 
by 2036 (see figure 3.2). We provide a 2050 cost in line with how others have 
presented an annualised cost (CCC 2019, 2020a; Element Energy 2020a).

Our estimates represent the annual cost in 2050 for decarbonising northern steel. 
Given that the Humber, North Yorkshire, and North Lincolnshire industrial cluster is 
currently the greatest source of emissions, funding will need to be targeted more 
acutely at this cluster in practice. The South Yorkshire and Derbyshire industrial 
cluster has already accelerated efforts to decarbonise and the concentration of 
processing facilities in the North East cluster means that these regions contribute 
significantly less by way of emissions. Subsequently, the cost of achieving net zero 
would be significantly lower in these areas (see figure 1.2). 

4 To model these costs, we first retrieved the available emissions data for Northern steel (Ember 2020) 
and used this to establish baseline emissions in line with the CCC’s approach (2020d, 2020e). This 
established a counterfactual scenario for 2050, where no action on climate has occurred. We used a 
best estimate of the abatement cost per ton of CO2e using available data from Element Energy (2020a) 
and the CCC (2018, 2020e). These estimates and the cost assumptions made remain highly uncertain and 
subject to significant changes as technologies develop and policies change. Hydrogen costs are the most 
uncertain and estimated costs could change significantly. Our assumptions assume a much bigger role 
for green hydrogen in the North when compared to the CCC’s pathway in figure 2.1. We include methane 
management and the capture of emissions from blue hydrogen production and use in our CCS estimates.
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FIGURE 4.1: THE PROPOSED MIX OF TECHNOLOGIES APPLIED IN 2050 FOR ABATING 
EMISSIONS IN LINE WITH OUR VISION
Technologies for abatement of emissions from Northern steel (tCO2e)
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FIGURE 4.2: THE ANNUAL COST IN 2050 OF OUR VISION
Annualised cost in 2050 of approximately £267 million
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A major implication of the UK’s decision to exit the European Union has been its 
divergence from EU state aid rules. There exists some scope within the current 
level playing field arrangements for state aid to be more significant and targeted 
within the current level playing field arrangements (Morris 2020). Efforts to support 
northern steel could build on existing plans such as the Clean Steel Fund and or 
constitute other support such as low interest loans for industry. The precise mix 
of government support to private investment is covered in the recommendations 
section of this report.

R&D TO ACCELERATE THE DEVELOPMENT OF LOW-CARBON 
INDUSTRIAL CLUSTERS
Ensuring that regional plans for decarbonising steel in the North can be delivered 
and that the identified technologies are developed at pace will require investing 
in R&D. It will also require boosting collaboration between industry and research 
institutions. This is already happening through the involvement of the University 
of Sheffield in the Zero Carbon Humber plan and the establishment of initiatives 
like the Net Zero North programme have facilitated collaboration between 
research and industry (N8 Research Partnership 2021). The steel industry can 
do more to build on these initiatives and create a thriving R&D environment for 
industry development in the North. 

Factoring in the government’s own investment in R&D, absolute levels of R&D 
spend are too low outside the South East and an additional £1.6 billion would be 
needed to boost it in line with per capita spending in London (Forth and Jones 
2020). Overall, investment in R&D in the North lags behind other regions – both 
from business and from government. This has a significant opportunity cost for the 
North with knock on impacts for economic productivity. Previous IPPR research has 
shown that unlike many other advanced economies and our EU competitors, the 
UK government provides a lower level of support by way of R&D and investment 
(Lawrence and Stirling 2016, Parkes 2019). However, there are also differences in 
R&D spend between different industries, in addition to these regional divides in 
total R&D spend (Thomas and Nanda 2020). 

Over £37 billion was invested in UK R&D in 2018 (ONS 2020a). The vast 
majority of R&D spend takes the form of business investment in R&D, 
with the remainder coming from government, not-for-profit and higher 
education investment. As of 2019, the total R&D performed by business 
stood at approximately £26 billion, with the total performed in England 
worth approximately £23 billion (ONS 2020b).5 Of this, £80 million was 
invested across the UK in R&D performed by businesses specialising in the 
manufacture of basic metals (ibid). This investment pales in comparison 
to other major industries, such as the £2.5 billion in R&D performed by the 
motor vehicles sector (ibid). With much of the steel industry concentrated 
in the north of England, this underinvestment and nonperformance in R&D 
not only holds back the steel industry; it contributes to broader regional 
inequalities in R&D. IPPR North’s analysis shows that as of 2019, 70 per 
cent of business R&D performed occurred outside of northern regions and 
remains highly concentrated in the Greater South East (ONS 2020b). 

5 Total R&D figures up to 2019 were not available for all the R&D sectors in the UK at the time of report 
publication. For this reason, only R&D performed by business is shown.
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FIGURE 4.3: INVESTMENT IN R&D IS CONCENTRATED OUTSIDE OF THE NORTH AND 
LARGELY IN LONDON, THE SOUTH EAST, AND THE EAST OF ENGLAND
R&D performed by business (£ million)

£0m

£5,000m

£10,000m

£15,000m

£20,000m

£25,000m

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019

North of England

London, South East + East of England

Midlands
South West

Source: IPPR analysis of ONS (2020b)

A JUST TRANSITION FUND
Previous IPPR research has outlined that to decarbonise the economy of the 
North and its traditional industrial base, significant support will be needed to 
help workers through the transition (Emden and Murphy 2019). A just transition 
fund for the North will need to provide wage-subsidies to transitioning workers, 
boost inward investment, and improve links between industry, academia, and 
technical colleges to enable appropriate recruitment, upskilling, and retraining 
(ibid). Devolution deals have already devolved the adult education budget across 
combined authorities. A North-wide just transition fund could be coordinated by 
existing bodies like the NP11 in partnership with devolved leaders.

Steel represents a significant part of the industry picture in the North, but the case 
for a just transition made here could also apply across other industries. Not only 
does the North have significant industrial assets that will need to be decarbonised; 
high levels of deprivation and previous scarring from deindustrialisation have 
created justifiable concern about the low-carbon transition (Robbins et al 2019). 
Table 4.1 shows that across UK regions, the number of workers who need support 
to develop the skills they need to participate in a future low-carbon economy is 
roughly equal to those who already have the required skills.
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TABLE 4.1. REGIONS IN THE NORTH WILL HAVE A SIGNIFICANT NUMBER OF JOBS THAT 
NEED TO BE SUPPORTED IN THE LOW-CARBON TRANSITION
Estimated regional breakdown of transition exposure for employment in the UK

Region Transition ‘reskill’ 
– workers who 

could participate 
in a low-carbon 

economy but 
need reskilling to 

do so (%)

Transition aligned 
– workers ready to 
take advantage of 

low-carbon transition 
job opportunities (%)

Percentage of 
transition jobs

Total jobs

North East 10.0 10.5 20.5 1,059,975

North West 10.7 10.8 21.5 3,277,080

Yorkshire and the 
Humber 10.9 11.3 22.2 2,367,010

East Midlands 11.2 11.9 23.1 2,071,855

West Midlands 11.1 11.4 22.5 2,561,240

East of England 10.9 10.7 21.6 2,735,385

London 10.1 8.9 19.0 5,135,750

South East 10.4 10.0 20.4 4,080,100

South West 10.0 10.1 20.1 2,409,955

Wales 9.6 10.3 19.9 1,230,460

Scotland 10.4 10.1 20.5 2,440,150

Northern Ireland 9.4 10.3 19.8 669,692

Total jobs 3,151,058 3,113,078 6,264,136 30,038,652

Source: Robbins et al (2019)
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The Trade Union Congress (TUC) has outlined its plans for a just transition, which 
includes access to funding for workers to improve skills and maintain a guarantee 
that new jobs will be good jobs (Page 2019). Just as the divergence from EU rules 
opens opportunities for state aid investment, it also brings with it a risk that new 
jobs are created on worse terms (Morris 2020). This should be avoided to ensure 
that the steel industry remains a place where high-skilled and high-quality jobs are 
offered to northern workers with wider multiplier benefits for local economies.

CREATING A MARKET FOR LOW-CARBON STEEL 
Creating demand for low-carbon steel will require the UK government to take 
several proactive steps to incentivise the production and use of low-carbon 
steel, create trade opportunities, and reduce tariffs. 

A key policy lever for incentivising the production of and use of low-carbon steel 
is the use of carbon pricing. The imposition of tax on goods that are produced 
in a carbon intensive manner or that contribute to carbon emissions can help 
lower emissions. Previously, UK steel producers received free allocations within 
the EU Emissions Trading Scheme (ETS). These allocations will be phased out in 
the new UK ETS in line with the EU. However, the current Brexit arrangements 
also represent a significant watering down of the previous level playing 
field arrangements between the UK and EU (Morris 2020). This gives the UK 
government some capacity to diverge from the EU’s emission trading scheme 
(ETS). Divergence from this could erode environmental standards but similarly, 
if the UK government raises its ambition, it would allow a more ambitious set of 
carbon pricing measures (Vivid Economics 2019a). 

UK Carbon pricing could act as a starting gun for the steel industry to 
accelerate its transition. However, the timing of its introduction needs to 
be carefully considered. Increasing it before new EAF or hydrogen-based 
infrastructure is built could scupper the industry and result in carbon leakage 
as cheaper low-carbon steel is procured from elsewhere. Supporting capital 
investment into industry and reducing electricity prices must happen before 
the imposition of steep carbon pricing (Lord 2021). 

With the introduction of an ambitious carbon border adjustment mechanism 
coming into play via the European Green Deal, one of the UK’s major export 
markets will demand low-carbon steel (European Commission 2021). If other 
major export markets in North America introduce a similar carbon pricing policy, 
the UK’s major markets will demand low-carbon steel. This will effectively create 
a premium for low-carbon steel in the decades to come and it is imperative the 
UK is able to benefit from this new market by decarbonising its steel production 
as soon as possible. 

ENSURING THAT FUTURE NEGOTIATIONS PLACE A PREMIUM ON  
LOW-CARBON STEEL
Export tariffs effecting the UK as part of its agreement with EU have the 
potential to negatively impact UK steel production, with concerns already 
being raised about the 25 per cent tariffs UK steel will face on every tonne 
above the agreed quota (BBC 2021). The EU accounts for over 50 per cent of UK 
steel exports and with new quotas, it is likely that steel producers will need 
to find other international markets for UK steel (Rhodes 2018). Potential new 
trading arrangements such as the comprehensive and progressive Transpacific 
partnership (CPTPP) have also been mooted as an opportunity for creating new 
export markets. However, concerns have been expressed by the trade union 
movement that the CPTPP would allow China to export cheap steel by stealth 
through Vietnam and that the CPTPP would erode labour unions (TUC 2018). 
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Ultimately, the UK government will need to ensure that new trade partnerships 
maximise demand for British steel, while using carbon pricing to prevent 
producers being undercut by cheap carbon intensive steel. 

FREEPORTS AND INWARD INVESTMENT 
Alongside the potential of new trading partnerships, other initiatives such 
as the development of freeport zones have been announced to support the 
North’s steel industry. Freeports are proposed to attract inward investment 
reducing tariffs and duties, streamlining customs and reducing operating 
costs (Walker 2020). In Teesside alone, it has been argued that freeport 
policies could create £2 billion of additional GVA and 32,000 jobs (Vivid 
Economics 2019b). 

However, recent evidence suggests that the 8 freeports announced in the 
Spring 2021 budget will simply displace economic activity and jobs across 
the region, instead of creating new opportunities (Barnard 2021). Freeports 
will only add value if they form part of a coherent and long-term industrial 
strategy that prioritises decarbonisation and economic integration, as 
opposed to economic disintegration.  

DEVELOPING DOMESTIC DEMAND THROUGH LOCAL PROCUREMENT
There are also significant policies that could be deployed to stimulate 
domestic demand for northern steel. Currently, there is a UK government 
commitment to procure UK steel wherever possible, and this is audited in 
a steel procurement pipeline (BEIS 2020). However, more localised forms of 
incentivising the procurement of northern steel are underutilised. Combined 
and local authorities in the North can use public procurement to encourage 
the sourcing of local goods and services to retain wealth and prosperity 
within the local economy (Raikes 2020). 

Green Public Procurement is a developing policy within the EU (Pouikli 
2021). Taking this policy from a supranational to local level would allow 
local authorities to use the powers they have and ensure that planned 
infrastructure projects commit to using low-carbon steel. Infrastructure 
investment proposals should ensure that large value contracts submitted 
for infrastructure works are committed to procuring green steel wherever 
possible. The growing number of councils that have declared a climate 
emergency suggests a willingness from local leaders to play a more pro-
active role in tackling the climate crisis. Creating demand for low-carbon 
goods is a key tool they have at their disposal to achieve this. 

CONCLUSION
Decarbonising the steel industry is just as much about increasing the industry’s 
competitiveness as it is about investing in the right technologies to reduce 
emissions. While the industry faces barriers to its competitiveness, none of 
these are insurmountable. However, overcoming them will require action from 
central government, both to invest in developing the technologies the industry 
needs and for creating domestic demand and export opportunities for the  
steel industry.
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5. 
A NET ZERO VISION FOR 
NORTHERN STEEL

To support the development of a net zero steel industry for the North, we have 
developed a series of key recommendations which we believe could help to unite 
UK government, metro mayors, steel producers, unions, and local authorities in a 
shared mission to develop the low-carbon steel industry of the future. Our vision 
offers strategic direction, a plan for investment, policies to secure a just transition 
and recommendations for creating market demand. This vision is underscored by a 
commitment to making the most of devolution.

The UK’s current green growth plans could go further to harness the potential 
of the industry to decarbonise at pace. This includes long-term planning for 
industrial decarbonisation, a financial commitment to support the process and 
a political acknowledgement from central government as well as metro mayors, 
that steel still matters. 

The costs outlined in this report suggest the annual cost for decarbonising 
northern steel will reach £267 million by 2050. This is significantly greater 
than the proposed total support currently on offer for helping the industry 
decarbonise under the UK government’s Industrial Decarbonisation Strategy. 
This includes both the £250 million Clean Steel Fund, £240 million Net Zero 
Hydrogen fund, £170 million Industrial Decarbonisation Challenge Fund and 
various CCS funds. 

STRATEGIC DIRECTION AND INVESTING IN NORTHERN STEEL 
The time for supporting industry is now. With record low borrowing rates 
available to central government, investment made today can support future 
industry productivity and job creation in the decades to come. 

Recommendation 1: Develop the Industrial Decarbonisation Strategy and ensure 
that it increases regional productivity

The UK is one of the most regionally unequal countries in the OECD (Johns 
et al 2020). levelling up the economy to support jobs and industry in the 
North is a key priority for the UK government. We recommend that the UK 
government develop its long-term plan for decarbonising the industry and 
ensure it doesn’t just deliver investment in key technologies – it must also 
consider how industry decarbonisation can promote regional growth. The 
specific industrial cluster pathways outlined in this report align closely with 
the UK Government’s ‘EAF and DRI’ option for iron and steel (HMG 2021). Our 
plan offers specific regional pathways, which could sit under the government’s 
strategy. As part of this strategy, steel sector stakeholders in each of the 
clusters we identify should work with government to help deliver ambitious 
industry decarbonisation. Greater efforts to develop a place-based approach 
to decarbonising industry will also require devolving new powers and 
competencies (see recommendations 3 and 4). 

As part of its decarbonisation strategy, we recommend the UK government 
addresses the comparatively high energy costs the UK steel industry currently 
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faces. Doing so will increase the viability of low-carbon technologies and boost 
industry competitiveness. 

Recommendation 2: Target future government investment in northern steel to 
drive excellence in zero carbon and leverage new private sector investment

The UK government should carefully target future investment in northern 
steel so as to address market failure and incentivise innovation. This should 
include investment in EAFs, hydrogen technologies, green hydrogen for 
DRI, CCS, resource efficiency and other decarbonisation investments in the 
North. In particular, we see untapped potential in developing green hydrogen 
production across the North. The total annual cost will reach £267 million by 
2050. We anticipate that initially, more government support in the form of 
technological investment and low interest loans to industry will be needed 
to support decarbonisation. However, by the 2030s, we expect that efforts to 
crowd in private investment will result in businesses providing at least 50 per 
cent of this annual cost by the mid-2030s before meeting the majority of the 
costs thereafter. The precise mix of support from government could include 
a combination of long-term industry loans and green bonds via the UK’s new 
infrastructure bank based in Leeds. 

A strong industry will strengthen the UK’s economy and create further demand 
across various supply chains. This will create further jobs at a time when the 
UK both needs to meet its net zero obligations and recover effectively from the 
economic consequences of the Covid-19 pandemic. 

MAKING THE MOST OF NORTHERN DEVOLUTION 
We should use the levers of devolution to help maximise the potential of 
zero carbon steel in the North. Devolution to metro mayors provides a new 
opportunity to develop an industrial strategy for decarbonisation at a more 
granular level, building on the work already done to develop local industrial 
strategies. Prosperous industry combined with investment in the existing 
devolution frameworks can help develop industrial clusters that drive the 
UK’s ‘green industrial revolution’. This can help the UK government deliver on 
its new industrial strategy (HMT 2021).

As has already begun to happen in some areas of the North, metro mayors can 
use their convening power to bring key partners from the industry and trade 
unions together and to broker new opportunities for job creation and inward 
investment. Along with local authority chief executives in key steel production 
areas in the North, they should be key partners in the government’s efforts to 
support a strong, zero carbon future for northern steel. 

Recommendation 3: Combined and local authorities should use their buying power 
to drive demand for green steel

Combined and local authorities should examine how they can use their buying 
power to prioritise green steel from the UK. Progressive procurement strategies 
have been deployed in many areas of public expenditure including job creation, 
skills, and training. Equally, they could be used to prioritise green steel in new 
infrastructure development, town centre regeneration strategies, planning policy 
and local transport schemes. For example, many authorities will be applying to the 
new levelling up fund for capital schemes including transport, in order to support 
the regeneration of their area. Where appropriate, this could be an opportunity 
to encourage the use of green, UK steel, thereby helping to build confidence and 
market demand.  
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The government’s decision to establish the new economic campus in Darlington 
is an important opportunity to raise the profile of industry in the North, including 
steel, and should be used to its full advantage, both as a vote of confidence in the 
northern steel industry and as a means to leverage future investment in strategic 
sectors like steel. 

Recommendation 4: Devolve R&D spending to accelerate technological uptake

The development of low-carbon industrial clusters will require developing industry 
through enhanced R&D spend. At the moment, decisions on where money is spent 
and how it is invested are too often driven by central government decision-making, 
which results in the North losing out when it comes to investment. R&D budgets 
should be fully devolved to combined authorities who can properly invest in 
their local industrial strategies in partnership with local enterprise partnerships. 
This would accelerate the development of emerging technologies, such as  
green hydrogen. 

A JUST TRANSITION
The transition must be just. Without proper investment to ensure that new 
workers can be trained or existing workers re-trained, the steel industry of the 
future will not have the workforce it needs. 

Recommendation 5: A future jobs guarantee 

A jobs guarantee should accompany plans to decarbonise steel to ensure 
communities in the North feel the economic benefits and new opportunities 
of the steel industry in the years to come. 

Recommendation 6: A just transition fund 

Previous IPPR research has emphasised the need for a just transition fund (Emden 
and Murphy 2019). The need for this fund is more pressing than ever. By putting in 
place a just transition fund, the UK government will not only secure future jobs; it 
will also address the anxieties businesses and trade unions have. This will create 
trust in the transition by dispelling the idea that decarbonisation will come at the 
expense of jobs. 

Recommendation 7: Ensure that skills supply keeps pace with emerging demand 

Ensuring current workers can obtain the new skills they might need to work in 
low-carbon industries like steel, will require retraining and upskilling for existing 
workers. Any future expansion of the low-carbon steel industry in the North will 
require a clear pathway for recruitment into well-paid and skilled jobs. 

UK government investment in further education in the North will be crucial, 
as will supporting the steel industry to undertake ambitious retraining and 
recruitment programmes. Doing both these things is vital to create the skilled 
jobs that the low-carbon steel industry needs. Alongside this, UK government 
must encourage cross departmental collaboration on shared priorities such as 
decarbonisation, for example, between the Department of Education and BEIS 
so that skills provision better matches future industry need. 

Local enterprise partnerships and combined/local authorities may be able to 
play a key coordinating role through local skills advisory panels or boards. 
These groups help to oversee projects to address skills gaps in the area 
covered by the local strategic partnership or combined authority area, as 
well as linking skills development to employment needs. In addition, many 
LEPs have specific task groups dedicated to particular sectors, like the green 

117



IPPR NORTH  |  Forging the future A vision for northern steel's net zero transformation 33

economy. These groups can raise awareness to maximise the benefits of zero 
carbon steel. 

CREATING DEMAND FOR LOW-CARBON NORTHERN STEEL
Industry buy-in for the transition can be significantly improved by creating a 
market for northern steel both domestically and internationally. Decarbonising 
northern steel is not just an opportunity to tackle the climate crisis and for the 
UK to fulfil its commitments under the Paris Agreement; it can also help relaunch 
the industry as a world leading producer of low-carbon steel. The introduction of 
new carbon adjustment mechanisms can also play a long-term role in ensuring 
key industries are incentivised to procure green steel. 

Recommendation 8: Intensify carbon pricing policies once technologies are 
onstream to create a premium for low-carbon steel 

Carbon pricing mechanisms can create demand for low-carbon steel 
and disincentivise the future use of carbon-intensive steel. However, the 
introduction of these measures must be timed correctly. It must accelerate 
uptake of low-carbon technologies but also not stifle industry further given 
current concerns around competitiveness. To this end, the introduction of 
carbon pricing should be coupled with the planned investment we outline in 
recommendation 2. A framework should be developed that gives steel producers 
rebates for accelerating their progress to low-carbon production, and allows 
exemptions to be made where it is clear that steel producers have committed to 
decarbonising their production methods within a reasonable timeframe. 

Recommendation 9: A more stringent commitment to source British steel 

The government should work with partners to explore how nationally important 
infrastructure schemes such as HS2, Northern Powerhouse Rail, and Cross Rail can 
prioritise the use of green, UK-made steel. The current framework for procuring UK 
steel first is not comprehensive enough, with steel often imported from elsewhere. 
The UK government has an opportunity to support UK-made green steel, thereby 
supporting industry jobs and businesses as well as creating new markets for 
green steel both in the UK and internationally. For example, this could form part 
of the Department for International Trade’s ‘Great’ initiative, which encourages UK 
producers to export. 

Recommendation 10: Ensuring that future trade agreements protect industry and 
promote sustainability

Britain’s exit from the UK will result in new trade agreements being struck by the 
UK government. To prevent the import of cheaply produced and carbon intensive 
steel, the UK government should ensure that principles of job protection and 
environmental sustainability underpin trade negotiations. This means working 
with other nations to create demand for low-carbon steel while working to 
identify future export opportunities for low-carbon steel in the future.
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SSAB, LKAB and Vattenfall are now taking a new, decisive

leap forward in their work to make fossil-free steel for the

global market. Industrialization of the technology being

developed through HYBRIT will start in Gällivare, northern

Sweden, where the world’s first production plant for fossil-

free sponge iron – from feedstock to steel – is being planned.

“We are world leaders in the work to transform the steel industry and are now

stepping up the pace. We are doing this for the climate, customers,

competitiveness and for employment. That we are now raising ambitions for

a completely fossil-free value chain is unique and a message of strength from

SSAB and our HYBRIT partners. We are seeing a clear increase in demand for

fossil-free steel and it is right to speed up our groundbreaking cooperation,”

says Martin Lindqvist, President and CEO at SSAB.

HYBRIT: SSAB, LKAB and
Vattenfall to begin

industrialization of future fossil-
free steelmaking by establishing
the world’s first production plant
for fossil-free sponge iron in

Gällivare
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Industrialization is intended to start with the first demonstration plant, which

will be ready in 2026, for the production of 1.3 million tonnes of fossil-free

sponge iron in Gällivare. The demonstration plant will be integrated with iron

pellet making and is part of LKAB’s transition plan. The goal is to expand

sponge iron production to a full industrial scale of 2.7 million tonnes by 2030

to be able to supply SSAB, among others, with feedstock for fossil-free steel.

The choice of Gällivare for establishing of the plant was based on a joint

assessment of industrial synergies, where proximity to iron ore, logistics, an

electricity supply and energy optimization were important factors.

“Together, we will lead the transformation of the iron and steel industry, and

with HYBRIT we will now start our historic transformation to be the future

supplier of sponge iron. The whole process starts with top quality iron ore in

the mine and our transition plan gives strong economies of scale that pave

the way for the competitive production of fossil-free steel by our customers.

This is the greatest thing we can do together for the climate. Once we are

ready, we will reduce the global emissions of our customers by 35 million

tonnes a year, which is equivalent to the triple the effect of parking all

passenger cars in Sweden for good,” says Jan Moström, President and CEO

at LKAB.

SSAB and LKAB deepen the partnership

At the same time, SSAB and LKAB will deepen their partnership to create the

most effective fossil-free steel value chain from mine to steel, to customer. We

will support and enable each other’s transformation, with Vattenfall as an

enabler of the huge need for fossil free electricity and hydrogen gas. On the

back of an acceleration of HYBRIT together with LKAB’s strategy and deeper

partnership, SSAB will now explore the prerequisites to convert to fossil-free

steel production in Luleå faster than planned. The plan to convert Oxelösund

in 2025 remains unchanged, as does our goal to be the first to market, in

2026, with fossil-free steel.

Access to fossil-free electricity decisive

There are many advantages to locating the new sponge iron plant in Gällivare,

which is also in close proximity to LKAB’s mining production and processing.
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Using iron ore pellets that are already warm in the process will save huge

amounts of energy. On top of this, 30% of weight will be eliminated from

transport since hydrogen gas will be used to remove the oxygen in the iron

ore. Gällivare also offers good access to fossil-free electricity from Vattenfall.

“Sweden and HYBRIT have a world-leading position in making fossil-free iron-

and steelmaking a reality and the initiative will now be further scaled up. That

fossil-free electricity and groundbreaking processes will in principle help to

eliminate climate-affecting emissions completely from iron- and steelmaking

is a flagship example of Vattenfall’s strategy to enable a fossil-free life within a

generation. It is now extra important that the permit processes can deliver at

the same pace as fossil-free steelmaking,” says Anna Borg, President and

CEO at Vattenfall.

FACTS/HYBRIT initiative

Hybrit Development AB, which is owned by SSAB, LKAB and Vattenfall,

is developing the technology to make steel using hydrogen gas instead

of coal, which will minimize climate harmful carbon dioxide emissions

from production.

The HYBRIT pilot plant will be able to make fossil-free sponge iron to

make fossil-free steel for prototypes to customers already in 2021.

The initiative has the potential to reduce carbon dioxide emissions by

10% in Sweden and 7% in Finland, as well as contributing to cutting

steel industry emissions in Europe and globally. 

Within a few months, HYBRIT is expected to be able to progress to

testing using hydrogen in iron ore reduction reduce at the pilot plant in

Luleå, and so SSAB expects to be able to deliver the first fossil-free steel

to customers for prototype manufacturing already in 2021.

The HYBRIT initiative is developing technology to challenge the existing

commercially available technology. The aim in principle is to eliminate

carbon dioxide emissions from the process by using fossil-free

feedstock and fossil-free energy in all parts of the value chain.

Today, the steel industry generates 7% of total global carbon dioxide

emissions. With HYBRIT, SSAB, LKAB and Vattenfall aim to create a

completely fossil-free value chain from mine to finished steel and to

introduce a completely new technology using fossil-free electricity and

hydrogen instead of coal and coke to reduce the oxygen in iron ore. This

means the process will emit ordinary water instead of carbon dioxide.
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Hybrit Development AB is a research and technology development

company that will deliver solutions for the plants and will play an

important role in both projects. Technology development is taking place

in close collaboration with the owner companies.

The HYBRIT initiative was started in 2016 by the three owners, SSAB,

LKAB and Vattenfall. The pilot plant for direct reduction in Luleå was

inaugurated in August 2020. There are also plans for an underground

storage facility in the rock for fossil-free gas.

Another sponge iron plant is pIanned for  Gällivare and this will be

operating in 2030 to process total production from the first fossil-free

pellet plant. Total capacity will be 2.7 million tonnes of fossil-free sponge

iron a year.

HYBRIT has received significant support from the Swedish Energy

Agency through Industriklivet, the government's long-term venture to

support the industry's conversion to net zero emissions.

For further information, please contact:

Viktoria Karsberg, Head of Corporate Identity and Group Communications

SSAB, +46 72 233 5288

Niklas Johansson, Senior Vice President Communication and Climate LKAB,

+46 72-450 52 19

Magnus Kryssare, Press officer Vattenfall, +46 76-769 56 07
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Vattenfall and Preem continue their collaboration on fossil-free

hydrogen gas for biofuels

The conditions are excellent for building an electrolysis plant for producing hydrogen

gas for biofuel in Lysekil, as shown by the study conducted in the spring. Producing

hydrogen through f...

Vattenfall Solar Team presents Nuna11, the 'Picasso of solar cars'

The Vattenfall Solar Team unveiled their latest solar car, the Nuna11, on 8 July. The

most striking feature is the unique design. The solar car is a three-wheeler with the
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Contact us

Vattenfall AB

Tel.+46 (0)8 739 50 00

Fax.+46 (0)8 17 85 06

third wheel in an ...

Vattenfall and CAKE join forces to develop the first fossil-free

motorcycle

Vattenfall and the Swedish manufacturer of electric motorcycles CAKE have signed a

letter of intent to share expertise and know-how in their respective fields of

competence with the aim...
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employees. For more than 100 years we have electrified industries, supplied
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within one generation.
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P R E S S   R E L E A S E 

Volvo Group and SSAB to collaborate on the 
world’s first vehicles of fossil-free steel 

Volvo Group and SSAB have signed a collaboration agreement on research, development, 
serial production and commercialization of the world’s first vehicles to be made of fossil-
free steel. Volvo plans already this year to start the production of concept vehicles and 
components from steel made by SSAB using hydrogen. 

“We are determined to be a climate-neutral company by 2050 in line with the Paris Agreement. This 
means that our vehicles and machines will be emission-free when in operation but also that we will 
review the materials, like steel, used in our products and will gradually switch to fossil-free 
alternatives here as well. This is an important step on the road to completely climate-neutral 
transports,” says Martin Lundstedt, President and CEO at Volvo Group. 

“We are now taking a giant leap towards an entirely fossil-free value chain all the way to the end 
customer. Together with Volvo Group, we will start work on the development and serial production of 
fossil-free steel products. We will work together with our customers to reduce their climate impact 
while strengthening their competitiveness. We are constantly looking at how we can become a more 
comprehensive supplier of fossil-free steel to customers like Volvo. We see a new green revolution 
emerging,” says Martin Lindqvist, President and CEO at SSAB. 

Volvo will start manufacturing the first concept vehicles and machines with steel from SSAB using 
hydrogen already in 2021. Plans are for smaller-scale serial production to start during 2022 and for a 
gradual escalation towards mass production to follow. Volvo and SSAB will also work together in 
research and development to optimize the use of steel in Volvo’s products with regard to weight and 
quality. Together, the two companies will develop a number of products of fossil-free steel with the 
goal of reaching serial production within a few years. 

Newly made fossil-free steel from SSAB will be an important complement to the traditional and 
recycled steel used in Volvo’s trucks, construction equipment and other products. Fossil-free steel 
will be made by a completely new technology using fossil-free electricity and hydrogen. The result 
will be a much lower climate impact and a fossil-free value chain. The steel industry considers that 
the need for steel will grow significantly in the long term and that newly made fossil-free steel will be 
needed to meet this demand. 

The collaboration framework also includes a review of common logistics solutions that can contribute 
to reducing SSAB’s environmental impact from internal and external transports. The ambition is to 
use Volvo vehicles that are powered by batteries or fuel cells. 

SSAB aims to start supplying the market with fossil-free steel at a commercial scale in 2026. 
Development of a fossil-free value chain from mine to finished steel products will take place within 
the framework of the HYBRIT initiative, which SSAB has been driving with LKAB and Vattenfall since 
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2016. A pilot plant has been in place since August 2020 and this will soon start to produce smaller 
volumes of sponge iron made using hydrogen. This steel will be used to make the steel for use in this 
collaboration. 

 
April 8, 2021 
 
 
Journalists wanting further information, please contact  
Claes Eliasson, Volvo Group Media Relations, +46 76 553 72 29, or 
Mia Widell, SSAB Media Relations, +46 76 527 25 01 
 
 
 
 
For more information, please visit volvogroup.com 

The Volvo Group drives prosperity through transport and infrastructure solutions, offering trucks, buses, construction 
equipment, power solutions for marine and industrial applications, financing and services that increase our customers’ 
uptime and productivity. Founded in 1927, the Volvo Group is committed to shaping the future landscape of sustainable 
transport and infrastructure solutions. The Volvo Group is headquartered in Gothenburg, Sweden, employs almost 
100.000 people and serves customers in more than 190 markets. In 2020, net sales amounted to about SEK 338 billion 
(EUR 33.6 billion). Volvo shares are listed on Nasdaq Stockholm. 
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1. INTRODUCTION 

1.1. My name is Michael Grubb. I am a professor of Energy and Climate Change at 

University College London and the Deputy Director of the UCL Institute of Sustainable 

Resources. 

1.2. I have contributed to several reports of the Intergovernmental Panel on Climate 

Change (IPCC), and in 2018, I was appointed as Convening Lead Author for Chapter 

1 of the Sixth Assessment Report – Mitigation. I am an ‘Eminent Scholar’ Kyung-Hee 

University, Korea and from 2018 to June 2021, I was also Hub Leader (Sustainability) 

for the UK Research Council’s Programme on Rebuilding Macroeconomics.  

1.3. My former academic positions have included: Senior Research Associate at 

Cambridge University Faculty of Economics, and Professor at Imperial College 

London, prior to which I was head of Energy and Environment at Chatham House. I 

was founding Editor-in-Chief of the journal Climate Policy and served in this role from 

2000 - 2016.  

1.4. I have also served in government-related and other implementation roles. From 2011-

2016 I was a Senior Advisor (half-time) to the UK Office of Gas and Electricity Markets 

(the energy regulator, Ofgem). I then Chaired the UK government’s Panel of Technical 

Experts on Electricity Market Reform. From 2008-2011, I was a member of the UK 

Climate Change Committee, established under the UK Climate Change Act to advise 

the government on future carbon budgets and to report to Parliament on their 

implementation.  

1.5. Previously, I served for eight years as Chief Economist at the UK Carbon Trust, the 

UK’s lead organisation for business implementation of low-carbon strategies.  

1.6. I have authored eight books, over sixty journal articles, and numerous other 

publications. My academic articles have been published in the journals: Nature, the 

Lancet, Nature Geosciences, Climate Policy, Energy Policy, and Climatic Change 

among others. My most recent book Planetary Economics brings together lessons 

from 25 years of research and implementation of energy and climate policies, with a 

full Chinese translation published in 2017.  

1.7. I am giving this evidence at the request of South Lakes Action on Climate Change 
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(SLACC), acting as an independent expert offering my services, pro bono, based on 

my academic and policy experience. The evidence which I have prepared and provide 

for this public inquiry is true to the best of my knowledge and belief. I confirm that the 

opinions expressed are my true and professional opinions based on the facts I regard 

as relevant in connection with the inquiry. 
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2. SUMMARY OF EVIDENCE  

2.1 I primarily consider evidence relating to emissions arising from construction and 

operation of the proposed mine (rather than emissions from burning of the coal). 

These emissions would not be trivial. The developer’s proposal that they should be 

discounted if they represent less than 1% of future UK carbon budgets is arbitrary 

and, on close consideration, hugely excessive given that this would represent about 

1/8th of the entire UK fossil fuel production and refining sectors and their greenhouse 

gas emissions – a sector comprising several hundred individual facilities.  

2.2 I also find that the AECOM estimate of construction and operational emissions are 

incomplete, that proposals for methane capture do not provide any guarantee this will 

occur or prevent all such emissions, and that the commitment to purchase “emission 

offsets” would be wholly inadequate to negate the impact of these emissions during 

the lifetime of the mine, in particular, its methane emissions which have a 

disproportionate impact in terms of the rate of warming over coming decades and 

whether or when global temperatures surpass 1.5C warming. 

2.3 Finally, even if all the coal could be utilised in Europe (an assumption shown to be 

implausible in other evidence), the AECOM estimate of saved emissions from 

international transport amount to only 1.1% of the emissions associated with burning 

of the coal being mined. The evidence of my colleague explains the economic reasons 

why developing the Cumbrian mine would inevitably lead to some global increase in 

the consumption of metallurgical coal, and the increase would only need to be 1.1% 

to offset the presumed savings from shipping. 

2.4 In addition, there are clear geopolitical reasons why the global repercussions could 

be much greater. Since development of the mine would be contrary to the 

government’s global campaign to phase out unabated coal, and the UK is amongst 

the most developed countries, it would inevitably undermine the global effort to curb 

coal in the light of increasingly dangerous rates and levels of climate change – so the 

level of construction and fugitive emissions associated with developing new coal 

mines would be amplified many times. 
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3. CLIMATE CHANGE - CONTEXT 

3.1. Climate change is a global problem involving the actions of over seven billion people, 

and hundreds of millions of companies and their facilities. Most of these make 

individually small contributions, and yet create what are now recognised as 

fundamental global risks associated with climate change. Clearly, if all these 

companies justify their emissions on the basis that their facilities are a small proportion 

of national or sectoral emissions – with an arbitrary judgement of ‘small’ chosen to 

justify what they want to do - we will never even slow down climate change, let alone 

get close to halting it.  

3.2. The UK is amongst the group of rich countries which under the foundational UN 

Framework Convention on Climate Change (CD8.4) and the Paris Agreement (CD8.1) 

agreed they should take a lead in reducing emissions; its cumulative emissions per 

capita have been amongst the highest globally and is amongst the pioneers of a low 

carbon economy, with ambitious goals. Again, it is clear, if the UK justifies new CO2-

emitting industrial developments on the grounds that their emissions are only “small” 

– say 1% - it would be used as a reason by other countries why they should be able 

to do the same.  

3.3. Likewise, if the UK permits new fossil fuel extraction on the basis that the emissions 

from the use of the of the fossil fuels can be ignored because these will simply 

“substitute” for fossil fuels that would otherwise be produced elsewhere, other 

countries will surely follow suit.  

3.4. The former Secretary of State for Business, Energy and Industrial Strategy and 

current President for COP26, Alok Sharma, is co-leading a global campaign to phase 

out coal. Clearly, proceeding with a coal mine, and using as an excuse that the 

emissions of the mine itself would be ‘small’ (or indeed that the mine would 

supposedly be carbon neutral, due to very questionable assumptions of substitution 

and/or adequate offsetting), is directly contrary to the government’s international 

position that coal must be phased out urgently. The Cumbrian mine would make the 

government’s general position on coal and climate change obviously untenable. 
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4. GREENHOUSE GAS EMISSIONS OF THE MINE  

4.1. The consultancy AECOM prepared a document entitled “Cumbria Metallurgical Coal 

Project: GHG Assessment” dated 6 May 2020 (“AECOM Report”) (CD1.147). This 

presents estimates of the annual greenhouse gas (GHG) emissions from the mine 

during construction, operation, and decommissioning. I understand that the Council 

relied on this and ES Chapter 19 (CD1.145) when it considered whether to resolve 

the grant planning permission for the proposal. The Applicant relies on the fact that 

the Council has previously resolved to grant permission, so it is important to consider 

whether the Council did so on the basis of a robust GHG assessment.  

4.2. As is standard practice, GHG emissions are reported in units labelled “tCO2e” 

referring to “tonnes CO2 equivalent”, (para 3.11) a measure which is often used to 

express GHG emissions figures. For greenhouse gases other than carbon dioxide 

(CO2), it expresses the amount of CO2 which would warm the earth as much as the 

amount of that gas. The measure seeks to provide a common scale which accounts 

for the global warming potential of each gas.  

4.3. At the outset, it will be noted that the figures reported by AECOM relate only to the 

direct emissions (e.g. from fuel and electricity usage at the site and fugitive methane 

emissions from the mine), and certain indirect emissions from e.g. the GHG emissions 

embedded in construction materials used at the site, from the transportation and 

treatment of waste, etc (see Table 5.1 describing the emissions considered, p.17). 

The AECOM Report excludes any emissions from the use of the coal produced by the 

mine, as discussed further below at section 6.  

4.4. Whilst AECOM set out certain assumptions they have adopted in making their 

estimates (in paras 6.3, 7.6, and 8.3), they do not provide calculations or the 

emissions factors used to allow more detailed scrutiny of how they arrived at each of 

the figures reported for specific aspects of the construction, operational and 

decommissioning emissions (reported in Tables 6.1, 7.1 and 8.1). It is thus not 

possible to consider whether the emission factors used or other assumptions adopted 

(other than those referred to in paras 6.3, 7.6, and 8.3) are reasonable. 

4.5. I have not attempted to make such calculations independently. Except as set out 

below in relation to specific items, in this proof of evidence, I have simply used 

AECOM’s estimates of the direct and indirect emissions (for items that AECOM has 
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calculated) without interrogating the figures further. 

4.6. In terms of the scope of the assessment, it may also be noted that paragraph 3.4 

relating to the “GHG study area” states that the assessment relates to “direct GHG 

emissions that arise as a result of the Proposed Development including construction, 

operation and decommissioning from within the red line boundary area” in addition to 

certain indirect emissions from off-site activities. However, it is not clear based on the 

quoted language whether the assessment covers direct emissions from the mining 

activities that will take place outside the red line application boundary. My 

understanding is that the application boundary covers only the relatively small area 

which will be mined onshore, but that a much larger area is expected to be mined 

offshore if permission is granted. If the assessment excludes direct emissions from 

the construction, operation, and decommissioning of the offshore areas of the mine, 

this would potentially significantly affect the estimates of GHG emissions which the 

mine will cause.1 

 
i. Construction 

 
4.7. The AECOM Report concludes that emissions during the construction of the mine will 

be 42,553 tCO2e per annum, for a period of 2 years (CD1.147, Table 6.1). 

4.8. It may be noted that the majority (53%) of the emissions reported in the construction 

phase represent emissions embedded in the goods and services that will be 

purchased as part of the construction phase. Para 6.3 of the Report states that:  

“A bill of quantities for the construction materials is not available. Estimates 

of materials have been made of the buildings, rail line, the concrete culvert 

and concrete hardstanding, the water tank and the car park. These 

estimates have been based on dimensions detailed within the Project 

Description of the Environmental Statement (West Cumbria Mining, 2018a). 

                                                 
 
1  It should be noted that AECOM took a different approach to fugitive methane emissions. Based on 

the assumptions and figures stated by AECOM in relation to fugitive methane emissions, it appears 
these do include mining of the offshore areas. This is because the figures appear to have been 
calculated based on the tonnage of coal mined over a projection of the period during which coal 
will be produced (paragraph 7.6), and it is unlikely that the figure arises from the short period during 
which onshore mining will occur. 
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As other building and infrastructure elements have not yet been designed, 

this is only a partial calculation” 

4.9. It is not clear from this language to what extent certain aspects of the project have 

been included in this estimate. As is clear from the fact that the existing estimate for 

purchased goods and services comprises a majority of the emissions arising from the 

construction period, embedded emissions from materials to be used in construction 

may be very significant. Yet some building and infrastructure elements have not yet 

been designed, and it appears that these have been omitted entirely. Such emissions 

could thus have a significant and material effect on the overall estimates.  

4.10. In particular it appears that the estimate does not include steel, concrete and other 

materials to be used in constructing the underground drifts, as this is not listed among 

the aspects included in para 6.3. Chapter 5 of the ES states that during construction 

“Drifts will be lined with concrete to provide stability but also to seal the drifts against 

the inflow of water.” (CD1.83, para.5.3.13). These omissions could consequentially 

alter the estimate for construction emissions.  

4.11. It is also not clear the extent to which other aspects of the proposal may have been 

omitted from the AECOM calculations, including whether all above-ground structures 

were included, and whether other aspects of the proposal were included or not, such 

as: the coal handling and processing plant and associated infrastructure, the 

underground conveyor and associated equipment, and the rail loading facility and 

associated equipment. Without this information it is not possible to fully understand 

what GHG emissions were and were not counted and whether the estimate AECOM 

provides is reasonable.  

 
ii. Operation 

4.12. The AECOM Report concludes that emissions during the operation of the mine will be 

366,564 tCO2e per annum, for each year the mine operates (CD1.147, Table 7.1)  

4.13. Given the magnitude of the “purchase goods and services” figure, it appears very 

unlikely that concrete use for lining the drifts (if required) and laying concrete flooring, 

where required (as per ES Chapter 5 §5.3.73, CD1.83) has been included in this 

figure, in the same way this appears to have been omitted from the construction 
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figures as noted above.  

4.14. Paragraph 7.6 of the AECOM Report (CD1.147) states that: 

“A bill of quantities of operational materials is not available. The most 

significant material requirement during operations is steel roof bolts. 

Estimates of the embodied carbon for these have been estimated. As other 

building and infrastructure elements have not yet been designed, this is only 

a partial calculation.” 

4.15. This gives rise to the implication that steel roof bolts are the only material that has 

been included in the purchase goods and services figure. Again, to the extent that 

significant use of concrete or other materials will be required for construction of the 

underground aspects of the mine, this could materially increase the GHG estimates 

for this phase.  

4.16.  Another area in which the AECOM Report appears to ignore embedded emissions is 

in relation to the heavy machinery that will be used during mining operations. Modern 

underground mining methods utilise very large machinery. For instance, the Chapter 

5 of the ES (CD1.83) indicates that the machinery to be used will include one or more 

of the following: Bolter Miner, Continuous Miner (para 5.4.6); Shuttle Cars, Feeder 

Breaker (para 5.4.48), and a conveyor system capable of transporting 2,500 tonnes 

of coal per hour (para 5.4.47). The WCM factsheet attached as Appendix 1 indicates 

that WCM intends to use Bolter Miner(s) that weigh 110 tonnes and measure 13.3 m 

long, Continuous Miner(s) that weigh 59 tonnes, Shuttle Car(s) which are 9.3 m long, 

and Feeder Breaker(s) that can load up to 1,350 tonnes of coal per hour. These 

machines will be used over a period of approximately 25 years (see para 6.7 below), 

representing most or all of their useable life. Indeed, some of the machinery may need 

to be replaced during this period. 

4.17. Certainly, the embedded emissions of such machinery cannot be ignored. Even if 

some of the machinery does not serve its entire useable lifetime in this particular mine, 

a significant proportion of the embodied emissions represented by the machines 

should be ascribed to these mining operations.  

4.18. As will be seen from Table 7.1 fugitive methane emissions represent approximately 
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three quarters (73-74%2) of the annual operational emissions of the mine, as 

calculated.  

4.19. I note that the AECOM Report states that “methane emissions are likely to be captured 

and utilised from the fifth year of operation” (CD1.147 paras 7.6 and 7.7). However, I 

am instructed that SLACC’s legal team do not consider that any legal mechanism 

currently exists which would require this, and so it cannot be assumed that methane 

capture will take place.  I understand that there is a proposed condition relating to a 

“Mine Gas Capture Management Scheme” but that WCM have not provided any 

assurances as to the minimum level of Mine Gas Capture that would be achieved as 

part of any emissions mitigation proposals. In any event, it is unlikely that a Mine Gas 

Capture mechanism would be 100% effective.  It would therefore appear that there is 

little evidence on which to assume any particular level of methane capture will occur.  

4.20. Methane is a major contributor to climate change; the IPCC Science report approved 

by governments on 9th August 2021 finds that methane emissions (which have been 

rising rapidly, with global concentrations increased by more than 150%) account for 

almost a third of global temperature increase to date.3 Methane in the atmosphere 

has a much shorter lifetime than CO2, so the standard measure of comparison (Global 

Warming Potential over 100 years, GWP-100) does not reflect its much greater 

relative impact on the rate of climate change over the next few decades.  

4.21. Global methane emissions may be decisive in whether global temperatures exceed 

1.5C in next couple of decades. Developments such as the Cumbrian mine will 

increase the rate of warming over the coming decades. We understand that the 

developers now propose to ‘offset’ methane emissions. However, almost all forms of 

offsets focus on avoiding, reducing or absorbing CO2 emissions, and assess their 

contributions using the 100-year Global Warming Potential (GWP).  They do not 

directly offset methane emissions. Irrespective of other concerns about offsetting, 

such activities would NOT substantially offset the impact of methane leakage on 

                                                 
 
2 CD1.147 at §7.7 says 73%. Table 7.1 states 74%. It is possible that the fugitive emissions figure in 
Table 7.1 includes some other fugitive GHG emissions, which could explain the difference in the figures 
reported, but it is not stated what these might be or how they have been calculated.  
3 CD8.32; Figure SPM.2, Para A2.1.  For a comparison of GWPs at different time horizons see Chapter 7, Table 
7.15: the GWP-20 for fossil fuel methane (comparison with CO2 impact over a 20-year horizon) is 82.5, compared 
to the GWP-100 value of 29.8.    
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climate change over the lifetime of the mine; to do this would require offset volumes 

several times larger than offsets purchased on the basis of 100-year GWP equivalents 

(See footnote).  

4.22. Emissions due to the use of the coal produced by the mine are excluded from the 

calculations. These are discussed further below at Section 5. 

4.23. It may also be noted that the calculations for operational GHG emissions in the 

AECOM Report proceed on the basis that the operational phase (i.e. mining 

operations) will proceed for a 50 year period. I understand that since the preparation 

of the AECOM Report, Cumbria County Council recommended a condition be added 

which would require that mining operations cease by no later than 31 December 2049. 

I further understand that the Applicant has now indicated that it accepts that such a 

condition should be imposed. Were permission granted, the likely duration of mining 

operations is therefore likely to be closer to half this duration (assuming permission is 

granted in 2022, and two years of construction until a point in 2024, this would involve 

25-26 years of mining before the end of 2049).  

4.24. From the information set out in the AECOM Report, it is not possible to determine how 

the annual emission figure for the operational phase might change due to the fact that 

when the AECOM Report was prepared, this was done on the basis that the life of the 

mine would be 50 years. Certain figures might be higher due to the fact that the overall 

emissions for the life of the mine (certain aspects of which may be relatively fixed) are 

now spread over only half as many years. Other figures appear to have been 

calculated based on normal operations over the course of time, such as e.g. staffing 

levels or electricity use, and therefore shortening the duration may not materially affect 

the annual emissions estimate.  

4.25. I understand that the Applicant is updating the Environmental Statement associated 

with the proposal, including in relation to GHG emissions, but that this update has not 

been provided to date. Once this information becomes available, I will be able to 

provide further comment. But at this stage, it may be simply be noted that the 

operational phase emissions estimates appear likely to change when accounting for 

the updated duration of the mining operations.  
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iii. Decommissioning  

4.26. The AECOM Report concludes that emissions during the decommissioning of the 

mine will be 17,907 tCO2e per annum, for a period of 1 year (CD1.147, Table 8.1). 

4.27. It may be noted that fugitive methane emissions are not calculated or included in the 

estimates for any period after coal mining ends. However, this is not necessarily a 

valid assumption.  

4.28. Recent research, for instance, indicates that fugitive methane emissions from closed 

coal mines (i.e. those no longer in operation) may be significant. It was estimated by 

one recent paper that fugitive emissions from closed mines represented 

approximately 17% of fugitive methane emissions from all open and closed coal 

mines, and that this figure was likely to rise to approximately 23% by 2050 as more 

coal mines close (Appendix 2; Tables S13 and S13 in Appendix 3).  

4.29. As far as I am aware, the description of the decommissioning process does not 

mandate that fugitive methane will be fully captured or that the drifts will be entirely 

sealed to try to prevent its escape from the mine (ES Chapter 5, CD1.83), and so it 

should not be assumed that fugitive methane emissions will cease from the date when 

mining stops. In any event, research has found that seals are not always effective at 

preventing atmospheric methane emissions over time (Appendix 2 p. 5). 
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5. AECOM ESTIMATES 

5.1. Based on the above, it appears that certain omissions/assumptions in the AECOM 

analysis mean that there is significant uncertainty surrounding the figures reported for 

the GHG emissions during construction, operation, and mine decommissioning. In 

many cases, these figures are likely underestimates of the actual GHG emissions that 

will arise from the proposed mine.  

5.2. As above, it is not possible independently to calculate these emissions figures based 

on the information which is publicly available, and I have not attempted to do so.  

5.3. Certainly, however, the repeated assertions in ES Chapter 19 (CD1.145) and the 

AECOM Report (CD1.147) that the estimates represent a “worst case” scenario do 

not appear to be justified on the information available.  
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6. END USE EMISSIONS 

6.1. As has been noted above, AECOM does not include any estimate for the GHG 

emissions from the use of the coal produced by the mine. This is on the basis of the 

“perfect substitution” argument; i.e. that the coal from the new mine will ‘substitute’ for 

coal which would otherwise be produced by mines elsewhere, so that no GHG 

emissions increase will occur. 

6.2. This proof of evidence does not seek to address that argument in detail. My colleague 

Professor Paul Ekins has responded robustly to the assumption of “perfect 

substitution” as contrary to normal economic logic, and I strongly support his 

arguments on this, including that the assertations in response by the Applicant/Dr 

Bristow do not in any way amount to plausible reasons to suspend normal economic 

reasoning – namely, that increasing supply (especially if it is deemed to be 

competitive) normally also helps to stimulate non-zero increase in demand. 

6.3. In addition to these clear economic arguments however, and consistent with my 

opening observations, one should not overlook the political dimension. For the UK to 

proceed with a new coal mine (metallurgical or not) despite our position on climate 

change, international responsibilities as a developed country, cumulative emissions 

to date, and mature steel consumption, would clearly undermine efforts to slow the 

development of coal mines anywhere. The fact that this mine is proposed for coking 

coal production, rather than coal for energy, does not lessen the harmful impact 

political impact – that is too fine a distinction to prevent accusations of hypocrisy on 

the part of the UK.  

6.4. Hence it is inevitable that proceeding with the Cumbrian mine would increase supply 

elsewhere (along with the associated emissions from other mines, and transport), 

create commercial pressure to keep blast furnaces operating to utilise the supply, and 

depress the global price of metallurgical coal, making it harder for low carbon steel 

technologies to compete. These are additional reasons to reject the idea that 

emissions from the coal in use should be neglected. 

6.5. Since the Applicant has not identified any valid reason to assume that introducing an 

additional supply of coal will lead to an equivalent level of curtailed production at other 

coal mines elsewhere in the world, I set out below the potential emissions from the 
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end use of the coal to be produced by the proposed mine. 

6.6. A reasonable estimate of the GHG emissions from the end use of the 2.78 million 

tonnes per year of metallurgical coal due to be produced by the mine can be arrived 

at as follows: 

a)  The Department for Business, Energy & Industrial Strategy (BEIS) publishes 

conversion factors each year for the purposes of annual GHG reporting by 

UK and international organisations. 

b) The most recent conversion factors were published on 2 June 2021 

(CD8.33). The 2021 conversion factor for coking coal is 3,165.24 Kg CO2e 

per tonne of coking coal.  

6.7. As the proposed mine is projected to produce 2.78 million tpa coking coal, this results 

in 8.80 million tCO2e per annum. (This figure differs slightly from the figure set out in 

the SLACC statement of case because updated conversion factors have been 

produced since the statement was produced.) If the mine were to produce for a period 

of 25 years, that would result in total GHG emissions from the end use of the coal in 

the range of 220 million tonnes of CO2e over the life of the mine. 
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7. SHIPPING EMISSIONS 

7.1. The AECOM Report presents a calculation for emissions it is stated would be 

“displaced” due to reduced shipping distances. The assertion is that since (it is 

posited) the coal is substituting for coal which would otherwise be shipped from the 

USA, reduced shipping distances will lead to reduced GHG emissions from 

transatlantic shipping of the substituted coal. The AECOM Report calculation 

indicates that these displaced emissions would equate to 98,341 tpa CO2. (CD1.147 

para 7.10, 50-year figure divided to provide an annual calculation).  

7.2. First, it may also be noted that if more coal is shipped outside the UK than was 

assumed, or if any of the coal is shipped beyond Europe, the calculation is likely to 

overestimate the ‘displaced emissions’ due to reduced shipping distances. Other 

evidence submitted to this inquiry indicates why it is implausible to assume that the 

Cumbrian mine will only supply steel plants in the UK and Europe. 

7.3. Even if this figure were a reasonable estimate (which I do not accept), the shipping 

emissions amount to 1.12% of the emissions that would be caused by combustion of 

the coal produced by the mine. 

7.4. Thus, if any more than approximately 1.1% of the coal (over the lifetime of the mine) 

were not subject completely substituting other production and in fact led to additional 

coking coal use, this would eclipse the claimed displaced emissions due to reduced 

shipping. 

7.5. A simple calculation can be done to provide an indicative comparison of the potential 

emissions displaced by reduced shipping distances (taking as given the AECOM 

calculations in this regard) compared with additional emissions from end use of the 

coal from the mine that would arise at different levels of substitution. This is 

accomplished by simply reducing the displaced shipping emissions by the level of coal 

which is not subject to substitution (For example, if 10% of coal is additional rather 

than subject to substitution, the shipping emissions displaced will be, as a reasonable 

approximation, 90% of what would otherwise be expected) and calculating the 



19 
 
 

emissions from the additional coal use using the method set out above..  

7.6. Table 1 sets out this simple calculation for various levels of substitution.  

Percentage 
coal not 
subject to 
substitution 

Shipping emissions 
displaced (AECOM) 

Additional GHG 
emissions from coal 
use 

Net impact (tpa 
CO2e) 

1% 97,357 87,994 -9,364 
1.5% 96,866 131,991 35,125 

2% 96,374 175,987 79,613 
3% 95,391 263,981 168,590 
5% 93,424 439,968 346,545 

10% 88,507 879,937 791,430 
20% 78,673 1,759,873 1,681,201 
50% 49,170 4,399,684 4,350,513 
75% 24,585 6,599,525 6,574,940 

100% 0 8,799,367 8,799,367 
Table 1 

7.7. As can be seen, for instance, if 2.0% of the coal were not subject to substitution (i.e. 

“only” 98% substitution took place) this would result in additional GHG emissions of 

approximately 80,000 tonnes CO2e per annum.  

7.8. If the figure were 10% (i.e. 90% of the coal was subject to substitution), this would 

result in additional GHG emissions equating to approximately 790,000 tonnes CO2e 

per annum. 

7.9. Under certain scenarios, eg. if other regions agree to close coal mines and halt 

development of new mines whilst the UK proceeds anyway, the Cumbrian mine would 

in effect be supporting extension of steel blast furnace lifetimes, implying much higher 

substitution. If half of the coal is substituted for and half is additional to the market, 

this would lead to additional GHG emissions of approximately 4.35 million tonnes 

CO2e per annum. 
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8. AECOM GHG SIGNIFICANCE FACTOR 

8.1. The AECOM Report (CD1.147) (and ES Chapter 19, which appends it, CD1.145) 

adopts a “GHG Significance criteria” of 1% of total annual UK Carbon Budgets. 

AECOM and the applicant thus assert that if GHG emissions from the proposed 

budget equate to 1% or more “of total emissions across the relevant 5-year UK Carbon 

Budget period in which they arise,” such GHG emissions are considered to be of a 

high magnitude, and thus of “major adverse significance.” (Table 3.1 and 3.2). If the 

emissions across the relevant 5-year UK Carbon Budget are less than 1% of total 

emissions across the 5-year UK Carbon Budget period, this is considered to be of 

“low” magnitude, and thus of “minor adverse significance.” (Id.). 

8.2. Ultimately I understand that it is a matter for the Inspector (and the Secretary of State) 

to consider how GHG emissions should weighed in the balance when considering the 

planning merits of the proposed mine.  

8.3. However, I would make certain observations about the appropriateness of a criterion 

of 1% as advocated by AECOM: 

8.3.1. Only the very largest projects in the UK with the greatest GHG emissions 

would reach the significance criterion adopted by AECOM. AECOM 

indicated in its Response to SLACC’s objections (CD1.70), for instance, that 

the “Drax Re-power” - a proposal to repower the largest power station in the 

UK - would meet the criteria, but did not cite any other examples. 

8.3.2. SLACC’s objection letter of 21 June 2020 (CD3.5) also noted (page 25) that 

all industry accounts for roughly 21% of total UK GHG emissions. 

Approximately 39% of these emissions result from “petroleum refining, fossil 

fuel production and fugitive emissions.” Thus, any single fossil fuel 

production project which reached the 1% threshold advocated by AECOM 

would be generating emissions of roughly 1/8th of the entire UK sector 

which, according to a recent House of Commons Committee report 
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(Appendix 4) contains: 

a) 207 offshore oil fields 

b) 115 offshore gas fields 

c) 8 surface coal mines, and 

d) 6 oil refineries 

e) (no information was listed on the number of onshore oil and gas wells) 

8.3.3. Further, according to the most recent government data (which relates to the 

year 2018) Cumbria’s total CO2 emissions (including all industry, 

commercial, and agricultural emissions; domestic gas and electricity use, 

road and rail transport, and other emissions) – i.e. the emissions from every 

home, factory, farm and other business in the County – totalled just 1.08% 

of total UK carbon emissions in 2018.4 The proposed mine would thus have 

to almost double the GHG emissions from all sources Cumbria-wide to reach 

the AECOM significance factor. 

8.3.4. In a document dated 3 September 2020, responding to SLACC’s objections 

(CD1.70), AECOM justified its selection of the significance criteria in part 

because “sectoral and local carbon budgets were not available as an 

alternative to the use of the UK Carbon Budgets.” However, it noted that: 

“Although there are no sectoral budgets, the Committee on Climate 

Change does provide sectoral emissions allocations that underpin the 

development of the UK Carbon Budgets. In ‘sense checking’ our 

judgement set out above, we have also had regard to the examination 

of the worst-case GHG emissions from the Proposed Development (i.e. 

by not excluding methane emissions that will be captured) against the 

total allotted emissions for ‘industry’. On that basis the emissions reach 

                                                 
 
4  BEIS, UK local authority and regional carbon dioxide emissions national statistics: 2005 to 2018. 

Cumbria’s total figure is 3,745.9 versus 344,824.3 for UK total (see full dataset tab, available at 
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/fil
e/894787/2005-18-uk-local-regional-co2-emissions.xlsx - note I have provided a link because the 
table format in Excel means it can only sensibly be viewed electronically). 

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/894787/2005-18-uk-local-regional-co2-emissions.xlsx
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/894787/2005-18-uk-local-regional-co2-emissions.xlsx
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0.435% of the industry allocation during the 5th Carbon Budget. These 

industry allotments are based upon the more conservative ‘central’ 

scenario.”  

8.3.5. Since that time, the Climate Change Committee has published sectoral 

emissions calculations allocations that underpin the development of the 

Sixth Carbon Budget, covering the years 2033-2037. These “emissions 

calculations allocations” (as AECOM terms them) associated with the Sixth 

Carbon Budget project total emissions from coal mines (both open and 

closed) to be 0.6 MtCO2e per annum from 2021-2025, 0.5 MtCO2e per 

annum from 2026-2039, and 0.4 MtCO2e per annum from 2040-2050.5 The 

CCC report on the Fuel Supply sector (of which coal mines are a part) 

indicates that 0.4 MtCO2e per annum are generated by closed coal mines.6 

Thus, these projections indicate that open coal mines are expected to 

generate no more than 0.2 MtCO2e (i.e. 200,000 tCO2e) per annum from 

2021-2025, no more than 0.1 MtCO2e (i.e. 100,000 tCO2e) per annum from 

2026-2039, and no emissions at all from open mines beyond 2040.  

8.3.6. As noted above, the AECOM Report concludes that emissions during the 

operational phase of the mine will be 366,564 tCO2e per annum (CD1.147 

para 7.7). Thus, from the start of mine operations, the Applicant’s own 

estimate of operational emissions would eclipse the Climate Change 

Committee projections for GHG emissions from all operational coal mines. 

8.3.7. Lord Deben, chair of the Climate Change Committee himself noted that the 

mine was projected to increase UK emissions by a level greater than all the 

annual emissions the Climate Change Committee have projected from all 

open UK coal mines in – extraordinarily – raising concern about the 

proposed mine with Secretary of State Jenrick (CD8.13). 

8.3.8. It may also be noted that Lord Deben indicated that the opening of this mine 

would “increase global emissions and have an appreciable impact on the 

                                                 
 
5  https://www.theccc.org.uk/wp-content/uploads/2020/12/The-Sixth-Carbon-Budget-Charts-and-

data-in-the-report.xlsb, “Fuel Supply”, data associated with figure 6.3. Again a link is supplied 
because the datasets in excel are required to be viewed electronically. 

6  Appendix 5 page 38.  
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UK’s legally binding carbon budgets.” (CD8.13)  

8.4. For all of these reasons, my view is that it would not be reasonable to adopt a 

significance criterion which does not consider construction and operational GHG 

emissions to be of major adverse significance unless they equal or surpass 1% of total 

UK carbon budgets over a 5-year period. Indeed compared to the vast majority of 

individual facility emission sources in the UK – even including other fossil fuel 

operations, as noted – the projected Cumbria emissions is an extraordinary large 

number. 

8.5. However, I would also note that even applying the proposed AECOM significance 

criteria: 

8.5.1. The Carbon Budget Order 2021 sets the carbon budget for the sixth 

budgetary period (2033-2037) at 965 MtCO2e. 1% of this figure is 

approximately 9.7 MtCO2e. 

8.5.2. As noted above, end use emissions of the 2.78 Mtpa coking coal would 

equate to 8.80 MtCO2e per annum, or 44 MtCO2e over the 5-year budget 

period. Thus the gross emissions from the end use of the coal would equate 

to 4.56% of the Sixth Carbon Budget, well over the 1% threshold. 

8.5.3. When adding in the Applicant’s calculated annual operational emissions, the 

total emissions (five years’ end use plus operational emissions) would 

equate to 4.75% of the UK carbon budget during the Sixth Carbon Budget 

period. 
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9. CONCLUSION

9.1 This evidence has primarily considered the scale and implications of emissions from 

the mine during its construction and operation. I find no grounds for the developer’s 

proposed threshold that these should be treated as “low” magnitude, and thus of 

“minor adverse significance", if they are less than 1% of UK carbon budgets.  On the 

contrary, in a country with over a million individual businesses, and hundreds of 

individual fossil fuel facilities and with ambitious targets for steep emission 

reductions, adding 1% of our total national carbon budget from a single new facility 

would be a very big number. 

9.2 Moreover, the emission estimates offered around construction and operational 

emissions look to be incomplete.  There are particular concerns around methane 

leakage, provisions to capture the methane are not compelling, and the promise to 

“offset” methane leakage through purchasing external emission credits are 

unconvincing, particularly in relation to the large role of methane in affecting the near-

term rate of climate change and in the context of ambitious targets, e.g. whether and 

when global temperatures rise above 1.5C.  

9.3 The fact that construction and operational emissions are much smaller than the 

emissions that would come from use of the coal itself (which by implication would be 

substantially outside the UK) merely underlines the extent to which proceeding with 

the mine would be contrary to the UK’s general stance and specific stated ambitions 

and commitments on urgently addressing the impact of climate change.  

9.4 As noted, I also work internationally and observe strenuous diplomatic efforts to curtail 

coal developments including in developing countries.  Far from perfectly substituting 

for production elsewhere, the political impact of proceeding with the Cumbrian mine 

would increase the likelihood of mines in other countries proceeding, impeding the 

global effort to tackle climate change and amplifying the adverse impacts of the CO2 

and methane emissions associated with the Cumbrian mine itself. 

Declaration 

The evidence which I have prepared and provide for this appeal reference 
APP/H0900/V/21/3271069 in this proof of evidence is true, and I confirm that the opinions 
expressed are my true opinions. 
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a b s t r a c t

This paper presents projections of global methane emissions from coal mining under different coal
extraction scenarios and with increasing mining depth through 2100. The paper proposes an updated
methodology for calculating fugitive emissions from coal mining, which accounts for coal extraction
method, coal rank, and mining depth and uses evidence-based emissions factors. A detailed assessment
shows that coal mining-related methane emissions in 2010 were higher than previous studies show. This
study also uses a novel methodology for calculating methane emissions from abandoned coal mines and
represents the first estimate of future global methane emissions from those mines. The results show that
emissions from the growing population of abandoned mines increase faster than those from active ones.
Using coal production data from six integrated assessment models, this study shows that by 2100
methane emissions from active underground mines increase by a factor of 4, while emissions from
abandoned mines increase by a factor of 8. Abandoned mine methane emissions continue through the
century even with aggressive mitigation actions.

© 2020 The Authors. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Methane is a potent greenhouse gas (GHG)with a globalwarming
potential (GWP) 28e36 times that of CO2 for a 100-year time horizon
(IPCC, 2016; U.S. EPA, 2017b). It also has a short residence time in the
atmosphere with a GWP 84 times higher than that of CO2 over a 20-
year period. Methane is a valuable energy source that offers the op-
portunity to mitigate global GHG emissions (Karacan et al., 2011).

Coal mines are one of the largest sources of anthropogenic
methane emissions. Coal production releases methane trapped in
coal seams and surrounding strata. Coal mine methane (CMM) is
closely linked with coal production; once production is halted and
the mine is abandoned, it continues to release methane, referred to
as abandoned mine methane (AMM), over a long period of time.

The coal mining industry is estimated to account for 11% of
global methane emissions from human activities (U.S. EPA, 2019).

However, many scholars argue that current estimates of methane
emissions from fossil fuels are underestimated. For example,
Schwietzke et al. found that “fossil fuel methane emissions are
60e110% greater than current estimates” (Schwietzke et al., 2016).
Similarly, Miller et al. show that global methane emissionsmight be
1.5 times greater than estimated by the U.S. inventory study (Miller
et al., 2013). Though the above-mentioned studies do not focus
exclusively on coal, they show that inventories may underestimate
methane emissions from fossil fuels.

This study explores three primary questions. First, how do
methane emissions from underground and surface coal mines under
different coal production scenarios change through 2100? Second,
what is the effect of increasing mining depth on global methane
emissions through theendof thecentury?Third,what roledoesAMM
play in totalmethane emissions from coalmining? This study aims to
expose significant granularity to previous studies on methane emis-
sions from coal mining by better capturing and accounting for emis-
sions after mine closure, mining depth, and coal rank (degree of
coalification).* Corresponding author.

E-mail address: nazar.kholod@pnnl.gov (N. Kholod).
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As countries continue to mine coal, mine operators tend to
extract coal at greater depths. On average, methane content per
ton of coal mined increases with increasing depth. There are
numerous studies where researchers use depth-specific emission
factors to calculate methane emissions from coal mining. In her
pioneering work, Ann Kim estimated global CMM emissions by
linking gas content to coal depth and coal rank (Kim, 1977) and
this approach has been widely used in other studies, which
linked methane emissions with mining depth. Numerous studies
have recognized the importance of mining depth in estimating
CMM emissions in key coal producing counties or coal basins;
additional details on this literature are available in the
supplement.

Depth-specific emission factors are used in many international
methodologies. For example, the methodology for estimating
fugitive emissions from coal mining and handling, developed by
the Intergovernmental Panel on Climate Change (IPCC) suggests
using three distinct emission factors depending onmining depth. In
its Tier 1 methodology, described in the Guidelines for National
Greenhouse Gas Inventories, IPCC suggests using an emission factor
of 10 cubic meters per metric ton (m3/t) for depths less than 200 m,
18m3/t for depths from 200 to 400m, and 25m3/t for mines deeper
than 400 m (IPCC, 2006).

However, most studies simply state the importance of mining
depth in determining emission factors, or use depth-specific
emission factors. The authors of this paper could not identify any
study that links changes in mining depth to changes in emission
factors when calculating global CMM emissions (though some
studies do this at the national level, for example (MNEC, 2014). A
key reason for the lack of such studies has been lack of data (Stern
and Kaufmann, 1996). The current study estimates global methane
emissions from underground and surface coal production while
accounting for the increase in mining depth using several new and
compiled data sets.

This study also estimates methane emissions from abandoned
coal mines. Most studies ignore AMM because these emissions are
believed to be small (Saunois et al., 2016a; Thakur et al., 1994; U.S.
EPA, 1990) or because data were not available (H€oglund-Isaksson
et al., 2016; Kirchgessner et al., 1993; U.S. EPA, 2012). This study
presents a novel methodology for calculating AMM emissions; as
such, this study is the first attempt to estimate global AMM emis-
sions through 2100 under different coal production scenarios.

This paper is structured in five sections. Following this intro-
duction, Section 2 discusses the methodology for CMM and AMM
calculations, data sources, and underlying assumptions. Section 3
presents the main results of estimating CMM and AMM emission
forecasts for the reference and mitigation scenarios. Sources of
uncertainties in CMM calculations are discussed in Section 4. In
Section 5, the authors compare the results with other studies and
discuss the implications of this research.

2. Methodology and data

2.1. Model for calculating CMM emissions

A newly developedmodele theModel for Calculating Coal Mine
Methane (MC2M) emissions e was used to estimate CMM emis-
sions from underground and surface hard coal and brown coal
mines. MC2M also estimates global AMM emissions from mines
that have ceased production. This model assesses methane emis-
sions under different coal production scenarios related to Shared
Socioeconomic Pathways (SSPs) and was used to test the sensitivity
of key parameters. The methodology for CMM and AMM emission
calculations embedded in the model is described below.

2.2. Methodology for CMM emission calculations

2.2.1. Overview
Global CMM emissions are estimated from several coal ranks

including hard underground coal, hard surface coal, and brown
surface coal. According to the classifications of the International
Energy Agency (IEA), hard coal includes anthracite, bituminous,
and coking coal (which is bituminous coal with properties that
make it suitable for conversion to coke used for making steel),
while brown coal includes sub-bituminous coal and lignite. Total
CMM emissions are calculated by multiplying activity data (coal
extraction) by the emission factors developed from compiled data
on methane storage capacity of coal samples collected from various
coal producing basins worldwide.

2.2.2. Coal production
Future coal production is a key parameter for estimating future

coal mining-related emissions. For future coal estimates, this study
employs projections of coal production through 2100 using two
established scenario frameworks that energy modelers commonly
use for climate assessments. The first framework, called Shared
Socioeconomic Pathways (SSPs) has helped standardize our un-
derstanding of uncertainty in future socio-economic development
(IIASA, 2017). The SSPs present narratives of alternative socio-
economic development, which include future changes in de-
mographics, human development, technology, economy, lifestyle,
and other similar trends. The SSP2 scenario is commonly called the
“middle of the road” socioeconomic development scenario; this
study has used this SSP as the reference scenario for coal
production.

The second scenario framework this paper uses are Represen-
tative Concentration Pathways (RCPs) (Moss et al., 2010), which
show climate mitigation pathways. Specifically, climate mitigation
actions and policies would lead to different GHG concentrations in
the atmosphere, which in turn result in different levels of radiative
forcing (or the amount of heat that the GHG trap). The SSPs and
RCPs, thus, show how both socioeconomic changes and policy may
affect future energy developments and emissions. The modeling
community has standardized both to allow for easier comparison
results across studies. For example, SSP2-2.6 means the SSP2 sce-
nario with the RCP 2.6 level of forcing. In other words, SSP2-2.6
assumes that climate mitigation activities limit the increase in
forcing to 2.6 Watts per square meter (W/m2) in 2100 with mod-
erate levels of socioeconomic-driven emissions growth through
2100. SSP2-4.6, on the other hand, would have a forcing level
equivalent to about double pre-industrial levels. The modeling
community widely uses these pathways to analyze and project
future fossil fuel use (Bauer et al., 2016, 2017a, 2017b; Kriegler et al.,
2017) and pollution (Rao et al., 2017; Riahi et al., 2017; van Vuuren
et al., 2017).

For the reference scenario, this study uses coal production from
the SSP2-Baseline scenarios produced by six integrated assessment
models (IIASA, 2017). (The SSP baseline scenarios assume no spe-
cific climate policy to provide a point of comparison for the policy-
related RCP scenarios). This study also tests several RCP mitigation
scenarios for the SSP2 pathway to show the effect of climate change
mitigation measures. SSP2-2.6 is typically considered a “strong”
policy scenario with a low increase in radiative forcing, and SSP2-
6.0 is viewed as a “weak” mitigation scenario with a high in-
crease in radiative forcing.

Each of the six models with published SSP2 projections has
distinct baseline coal projections due to differences in assumptions
and the underlying input data (see the Supplement Tables S1e2). As
a result, this paper uses the average coal production data from the
six models. The models use fossil fuel resource curves which show
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an increase in the marginal cost of production as resource bases are
exhausted (Rogner et al., 2012).

2.2.3. Underground and surface mining
Methane emission factors depend on many parameters,

including mining depth and coal rank. Underground mines are
typically much deeper than surface mines and produce higher rank
coal. Emissions per unit of coal from underground mines are also
larger than those from surface ones.

The authors collected information on coal production methods
in major coal producing countries and found significant differences
in the share of underground mining. Data on this topic come from
several sources, including reports from the United Nations Frame-
work Convention on Climate Change (UNFCCC, 2017) and the
Global Methane Initiative (GMI, 2010, 2015), allowing the authors
to estimate the average share of underground coal mining in 1990
and 2010. For example, the share of underground coal mining is 95%
in China (the largest coal producer) (He and Song, 2012), while it is
only 10% in India (the third largest producer) (GMI, 2015). The
authors estimate that globally the share of underground hard coal
production was 71% in 2010. The 1990e2010 trend was extended
through 2100, which results in the share of underground coal
production declining to 65% in 2050, and to 60% in 2100.

2.2.4. Rate of change in mining depth
This study draws on data on coal production and mining depth

in 1990 and 2010 to estimate the rate of change in mining depth.
The authors collected data on mining depth from key coal pro-
ducing countries (Supplement Tables S3eS7) and combined these
with data on underground coal production. The global average
mining depth in 2010 was estimated to be 446 m.

Based on these historical trends, this study estimates the global
rate of change in depth of underground mines at 0.045 m/EJ/year,
which corresponds to about 3m/year from 1990 to 2010. The rate of
change in mining depth does not depend on the coal production
scenario and is constant through the period of analysis.

2.2.5. Methane emission factors
There is a predictable correlation between the volume of gas

contained in coal and the internal pressure of the coal seam from
which it is extracted. Generally, pressure on a coal seam increases
with depth, as does the volume of methane contained by the coal.
An equation that predicts the amount of gas that may be contained
by coal at a certain pressure, or depth, is known as an adsorption
isotherm. Isotherms are commonly expressed by mathematical
equations are used by engineers and scientists involved in
designing coal mines and their gas drainage and ventilation sys-
tems. These mathematical equations, which are now an industry
standard, were developed by Irving Langmuir (1918). The Langmuir
equations are generally accepted as the best model for defining gas
sorption capacity of coal (Bustin and Clarkson, 1998; Clarkson and
Bustin, 2000; Crosdale et al., 1998). The coal, oil, and gas industries
use this model to mathematically describe the capacity of a given
coal sample to sorb gas. The model has been used for decades, and
consequently, sorption data can be easily compared among coal
samples taken from disparate coal ranks and locations. It is defined
by the following equation:

EF ¼ VL (d* L) / (PL þ d*L) (1)

where,

VL is the Langmuir volume coal sample
PL e the Langmuir pressure of that sample
L e Langmuir constant

d e mining depth (meters).

We used the Langmuir isothermmodel to estimate the expected
gas content of coal. We have compiled results of isotherm testing
from many coal basins throughout the world. Coal samples within
the database used for this study were collected from North Amer-
ican, South American, Australian, Asian, and European coal basins.
Drawing on 250 samples, we estimated gas content of different coal
ranks at different depths. To develop the Langmuir adsorption
isotherm model for sub-bituminous, bituminous, and anthracite
coal ranks, we employ Monte Carlo simulation to develop proba-
bility distribution functions. This provides a more statistically
robust approach to defining the Langmuir isotherms as it identifies
the most likely gas content value for a given rank of coal mined at a
given depth. It allows us to account for uncertainty associated with
difference in location, geological age and temperature (see Sup-
plement section 2.1 for details). Fig. 1 shows the expected gas
content for different coal ranks by mining depth.

The gas content of the current global underground hard coal
mix1 thus is in the range between 13 and 18m3/t for mining depths
from 450 to 1120 m. For surface mines, the gas content of hard coal
is 3e5 m3/t for depths from 50 to 200 m and 0.77 m3/t at the
constant depth of 50 m for brown coal.

However, the gas content per ton of coal and the emission factor
are not equal due to emissions from coal pillars left and from
methane in coal seams that occur in surrounding strata (IPCC,
2006; UNECE, 2016). Detailed data from the United States and
Ukraine were used to calculate the ratio of relative emissions to gas
content. This ratio (also referred to as the emission factor coeffi-
cient) is used in the MC2M model to estimate the emissions that
result from coal production by inputting the predicted gas content
using only the rank of the coal and the depth of mining. Using
mine-specific data on depth, coal production, and emission rates
across multiple years from U.S. coal reports (EIA, 2017a) and
methane emission inventories, the emissions factor coefficient in
the United States was estimated to be 1.9. Data from Ukraine’s
largest coal producing company DTEK show that the emission
factor coefficient is 1.5, although it is probable that these data are
not compatible with U.S. data because of differences in measure-
ment methods and transparency of reporting (Supplement
Figs. S3e4). In China, Ju et al. found that the mining influence co-
efficient (another name for the emission factor coefficient) is in the
range from 1.3 to 2.0 (Ju et al., 2016). In this paper, the average
emission factor coefficient of 1.7 is used. The sensitivity of this
parameter is discussed in Section 4. To estimate emissions from
surface mines, the U.S. Environmental Protection Agencymultiplies
basin-specific coal production by basin-specific gas content and a
150-percent emission factor to account for emissions from over-
and under-burden (U.S. EPA, 2016). It is important to note that most
countries do not publish methodologies for coal mine methane
emissions measurement procedures; in many cases, mining oper-
ators can report data on dates of their choosing, which may not
accurately represent emission rates. Thus, there is a distinct pos-
sibility that these factors underestimate the emission factor coef-
ficient. The uncertainty is higher for emission factor coefficient
values in countries where accepted methodology for emissions
measurements and inventories are not uniformly used. In the
future, satellite data may allow for independent comparison of
emission rates to adjust these factors.

1 98% of bituminous coal and 2% of anthracite in 2010 IEA, 2015. Energy statistics
of non-OECD countries. International Energy Agency, Paris.
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2.2.6. Calculating CMM emissions
CMM emissions in any given year were calculated by multi-

plying global coal production (in billion tonnes categorized by coal
rank and mining method) by gas content at a given depth (m3/
tonnes) and the emission factor coefficient. Global methane emis-
sions from coal mining were estimated using Equation (2).

Global coal methane emissions ¼ coal production (tonnes) x gas
content x emission factor coefficient (2)

where
coal production is estimated under the SSP2 scenario; gas con-

tent is computed using the Langmuir isotherm formula for the
appropriate rank coal at the depth of mining; and emission factor
coefficient is the ratio of relative emissions over the Langmuir gas
content.

2.3. Methodology for estimating AMM emissions

2.3.1. Overview
Initial emissions from abandoned mines in any particular year

are calculated using a global abandonment rate and CMM emis-
sions in that year. The AMM methodology accounts for different
emissions rates for dry and flooded mines, as described below. It
also accounts for AMM emissions from mines abandoned in the
past. Total AMM emissions in any given year are the sum of emis-
sions frommines abandoned in that year and AMM emissions from
mines abandoned in previous years.

2.3.2. Coal abandonment rate
The coal abandonment rate is the fraction of coal that would

have been produced but is not produced because of mine closure
(Franklin et al., 2004). This rate can be assumed globally by using
data for the coal abandonment rate for the top producing countries.
The authors used two different methods to calculate the aban-
donment rate to account for different types of data available: the
first approach uses the ratio of abandoned coal to total coal pro-
duction and the second uses the ratio of abandoned coal production
capacity to total coal production capacity.

Data from U.S. coal reports (EIA, 2017b) on 6500 underground
mines over 1983e2015 were used to calculate the abandonment
rate in the United States. The authors calculated that the average
coal abandonment rate over 32 years was 5.0%. The authors also
researched the abandonment rates in other countries. In Russia, the
average coal abandonment rate was 4.7% from 1992 to 2013

(Government of the Russian Federation, 2014). China abandoned
about 560 million metric tons (Mt) of coal capacity from 2011 to
2016 (Xinhua, 2016). The Chinese government announced its 2016
plan to retire about 4300 coal mines over the next three years; the
country still has around 11,000 coal mines with a total capacity of
5.7 billion tons (Reuters, 2016). The abandonment rate in Chinawas
estimated to be 4.7%. Data from China and Russia could be used to
better understand trends in coal mine abandonment globally.

Since the U.S. data are the most detailed, this study uses the coal
abandonment rate in the United States (5.0%) as the global average.
Supplement Table S12 shows the underlying data for this calcula-
tion. It should be noted that there is lack of data from key coal
producing countries about abandoned coal mines.

The coal abandonment rate in the future depends on coal de-
mand. This study assumes that the coal abandonment rate remains
constant at 5% per year if coal production increases. Logically, if coal
production decreases significantly in the future, the abandonment
rate would need to increase because coal companies would not
operate non-performing mines. Low productivity mines will be
closed and investment in coal production will be concentrated in
lower-cost mines. The abandonment rate is, therefore, adjusted to
keep the capacity utilization rate, which is defined as the ratio of
global annual coal production to global annual productive capacity,
at 80e90% in any given year. In the mitigation scenarios, the
abandonment rate increases from5% to almost 7% per year, and coal
companies gradually reduce creating new coal production capacity.

Data on CMM emissions from underground mines calculated by
MC2M are used as an input for AMM estimates. Once a mine is
abandoned, CMM becomes AMM. To estimate the fraction of CMM
abandoned in any given year, CMM emissions in that year are
multiplied by the average global abandonment rate, representing
the volume of emissions from mines abandoned in that year. This
volume is then added to the sum of emissions from mines aban-
doned in previous years to provide a total AMM emission estimate.

2.3.3. Dry and flooded abandoned mines
Once underground mines are abandoned, some of them will

flood. Flooding stabilizes the hydrostatic pressure on the coal
seams, reducing emissions after that point to near zero (U.S. EPA,
2004, 2016). This study assumes that globally half of abandoned
underground mines were dry and another half flooded in 2010.
There is little data on the global share of dry and floodedmines, and
countries may have different patterns related to the movement of
groundwater through the coal bearing rock package. For example,
about one third of abandoned mines were flooded in the United

Fig. 1. Gas content by coal rank and mining depth.
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States in 2015 (U.S. EPA, 2017a), while almost all abandoned mines
were flooded in Ukraine (Havrylenko et al., 2004). However, glob-
ally the authors assume 50% of abandonedmines will be flooding in
the future, and this assumption can be adjusted as understanding of
this topic increases.

In dry mines, the gas flow rate declines rapidly over the first five
years or so, but emissions continue for many decades. Some mines
are sealed, which slows the initial rate of emissions, but seals are
not effective at preventing atmospheric methane emissions over
time (Franklin et al., 2004). Because total emissions remain the
same with sealed mines, we treat them like other dry mines for the
purpose of this analysis.

In mines that are prone to flooding, methane emissions rapidly
decline over less than ten years or so and, once flooded, thesemines
emit almost no methane. For example, according to U.S. EPA, most
mines in the United States that are prone to flooding will become
completely flooded within eight years (U.S. EPA, 2016). In Ukraine,
flood-prone abandoned mines were completely flooded within
seven to eight years (Havrylenko et al., 2004).

The following equation estimates AMM emissions from dry
mines in any given year:

q ¼ qi s (1 þ b Di t) (�1/b) (3)

where,

q e gas flow rate at time t
qi e initial gas flow rate at time zero (t0) (assumed to be 100%)
s e share of sealed mines, %.
t e elapsed time from t0 (years)
Di e initial decline rate, 1/year
b e the rate of change in the decline rate through time,
dimensionless.

For global AMM calculations, we assume that all dry abandoned
mines vent methane into the atmosphere. Mine sealing can post-
pone emissions but cannot prevent mine to release it into the at-
mosphere unless it is captured and utilized.

The decline in methane emissions from flooded mines can be
expressed by the following equation:

q ¼ qi ℮ (�t Di) (4)

where,

q e gas flow rate at time t
qi e initial gas flow rate at year of abandonment (t0)
t e elapsed time from t0 (years)
℮ e the constant (2.71828), the base of the natural logarithm
Di e decline rate, 1/year.

Table 1 shows the parameters Di and b for dry and floodedmines
used in this study.

Table 1 shows parameters of the decline curves based on the
data from various coal mine basins in the United States. This
approach is also used in other countries. For example, Fernando

(2011) used a similar methodology to assess the decline in AMM
emissions in the United Kingdom.

Fig. 2 shows assumed methane decline curves for abandoned
dry and flooded mines over time. The Supplement describes the
methodology for calculating the decline in the initial emissions
from abandoned mines.

As noted, emissions from flooded mines become almost negli-
gible eight years following abandonment while emissions from dry
mines last for decades. To calculate AMM emissions in any given
year, one needs to sum AMM emissions from mines abandoned in
that year and emissions from mines that were abandoned in the
past. The authors use coal production data from 1971 (the earliest
available global coal production data by rank from IEA) to calculate
residual emissions in 2010 and beyond from mines that were
abandoned in 1971e2009. The method described above was also
used to estimate future abandoned coal to produce estimates of
future AMM emissions.

2.3.4. AMM calculation
AMM emissions are calculated as the sum of emissions from all

dry and flooded coal mines abandoned since 1971 (the first year
when coal production data are available from the International
Energy Agency).

Total methane emissions from coal mining is the sum of CMM
emissions from hard coal underground mines, hard coal surface
mines, brown coal surface mines, AMM emissions from dry un-
derground mines and AMM emissions from flooded underground
mines.

3. Results

This study indicates that CMM and AMM emissions in the future
will likely be significantly higher than previous studies have found,
with the detailed analysis of mining depth, AMM and other such
factors the primary reason for these differences. This section pro-
vides results for both our reference scenario and the mitigation
scenarios.

3.1. CMM and AMM in the reference scenario

To estimate CMMemissions by 2100, theMC2Mmodel uses data
on future coal production from the SSP2-Baseline scenarios, the
rate of change inmining depth, andmining-depth derived emission
factors. This study estimates total CMM emissions from under-
ground and surfacemines at 103 billion cubic meters (bcm) in 2010.
Underground coal mines and surface hard coal mines account for
91% and 9% of global CMM emissions, respectively. CMM emissions
from brown coal are estimated to be about 1%.

Based on the SSP2-Baseline scenario for coal production, total
CMM emissions reach 432 bcm per year in 2100. These estimates
are based on methane released, but depending on policies, gas that
will otherwise be emitted may be used for energy rather than
released to the atmosphere. Today, most countries release the
majority of their CMM to the atmosphere. The share of emissions
from surface mines in total CMM emissions increase to 23% in 2100
(Fig. 3). In these projections, the depth of underground mines in-
creases to 1120 m by 2100.

It should be noted that our model does not factor in the utili-
zation of CMM and AMM. The utilization of methane from coal
mines decreases the volume of methane released into the atmo-
sphere; however future projections of methane utilization is
beyond the scope of this study. Today, only a few percent of total
CMM emissions are utilized given that the vast majority of emis-
sions are low-concentration emissions in ventilation air systems.
Appropriately developed and implemented policies can impact

Table 1
Parameters of decline curves for flooded and dry mines.

Mines status Variable Value

Flooded b 2.017
Di 0.302

Dry Di 0.672

Source: Authors’ calculations.
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utilization rates. This study does not include coalbed methane
production, which involves virgin coal seams where no mining is
planning in the near to medium term.

This study is the first attempt to calculate global AMM emissions
(Fig. 4). Previously, AMM emissions were assumed to be included in
the total emissions from coal mining by using a single emission
factor. This study estimates global AMM emissions to be 22 bcm in
2010. AMM emissions are projected to increase to 75 bcm in 2050
and 162 bcm per year in 2100.

This study estimates how much the increasing depth contrib-
utes to an increase in methane emissions from undergroundmines.
To isolate the effect of increasing mining depth on methane emis-
sions, the authors also calculated CMM and AMM emissions using a
constant CMM gas content of 13.2 m3/t for the estimated average
depth of mining in 2010 (446 m). In this constant emission factor
scenario, we apply the same gas content for underground mining
through 2100, while all other assumptions remain the same. The
results show that in 2050, CMM emissions in the reference scenario
are 21% higher than in the constant emission factor scenario; this
difference increases to 53% by 2100. AMM emissions in the refer-
ence scenario are 11% and 25% higher than in the constant emission
factor scenario. This highlights the importance of accounting for
increasing mining depth and, as a result, increasing emission fac-
tors in estimating future methane emissions from coal mining.

Supplement Tables S13e14 show data on coal production, mining
depth, emission factors, and CMM emissions from 2010 to 2100.
Supplement Fig. S5 shows CMM and AMM emissions using coal
production data for the SSP2-Baseline scenario from the six inte-
grated assessment models.

3.2. CMM and AMM in mitigation scenarios

In addition to the reference scenario, this study also estimates
CMM and AMM emissions in the mitigation scenarios. The authors
use coal production data from two climate change mitigation sce-
narios with forcing levels of 2.6 W/m2 (strong mitigation, SSP2-2.6)
and 6.0 W/m2 (weak mitigation, SSP2-6.0) (Fig. 5). GHG emissions
in the SSP2-2.6 scenario limit global warming to an increase of
around a 1.5 �C (with about a 50% probability) compared to the pre-
industrial levels, while emissions in SSP2-6.0 are far above this level
(leading to a temperature increase of about 3 �C). These previously
published mitigation scenarios assume a range of policies and ac-
tions to reduce emissions, but they do not specifically target CMM
and AMM emissions.

CMM emissions follow the trajectory of coal production. AMM
emissions instead grow or remain flat even if coal production de-
creases sharply (Fig. 6). TheMC2M results show that AMMemissions
will continue to increase for decades with declining coal production.

Fig. 2. Assumed AMM emission reductions over time from dry and flooded mines.

Fig. 3. Global CMM emissions from underground and surface mines, 2010 to 2100, bcm (Based on the SSP2-Baseline scenario, average from the six models).

N. Kholod et al. / Journal of Cleaner Production 256 (2020) 1204896

9



The baseline estimate (SSP2-Baseline) for coal production by 2100
shows that underground coal production increases by a factor of 2.8
relative to 2010, while CMM emissions from underground mines

increasebya factorof4.2.AMMemissions areprojected to increaseby
a factor of 7.5 by 2100.

Fig. 4. Global methane emissions from coal mining, 2010 to 2100, bcm.

Fig. 5. Global coal production in the SSP2-Baseline and two mitigation scenarios, 2010 to 2100, EJ.

Fig. 6. Global CMM and AMM emissions in the mitigation scenarios, 2010e2100, bcm. Note the difference in scales.
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4. Uncertainty

To assess the effect of key uncertainty factors on CMM emis-
sions, the authors compared emission results in 2050. Since the
study estimates future emissions, the authors estimate the impor-
tance of uncertainty factors in the foreseeable future when one can
make reasonable assumptions about the uncertainty of key factors
used in emission calculations.

The assumptions and inputs with the greatest uncertainty in
this study are: 1) emission factor coefficient (ratio of specific
emissions to gas content) in underground mines; 2) future coal
production; and 3) the share of underground coal in future coal
production. These three uncertainty factors are briefly discussed
below (Supplement Table S16 shows the full results of the sensi-
tivity analysis). Fig. 7 shows the most sensitive parameters in the
CMM calculations in 2050. The figure shows changes in CMM
emissions from the reference scenario (central estimate) in 2050
(bcm per year)(see Fig. 8).

The most important uncertainty factor is the emission factor
coefficient. As mentioned before, this study uses a global average
coefficient of 1.7. The low and high estimates of the coefficient were
used to test the sensitivity of CMM emissions in 2050. The low
estimate is 1.0 (the gas content equals the relative emission value)
and the high is 2.3 (the highest average annual ratio found in the
data from the United States, 2011). It is important to note that the
availability of statistical data outside the United States linking gas
content with emissions is very limited. The authors also included
Ukrainian data because they are the only available and consistent
dataset available outside of the United States, but we recognize that
differences in mining techniques across countries likely affect
emissions. However, the Ukrainian data also show somemineswith
extremely low levels of emissions (Fig. S4), and the average emis-
sions rate from the Ukrainian mines is below what one would
predict using IPCC emission factors (Table S10), though Ukrainian
mines are typically very gassy. It is also likely that there are
different methods of measuring and estimating emissions from
mines across countries. Mine emissions typically involve a combi-
nation of measured data on the methane content of ventilation air,
ventilation air flow rates and methane released through boreholes.
Data may be measured at different intervals, while emissions can
vary over time. There may also be issues regarding how coal pro-
duction is measured (some countries use data for washed coal,
while others use data for raw coal; this also could impact the ratio
of emissions to a tonne of coal. Using the range of estimates

described above, CMM emissions could be 35% below to 31% above
the reference estimate. Moreover, data from the United States show
that the emission factor coefficient increases with increasing
mining depth (Fig. 8). In the future, as coal mines get deeper, the
emission factor will likely increase, which this study has not taken
into account because of limited international data. Additional
research to improve estimates of this coefficient is needed to better
constrain both current and past emission estimates.

Future coal production, the second most important uncertainty
factor, is a key variable in all estimates of future methane emissions
from coal mining. As noted above, the reference scenario in this
study uses coal production from SSP2-Baseline. To test the sensi-
tivity of this parameter, data from the lowest and highest estimates
of coal production in 2050 among all SSP2-Baseline scenarios
(MESSAGE-GLOBIOM and GCAM respectively) were used to calcu-
late CMM emissions. Using the individual model results, CMM
emissions in 2050 range from 25% below to 31% above the average
SSP2-Baseline result presented in this paper. Historical data, how-
ever, show that the increase in global coal extraction in recent years
was slower than the published SSP2-Baseline scenarios show.
Recent data show that global coal production has remained flat
over the past several years. Because this study uses publicly avail-
able runs from a range of models using consistent scenarios, these
results may not capture the decline in coal production in the past
five years. Specifically, the published results from these models
typically use 2010 as a baseline year. A few recent studies that use a
2015 baseline show lower results in 2050. For reference, IEA’s latest
projections using a more recent baseline show that with current
technologies, global coal consumption will be constrained in the
future (IEA, 2019). The U.S. Energy Information Administration’s
(EIA) most recent estimate (with a 2015 baseline) projects that
global coal production will increase by only 6% from 2015 to 2050
(EIA, 2019). Integrated assessment models try to look at longer-
term economics and focus less on short-term trends. Supplement
Table S15 and Figs. S8eS9 show the results for coal production,
CMM and AMM emissions through 2100 using coal production data
from the SSP1-Baseline and mitigation scenarios, which are more
similar to the recent coal production estimates from the IEA and EIA
through 2050.

Another important factor in uncertainty is the share of under-
ground coal in total coal production. One EU study shows that the
share of surface mining will continue increasing and may reach
parity with underground mining (Energy Edge Limited, 2007),
however, models rarely factor in this trend. For example, the

Fig. 7. Effects of key uncertainty parameters on future methane emissions in 2050 (bcm per year).
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Greenhouse gas - Air pollution Interactions and Synergies (GAINS)
and 2019 EPA study on global non-CO2 greenhouse gas emission
projections, keeping the split constant through 2050 (H€oglund-
Isaksson et al., 2016; U.S. EPA, 2019). As noted above, the share of
underground coal in hard coal production is 71% in 2010. This study
tests various assumptions for the share of underground coal in hard
coal production in 2050e65% (central estimate based on extrapo-
lation of the historical trend), 50% (low) and 80% (high). Using the
low and high estimates of the share of underground coal mining,
CMM emissions in 2050 are estimated to be from 15% below
to þ16% above the reference value.

Despite these uncertainties, the model uses the best available
data to help understand trends of methane emissions from the coal
sector. Detailed data on key parameters of the model help reduce
the uncertainty of emission estimates.

5. Discussion and conclusions

Three important conclusions emerge from this study. The first is
that future CMM and AMM in this study are significantly higher
than those in previous studies given the detailed analysis. Second,
even with aggressive climate policies, AMM resources are likely to
grow, their role in total methane emissions will increase, and AMM
will be emitted if they are not utilized. Third, the datasets put
together for this paper may provide insights for improving future
inventories. The discussion below provides an additional explana-
tion on each of these points.

5.1. Higher estimates than previous studies

This study estimates that total methane emissions from coal
mining (CMM and AMM) in the base year (2010) were higher than
previous studies show (Table 2). CMM emissions in this study are
estimated to be 24% higher than data from the Community Emis-
sions Data System (CEDS), the most recent inventory. When ac-
counting for AMM emissions, the total methane emissions from
MC2M are 50% higher than CEDS.

The MC2Mmodel uses nuanced assumptions for coal extraction
method, coal rank, and evidence-based depth-related emissions
factors, while many models oversimplify their assumptions. For
example, and CEDS are the Emission Database for Global

Atmospheric Research (EDGAR) bottom-up emissions inventories,
which use country-specific emissions factors but do not distinguish
between underground and surface mining. GAINS distinguishes
between underground and surface coal production but does not
look into coal rank. A 2019 EPA study assumes that all hard coal is
produced underground (except for countries which submit their
reports with more detailed information to UNFCCC), whereas, in
reality, some hard coal is produced above the ground (U.S. EPA,
2019).

The difference between CMM results in this study and estimates
from other models increases in the future. In part, this is a result of
the increasing emission factors and a more detailed understanding
of potential future AMM emissions. As noted above, accounting for
increasing mining depth increases CMM estimates in this study by
21% in 2050 and 53% in 2100. Supplement Figures 6-7 provide
additional details about this comparison.

To compare the estimates of future methane emissions from
coal extraction by 2100, the authors obtained data from an inter-
model comparison study (Harmsen et al., 2018), which is part of
the EMF30 project (EMF, 2017) as well as two other studies of long-
term emission. Harmsen et al., 2018 project methane emissions
from several sectors including coal mining by 2100 (Table 3). )

All the models produce coal data using the SSP2-Baseline sce-
nario and account for methane utilization. The utilization of
methane from coal mining is the only factor that lowers the
emission estimates in the study by Harmsen et al., 2018.

The problem of coal mine methane emissions has recently
gained the attention of influential international organizations. For
example, the International Energy Agency estimated global CMM
emissions in 2018 at 40 Mt methane (59.7 bcm) (IEA, 2019), though
it highlights that there is a high degree of uncertainty in estimating
the level of CMM emissions that occur today. The fact that the In-
ternational Energy Agency looked in detail at the levels of methane
emissions from coal mining highlights the importance of CMM and
AMM in global anthropogenic emissions.

5.2. AMM emissions increase in the future even with robust climate
mitigation

The results show that regardless of future coal production sce-
nario used by themodel, AMMemissions will increase in the future.

Fig. 8. Emission factor coefficients and mining depth (data from U.S. longwall mines).
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AMM emissions accounted for 17% of the total methane from coal
mining in 2010. For comparison, data reported to the United Na-
tions Framework Convention on Climate Change (UNFCCC) from
key coal producing countries show that the share of AMM in total
methane emissions from coal mining in the latest available year
(2015) was 1% in Germany, 2% in each Australia and Poland, 11% in
the United States and 34% in the United Kingdom (UNFCCC, 2017).
AMM emissions can be difficult to inventory because of ownership
issues, measurement problems, the extent of mine flooding, and
other factors. Because AMM emissions grow faster than CMM, the
share of AMM in total methane emissions may increase to 23% by
2050 and 27% in 2100 in the reference scenario.

The share of AMM emissions increases even faster in climate
mitigation scenarios. AMM emissions continue throughout the
century even under the strong policy scenarios, which limit CMM
emissions as a result of declining coal production. Because of the
increase in AMM emissions and the decrease in CMM emissions in
the mitigation scenarios, the relative role of AMM in these sce-
narios is even more significant than in the baseline.

This study estimates that the share of AMM emissions increases
in all scenarios in the future relative to 2010. By the end of the
century, AMM’s share in total methane emissions from coal mining
is projected to reach 34% in the SSP2-6.0 scenario and 44% in the
SSP2-2.6 scenario. It should also be noted that AMM calculations in
MC2M do not account for residual AMM emissions from coal mines
abandoned before 1971. The model results show that these residual
emissions from older dry mines are relatively small and may ac-
count for an additional 10% of AMM in 2010.

This conclusion highlights the need to address the problem of
AMM emissions. Coal producing countries should promote utili-
zation of CMM and AMM to minimize their release into the
atmosphere.

5.3. Opportunities for improving future CMM and AMM inventories

This study reveals significant data gaps in estimates of methane
emissions from coal mining. Countries do not provide data on coal
production by coal rank, method, and depth in a single database.
Country-specific emissions factors developed by rigorous mea-
surement often are not available even for the largest coal producing
countries. Countries do not regularly report the mining depth of
coal mines. If countries collect additional data on emissions, gas
content and mining depth at specific mines, it will be possible to
further enhance our understanding of both current and future
emissions. This would reduce the uncertainty of emission factors
(specifically, emissions compared to gas content).

For AMM calculation, it is important to knowwhether themines
are dry or flooded, what the abandonment rate is, and what the
level of initial emissions in the year of abandonment was, though
the latter may be difficult to determine. Improved data on aban-
doned mines, as well as the flooded status, would improve the
accuracy of AMM estimates.

The methodology and integrated datasets developed in this
study could be used to improve inventories of methane emissions
from coal mining. The detailed data on gas content at different
depths, combined with ratios to convert gas content to emissions,
can help countries cross-check their Tier 2 and Tier 3 inventory
estimates. They could also provide an alternate, more detailed
option for countries that have data on the depth of their mines but
do not have mine-specific emissions.

While working on this study, the authors analyzed AMM data
which countries report to the UNFCCC. The results imply that many
countries may be underreporting their AMM emissions (see Sup-
plement, section 3.4). The AMMmethodology presented here could
help countries more completely estimate their AMM emissions,
particularly when they lack measured data from individual mines.
This is important as AMM emissions will grow in the future.

Using emission factors which depend on mining depth and coal
rank and analyzing how it changes over time, could help countries
with limited measured emissions understand whether they have
consistent CMM estimates over time.

5.4. Conclusions

Methane is a valuable energy resource, and more accurate
projections of future CMM and AMM emissions can give a better
understanding of the economic potential of this energy resource.
More accurate projections can provide a better understanding of
the mitigation potential and cost of climate mitigation strategies.
CMM and AMM utilization projects tend to be large and even with
limited numbers of projects it is possible to capture and use a
significant share of methane emissions from coal mining. The
number of abandoned coal mines increases every year and offer

Table 2
Estimates of methane emissions from coal mining in 2010 (bcm).

Study or model CMM emissions, bcm (original reported value) Notes Reference

EPA 58.3 underground and 1.2 surface (820 MtCO2e underground and 17.1 MtCO2e
surface)

Integrated emission model U.S. EPA (2019)

Schwietzke
et al.

63.1 (42.9 (36.9e53.8 Tg) Bottom-up calculations Schwietzke et al.
(2014)

Saunois et al. 60.3 (range 38e74)
(41 (range 26e50) Tg)

Synthesis of bottom-up models and
inventories
Average data for 2003e2012

Saunois et al. (2016b)

EDGAR v4.3.2 57.9 (39.4 Tg) Greenhouse gas dataset EDGAR (2017)
CEDS v 5.1.17 83.0 (56.4 Tg) Emission inventory Hoesly et al. (2018)
MC2M 103 CMM only Current study
MC2M 125 CMM þ AMM Current study

Table 3
Projections of future methane emissions from coal mining, bcm.

Methane emissions, bcm/year 2010 2050 2100

AIM/CGE 69 90 111
DNE21þ V.14 85 136 164
ENV-Linkages 55 68 e

IMAGE 78 128 264
MESSAGE-GLOBIOM 74 114 179
POLES 78 96 75
REMIND 70 28 23
GCAM 4.3 78 174 257
GAINS 57 e e

MC2M (CMM þ AMM) 125 318 594
MC2M-constant EF (CMM þ AMM) 125 268 412

GAINS (H€oglund-Isaksson, 2012); all other results are from (Harmsen et al., 2018).
Source: MC2M e current study; GCAM e authors calculation;
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opportunities for non-coal mine project developers to capture and
utilize the gas. Utilization of CMM and AMM is also important
because of their many co-benefits, including mine safety and
improved air quality. AMM emissions will remain significant by the
end of the century regardless of future coal production.
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1. Activity data

1.1. Future coal production

The coal mining industry accounts for 8% of global methane emissions from human activities 
(U.S. EPA, 2012). Long-term projections of energy use show that coal will play an important 
role in the global energy mix by the end of the century (Bauer et al., 2016, 2017). 

This study uses data from the Shared Socioeconomic Pathways (SSPs), which describe plausible, 
alternative trends in economic development over the 21st century (Kriegler et al., 2012; O’Neill 
et al., 2014; van Vuuren et al., 2014). Each SSP provides a description of future development 
under the current policy framework. Figure 1 shows coal production under different SSP 
scenarios.  

Fig. S1. Global coal production in SSP scenarios, EJ. 

For the baseline analysis of CMM and AMM emissions, this study uses coal production data 
from the SSP2-Baseline scenarios produced by six integrated assessment models - AIM/CGE, 
GCAM4, IMAGE, MESSAGE-GLOBIOM, REMIND-MAGPIE, and WITCH-GLOBIOM
(IIASA, 2017).  

The paper further uses different mitigation scenarios with radiative forcing levels of 2.6, 3.4, 4.5, 
and 6.0 Watts per square meter (W/m2) in 2100, compared to preindustrial levels. Table S1 
shows the average of these projections, while Table S2 shows the original data for SSP2-
Baseline from the models. 
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Table S1. Projections of global coal production, (Exajoule) EJ (average from six models). 

SSP2-
Baseline 

SSP2-6.0 SSP2-4.5 SSP2-3.4 SSP2-2.6 

2010 139.6 139.5 139.5 139.5 139.5 
2020 173.1 161.2 160.0 157.5 154.8 
2030 211.4 186.2 168.1 141.3 111.3 
2040 240.7 201.8 153.8 109.6 59.3 
2050 270.8 210.2 134.9 93.6 51.9 
2060 303.1 220.0 121.9 88.0 53.9 
2070 334.3 225.5 115.2 85.9 59.1 
2080 361.9 218.5 113.2 85.0 57.8 
2090 381.1 209.0 115.6 82.8 53.9 
2100 387.2 197.1 128.0 81.7 49.8 

Table S2. Projections of global coal production from six models, SSP2-Baseline, EJ. 

AIM/CGE GCAM4 IMAGE MESSAGE-
GLOBIOM 

REMIND-
MAGPIE 

WITCH-
GLOBIOM 

2010 135 143 146 140 140 133 
2020 172 201 172 144 183 167 
2030 209 266 212 165 212 204 
2040 244 310 240 181 241 228 
2050 268 346 264 207 296 244 
2060 270 392 289 251 365 251 
2070 278 423 322 292 435 257 
2080 296 425 366 338 488 258 
2090 333 427 432 361 482 253 
2100 369 431 510 359 419 235 
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1.2. Historical data on coal production 

Using data from the International Energy Agency (IEA), total coal production was split by hard 
coal and brown coal (Table S3-S4). Historically, the share of brown coal (sub-bituminous and 
lignite) in total coal production was 18% in 1990 and 15% in 2010 (based on heating value) 
(IEA, 2015a), and we assume that this trend will continue into the future. Lignite and sub-
bituminous coal are produced almost entirely in surface mines (though it could also be 
underground, as in Turkey, for example (Mining Turkey, 2016)); bituminous coal could be 
produced both in surface and underground mines, while anthracite coal is only produced in 
underground mines. We assume that the share of brown coal proportionally decreases from 15% 
now (2010, the base year for this study) to 5% in 2100. 

We estimate that the share of global underground coal in total hard coal production was 71% in 
2010, down from 75% in 1990. The reason for the decline of the share of underground mining is 
that surface mining has become more economical in many countries. 

We use data on coal production from the ten largest coal producing countries in 1990. These 
countries produced 81% of global hard coal in 1990. By combining these data with data on 
mining methods, we estimate the weight of each country in the global underground coal 
production. The average mining depth is estimated to be 387 meters (m) in 1990.  

To calculate the average mining depth in 2010, we selected the 12 largest coal-producing 
countries, which produced 96% of global hard coal in 2010 (Tables S5-S6). We estimate the 
global average depth of underground mines at 446 m in 2010. Table S7 summarizes the data 
sources for these calculations.  

Using the rate of change in mining depth and coal production projection from the SSP2-Baseline 
scenario, we estimate that the average global mining depth of underground mines increases to 
1120 m in 2100. For surface mines, we assume that the average global depth is 50 m in 2010 and 
proportionally increases to 200 m in 2100. For surface brown coal, the mining depth is assumed 
to be constant at 50 m. 
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Table S3. Major coal producing countries in 1990. 

Total coal 
production, 

kilotonnes (kt) * Hard coal, kt * 
Share of each country in 

global hard coal 
World 4,590,239 3,182,957 100% 
China 995,127 995,127 31.3% 
United States 542,320 415,027 13.0% 
Former USSR 668,168 511,741 16.1% 
Germany 121,689 49,902 1.6% 
Poland 98,969 85,477 2.7% 
Australia 106,102 88,718 2.8% 
India 219,447 205,373 6.5% 
South Africa 174,800 174,800 5.5% 
Czech Republic 36,313 13,132 0.4% 
United Kingdom 53,614 53,614 1.7% 
Total (10 
countries) 3,016,549 2,592,911 81.5% 

Source: * (IEA, 2015a) and (IEA, 2015b). 

Table S4. Underground coal production and mining depth in 1990. 

Coal  
production, kt*  

Percentage 
of 

underground 
coal ** 

Underground 
coal, kt 

Share in global 
underground coal 

production 

Average 
mining 

depth, m*** 

China 995,127 96% 955,322 49.5% 330 
Former USSR 668,168 56% 374,174 19.4% 600 
United States 542,320 41% 223,815 11.6% 300 
South Africa 174,800 64% 111,872 5.8% 200 
India 219,447 46% 100,946 5.2% 200 
Poland 98,969 69% 68,384 3.5% 670 
United Kingdom 53,614 80% 42,934 2.3% 500 
Australia 106,102 24% 24,980 1.3% 300 
Germany 121,689 16% 20,010 1.0% 800 
Czechoslovakia 36,313 22% 7,989 0.4% 740 
Total (10 
countries) 3,016,549 64% 1,930,425 100% 

Source: * (IEA, 2015a) and (IEA, 2015b).  
** Data for China, former USSR, South Africa, and India are from (Irving and Tailakov, 2000); 
all other countries (UNFCCC, 2017).  
*** Thakur et al., 1994. 
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Table S5. Coal production in 2010. 

Total coal 
production, 

kt* 

Percentage of 
underground 

hard coal 

Underground 
coal, kt 

Share in global 
underground 

coal production 

Average mining 
depth, m** 

China 3,700,071 95% 3,330,064 79.4% 456 
United States 904,221 31% 280,309 6.7% 373 
South Africa 256,282 51% 130,704 3.1% 80 
Australia 491,162 21% 103,144 2.5% 500 
Russia 325,987 28% 91,276 2.2% 423 
Poland 136,390 55% 75,015 1.8% 700 
India 602,857 11% 66,314 1.6% 300 
Ukraine 64,203 100% 64,203 1.5% 730 
Vietnam 41,035 45% 18,466 0.4% 150 
Kazakhstan 119,574 11% 13,153 0.3% 500 
Germany 186,515 7% 13,056 0.3% 1150 
United Kingdom 11,535 41% 4,729 0.1% 850 
Source: * (IEA, 2015a) and (IEA, 2015b), ** See Tables S6 and S7 for sources for each country. 

Table S6. Share of underground mining in coal production by country and the depth of 
underground mines in 2010. 

Share of 
underground 

coal 
Source 

Average 
mining depth, 

m 
Source 

China 95% (He and Song, 2012) 456 Average of (Aden et al., 
2009); (Kang et al., 2010); 
(Huang, 2017); (He and 
Song, 2012) 

United States 31% (UNFCCC, 2017) 373 (Coal Age, 2018) 
South Africa 51% (Republic of South 

Africa, 2016) 
80 (Merwe J.N. van der and M. 

Mathey, 2013) 
Australia 21% (GMI, 2010) 500 (Commonwealth of 

Australia, 2014) 
Russia 28% (GMI, 2010) 423 (Government of the Russian 

Federation, 2014) 
Poland 55% (UNFCCC, 2017) 700 (Prusek, 2010) and 

(Dubiński, 2013) 
India 10% (GMI, 2010) 300 (IEA, 2012a) 
Ukraine 100% (GMI, 2010) 730 (Plachkova, 2010) 
Vietnam 45% (GMI, 2010) 150 (Nguyen et al., 2009) 
Kazakhstan 11% (UNFCCC, 2017) 500 (GMI, 2010) 
Germany 7% (GMI, 2010) 1150 (Prusek, 2010) 
Indonesia 1% (IEA, 2015c) na 
United 
Kingdom 

41% (IEA, 2012b) 850 (Prusek, 2010) 
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Table S7. Estimates of the average depth of underground coal mines in key coal-producing 
countries, all years. 

Country Depth 
Australia 300 m in 1990 (Thakur et al., 1994); 500 m in 2014 (Commonwealth of Australia, 2014) 
China 288 m in 1980 (Yuan, 2011); 330 m in 1990 (Thakur et al., 1994); 428 m in 1995, 456 

m in 2004 (Yuan, 2011); 410 m in 2005 (Tien, 2006); 456 m in 2005 (Pan, 2005); 456 
m in 2007 (Aden et al., 2009); 430 m in 2010 (Kang et al., 2010); 600 m in 2010 
(Heping et al., 2013); 456 m in 2010 (He and Song, 2012)490 m in 2016 (Huang, 
2017); 1008 m in 2011 (average of 3256 state-own mines) (Liu et al., 2015); 600-800 
m (without year) (Li et al., 2015) 

Czechoslovakia 740 m in 1990 (Thakur et al., 1994) 
Former USSR 321 m in 1965; 356 m in 1970, 409 m in 1975, 459 m in 1980, 491 m in 1985, 499 m 

in 1986, 508 m in 1987 (Goskomstat, 1988); 600 m in 1990 (Thakur et al., 1994)  
Germany 800 m in 1990 (Thakur et al., 1994); 920 m in 2006 (Kable, 2006); 1000 m in 2009 

(Schlotte, 2009); 1150 m in 2010 (Prusek, 2010), ≈ 1000 m in 2013 (Fischer et al., 
2013) 

India  200 m in 1990 (Thakur et al., 1994) 
Kazakhstan  500 m in 2010 (GMI, 2010) 
Poland 510 m in 1989, 560 m in 1995, 600 m in 2000; 650 m in 2004 (Cabala et al., 2004), 

645 m in 2005, 700 m in 2010, 705 m in 2011 (Dubiński, 2013); 670 m in 1990 (Upper 
Silesia), 840 m in 1990 (Lower Silesia) (IEA, 1994); 670 m in 1990 (Thakur et al., 
1994) 

Russia 423 in 2010, 441 m in 2012 (Government of the Russian Federation, 2014) 
425 m in 2014, (Government of the Russian Federation, 2015) 
424 m in 2011, 433 m in 2012, 447 m in 2013, 446 m in 2014, 448 m in 2015 
(Minenergo, 2015) 

South Africa 200 m in 1990 (Thakur et al., 1994); 80 m in 2010 (Merwe J.N. van der and M. 
Mathey, 2013) 

Ukraine 585 in 2002 (U.S. EPA, 2002); 635 m in 2000, 730 m in 2010 (Plachkova, 2010) 
United Kingdom 525 m in 1989 (Mitchell, 1993); 500 m in 1990 (Thakur et al., 1994); 850 m in 2010 

(Prusek, 2010) 
United States 300 m in 1990 (Thakur et al., 1994); 400 m in 2010 (Prusek, 2010); 373 m in 2010, 

368 m in 2011, 359 m in 2012, 347 m in 2013, 349 m in 2014, 332 m in 2015, 336 m 
in 2016, 346 m in 2017 (long well) (Coal Age, 2018) 

Vietnam 150 m in 2009 (Nguyen et al., 2009) 
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Fig. S2. Share of underground coal in total coal production in key coal-producing countries. 

Source: Data for all countries except China and India are from (UNFCCC, 2017); China: 1990 (Irving and 
Tailakov, 2000), 2010 (GMI, 2010); India (Government of India, 2014). 

The share of underground coal in hard coal production is estimated to be 71% in 2010. We 
assume that the global share of underground mining reaches 60% in 2100 instead of 50% as 
other studies show for the following reasons. It is very unlikely that China, as the largest world’s 
coal producer, will develop open-pit mines because all coal reserves lie deep in the ground 
(Yang, 2009). In the United States, the share of underground coal production has been stable 
during the last 15 years (EIA, 2017a). India produces only 10% of its coal underground and may 
need to increase this share given the fast-growing coal demand in the country (IEA, 2012a) and 
because some open-pit mines reach their pit limit (Porathur et al., 2017). Indonesia produces 
almost all its coal from open-pit mines. Russia estimates that the share of underground coal will 
remain at the current level through 2030 (Government of the Russian Federation, 2015). The 
only big coal-producing country with the potential to increase coal production in open-pit mines 
in Australia. In other words, key coal-producing countries have already increased the production 
in surface mines, and the further increase will follow the historical trends or will slow down; we 
do not expect a sharp increase in surface coal production.  
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2. Emission factors

2.1. Gas content of coal used in this study

We used data extracted from a database compiled by Raven Ridge Resources, Incorporated, 
comprising Langmuir volume and Langmuir pressure constants for 133 bituminous coal samples, 
six anthracite coal samples and 105 sub-bituminous coals samples (Table S8). Although sample 
data for each of the sub ranks of bituminous coal is present, most of the bituminous coal samples 
were taken from high volatile bituminous coal seams. Probability distributions for each coal 
ranks were fit to the data using the probability distribution fitting feature provided in the Crystal 
Ball add-in for MS Excel. The distribution fitting feature allows the data set to be fit to several 
continuous distributions and uses the Anderson-Darling statistic to measure how well the data set 
fits each probability distribution function.  

The Anderson-Darling test indicated that a lognormal distribution best fits the Langmuir 
coefficients for all bituminous coal samples in the database and each of its sub-ranks, e.g., high 
volatile and low volatile bituminous coal samples, as well as sub-bituminous coal and its sub-
rank samples. Based on the results of these tests, we assumed that the anthracite data would also 
fit a lognormal distribution.  

Table S8. Description of coal data used to calculate the parameters of the Langmuir isotherm 
model. 

Coal rank 
Max Min Mean Number 

of 
samples 

Country 
VL PL VL PL VL PL 

Anthracite 37.7 3.3 26.6 0.6 33.6 1.9 6 China, Vietnam 

Bituminous 56.2 17.6 2.8 0.4 23.2 3.3 133 
Australia, Indonesia, 
Mongolia, Turkey, 

United States 

Subbituminous 53.5 57.7 0.7 0.5 9.8 5.7 105 
Bulgaria, Colombia, 
Indonesia, Mongolia, 

United States 

Table S9 shows the median, P50, Langmuir parameters derived from the Monte Carlo simulation 
and used for the isotherms that were developed for each rank and used to estimate the gas 
content of a coal seam of a given rank and depth that will be mined in the future.  

Table S9. Parameters for calculating the gas content of the coal. 
Coal rank VL PL 
Anthracite 33.6 1.9 
Bituminous 23.2 3.3 
Subbituminous 9.8 5.7 

Source: Authors' calculations. 
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2.2. Ratio of relative emissions to gas content  

Scholars and many environmental organizations also recognize that emission factors are larger 
than gas content in underground mines.  For example, U.S. EPA recognizes this fact; however, 
the agency does not use coal methane emission factors in the U.S. GHG inventory because it 
relies on measurements to estimate emissions from ventilation and degasification systems. For 
surface mining, U.S. EPA recommends multiplying the gas content by 1.5 to get the emission 
factor (U.S. EPA, 2016).  

We used several databases to estimate the average ratio of emission factors to gas content. For 
the United States, we used data from US EPA and longwall surveys.  The average ratio of 
emissions to the gas content in the U.S. is estimated to be 1.9 (Figure S3).  

Fig. S3. The ratios of relative emissions to gas content in U.S. longwall mines.  
Source: Based on data from individual coal mines. US: (EIA, 2017a), U.S. Coal Mine Methane 
Emissions Inventory (unpublished), (Coal Age, 2018); 
We also obtained data from Ukraine from state-owned and private own mines. The ratio for the 
mins owned by DTEK company, which produces 80% of the coal in Ukraine, is 1.52. The state-
owned mines, which produce the rest of the coal, show a ratio of 1.38. (Figure S4). The weighted 
average ratio is 1.5.  
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Fig. S4. The ratios of relative emissions to gas content in Ukraine: 
a) private mines. Source: DTEK, 2018;
b) state-own mines. Source: Yaschenko, 2017.
Red lines show the level where specific emissions equal gas content (the ratio is 1).

Numerous studies have recognized the importance of mining depth in estimating CMM 
emissions in key coal-producing counties or coal basins (Caifang and Teng, 2013; Diamond and 
Schatzel, 1998; He and Song, 2012; Ji et al., 2017; Ju et al., 2016; Kirchgessner et al., 1993; Li et 
al., 2015; Markowski, 1998; Moore, 2012; Pashin, 2010; Scott, 2002; Thakur et al., 1994; Yuan, 
2011, 2016; Zhu et al., 2017). With the increase of mining depth, the gas content of coal 
increases. As Figure 7 in the main text show, the emission factor coefficient increases with 
increased mining depth. However, in this paper, we keep this coefficient constant throughout 
2100.  

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Ukraine, DTEK
Ra

tio
 o

f s
pe

ci
fic

 e
m

iss
io

ns
 to

 g
as

 c
on

te
nt

0

1

2

3

4

5

6

7

8

9

1 11 21 31 41 51 61

Ukraine, state-own mines 

Ra
tio

 o
f s

pe
ci

fic
 e

m
iss

io
ns

 to
 g

as
 c

on
te

nt

Mines

26



2.3. Comparison of the proposed emission factors and the default emission factors in the 
IPCC methodology 

We compared recommended emissions factors in the IPCC methodology with emission factors, 
which are calculated by multiplying gas content from the isotherm formula by the ratio of 
emissions to gas content from three above-mentioned sources. 

In its Tier 1 methodology, IPCC recommends using three emission factors for underground 
mining depending on mining depths: 10 m3/t for the average mining depths less than 200 m, 18 
m3/t for depths 200 m through 400 m, and 25 m3/t for mines deeper than 400 m. The uncertainty 
in emissions factors is by a factor of two (IPCC, 2006).  

Table S10 below compares the IPCC emission factors with calculated average emissions factors 
used in this study.  

Table S10. Calculated emissions factors from various sources. 

< 200 meters 200-400 m > 400 m
IPCC emission factor, m3/t 10 18 25 
Values used in this study 
Gas content, isotherm formula, 
m3/t 

8.8 (at 200 m) 11.1 (at 300 m) 12.7 (at 400 m) 

Emission factor coefficients (ratio 
of relative emissions to gas 
content) 

1.7 1.7 1.7 

Calculated emission factors (gas 
content times the ratio), m3/t: 

14.9 18.9 21.6 

Overall, the default (average) emissions factors used in this study are in the range recommended 
by IPCC. However, data on U.S. longwall and gassy mines are far above the values 
recommended by IPCC. The data clearly show that the ratio of relative emission to gas content 
increases with depth. Data from Ukrainian state-owned mines show very low emission factors, 
which are below the IPCC level. Reviews of Ukrainian measurement methods have shown 
significant underreporting in methane in multiple contexts, including as part of safety 
requirements. 
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2.4. Coal abandonment rate  

Table S11. Coal abandonment rates in the United States and Russia, % per year.  

 
United 
States Russia 

1984 6.4%  
1985 6.0%  
1986 6.0%  
1987 6.9%  
1988 5.9%  
1989 5.1%  
1990 5.9%  
1991 6.3% 4.3% 
1992 5.7% 9.8% 
1993 7.9% 5.1% 
1994 4.8% 2.0% 
1995 7.8% 5.2% 
1996 6.8% 2.9% 
1997 5.3% 3.3% 
1998 4.8% 7.0% 
1999 5.4% 0.8% 
2000 8.8% 14.4% 
2001 5.5% 5.3% 

2002 4.7% 5.3% 
2003 6.8% 5.6% 
2004 4.9% 5.3% 
2005 1.6% 2.9% 
2006 3.6% 3.2% 
2007 5.8% 2.4% 
2008 3.0% 2.3% 
2009 2.3% 5.2% 
2010 2.4% 1.9% 
2011 1.6% 1.7% 
2012 1.6% 1.8% 
2013 4.2% 2.2% 
2014 2.4%  
2015 4.1% 3.1* 
2016 6.3%  
2017   
2018   

   
2020  4.4%* 
2030  3.8%* 

* - estimate  
Sources: United States: (EIA, 2017b); Russia: (Bushuev et al., 2013; Government of the Russian 
Federation, 2014, 2015; Mastepanov A. M., 2009). 
 
In the United States, the abandonment rate is calculated as the ratio of abandoned coal production 
to total underground coal production. We analyzed coal extraction data by mine, and if a mine 
stops reporting coal production, we assume that the mine is abandoned. The amount of abandoned 
coal is equal to coal production in the previous year.   

In Russia, the rate is calculated as the ratio of abandoned coal production capacity to total 
underground coal production capacity. The average coal abandonment rate was 4.7% from 1992 
to 2013. 

Since the U.S. data are the most detailed, this study uses the coal abandonment rate in the United 
States (5.0%) as the global average.  
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3. Results

3.1. CMM and AMM emissions in SSP2 scenarios

Table S12. CMM emissions from hard underground coal in the reference scenario, 2010-2100. 

Year Hard 
underground 
coal, billion 
tons 

Mining 
depth, m 

Gas content at 
given depth, 
m3/tonne 

Underground 
CMM, bcm 

Surface 
CMM, 
bcm 

CMM 
from 
brown 
coal, bcm 

Total 
CMM, 
bcm 

2010 4.3 446 13.2 95 8 1.1 104 
2020 5.3 489 13.7 122 12 1.2 135 
2030 6.4 541 14.2 155 18 1.3 174 
2040 7.3 602 14.8 182 24 1.3 208 
2050 8.1 670 15.4 211 33 1.3 245 
2060 9.0 746 15.9 244 43 1.3 288 
2070 9.9 830 16.4 276 55 1.3 332 
2080 10.7 921 16.9 306 69 1.2 376 
2090 11.1 1,017 17.4 328 83 1.1 412 
2100 11.2 1,116 17.8 337 96 1.0 435 

Note: based on the average SSP2-Baseline coal production value from the six IAMs; the ratio of 
the emission factor to gas content is 1.7. 

Table S13. AMM emissions from dry and flooded mines in the reference scenario, 2010-2100 

Dry mines, 
bcm 

Flooded 
mines, bcm 

Total AMM, 
bcm 

2010 18 4 22 
2020 27 6 33 
2030 39 8 46 
2040 51 9 60 
2050 65 11 75 
2060 80 12 92 
2070 96 14 110 
2080 113 15 128 
2090 130 17 147 
2100 147 17 164 

Note: based on the average SSP2-Baseline coal production value from the six IAMs. 
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3.2. Comparison of CMM and AMM estimates using coal data from the six integrated 
assessment models for the SSP2-Baseline scenario 

Fig. S5. CMM and AMM emissions in the SSP2-Baseline scenario using coal data from the six 
integrated assessment models. 
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3.3. Comparison of the modeling results with emission inventories and models 

 We compared the results from our model with emission inventories and emission models. Figure 
S6 below shows two sets of results from the model – with increasing emission factors due to 
increased depth and constant emission factors. The main differences between our study and other 
estimates are presented in Section 5.1 of the main text.  

Fig. S6. CMM emissions in the current study (MC2M-ref and MC2M-const), inventories, and 
emission models, 2010-2050.  
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To isolate the effect of the coal production scenario, we compared the result of EPA 2019 study 
with the output from our model using the same coal production scenario from the U.S. Energy 
Information Administration.  
 

 

Fig. S7. CMM emissions in the current study (MC2M-ref and MC2M-const) and EPA (2019). 

EPA does not account for AMM and increasing mining depth. EPA study uses IPCC emission 
factors  without factoring in the emission factor coefficients. Figure S7 clearly shows the effect 
of AMM and increasing emission factors on total methane emissions. First, the initial emissions 
in 2010 in our study are higher than EPA estimates. This is the result of the higher emission 
factor and the use of the emission factor coefficient. Second, the difference between EPA and 
MC2M estimates increase over time because MC2M-const includes AMM in the total methane 
emissions. Finally, the growing difference in emission estimates between MC2M-ref and 
MC2M-const shows the effect of increasing mining depth in the reference scenario. 
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3.4. Coal production, CMM and AMM emissions in the SSP1 scenarios 

This paper also tests the SSP1 scenario to estimate CMM and AMM emissions by 2100. Ritchie 
and Dowlatabadi (2017) discuss coal production in other SPP scenarios.  

Table S15 shows coal production in the SSP1 scenarios (average from six integrated assessment 
models). Figures S6 and S7 show estimates of CMM and AMM emissions, respectively.  

Table S14. Projections of global coal production in SSP1 scenarios, EJ.  

SSP1-
Baseline 

SSP1-4.5 SSP1-3.4 SSP1-2.6 

2010 137 137 137 137 
2020 155 145 145 146 
2030 173 155 135 99 
2040 183 148 114 70 
2050 180 139 95 51 
2060 183 129 78 38 
2070 180 112 58 32 
2080 170 89 41 32 
2090 164 67 37 29 
2100 157 54 39 24 

Fig. S8. CMM emissions in the SSP1 scenarios, 2010-2100 
(average SSP1 coal production from the six IAM). 
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Fig. S9. AMM emissions in the SSP1 scenarios, 2010-2100  
(average SSP1 coal production from the six IAM).  
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3.5. Reported AMM emissions to UNFCCC 

A few countries report their AMM emissions to UNFCCC (first three columns of Table S13). 
Countries also report the implied emission factors, which are calculated as a ratio of AMM 
emissions to current underground coal production. However, these implied emission factors 
could be misleading. For example, AMM implied emission factor is 6.8 kg methane/ton of coal 
in the United Kingdom, while it is 0.2-0.1 kg/t in Poland and Germany and even less in Ukraine. 
The reason for this is that underground coal production in the United Kingdom currently is very 
low, and thus the implied emission factor is high.  

We propose an alternative method to check reported AMM emissions from countries. Largely, 
AMM emissions are a function of past coal production. We calculate the cumulative 
underground coal production in 1961-2010 in key coal-producing countries. We also retrieved 
country data on AMM emissions from UNFCCC (UNFCCC, 2017). Then we divided the 
reported AMM emissions by cumulative underground coal. 

Table S15. AMM emissions in 2010 as reported to UNFCCC (blue columns) and calculated 
AMM emission coefficients.  

AMM 
recovery/ 
flaring, kt 

Liberated 
AMM 

emissions, 
kt 

Total 
AMM 

emissions, 
kt 

Implied 
emission 
factor, 

kg/t 

Cumula-
tive coal 

production 
1961-2010, 
billion tons 

Share of 
underground 

coal, % 

Cumulative 
underground 

coal 
production 
1961-2010, 
billion tons 

AMM 
emission 

coefficient, 
kg CH4/Mt 

coal 
United 
States 126.4 263.1 389.5 1.3 27,060 31 8,389 46 
China 127.0 47,128 95 44,772 3 
United 
Kingdom 33.0 17.5 50.5 6.8 5,010 41 2,054 25 
Australia 46.7 46.7 0.4 7,821 21 1,642 28 
Poland 7.4 7.4 0.1 7,084 55 3,896 2 
Canada 5.9 5.9 3.8 1,207 3 36 162 
Czech 
Republic 4.4 4.4 3.8 840 22 185 24 
Germany 2.7 0.3 3.1 0.2 4,138 7 290 11 
Ukraine 2.0 2.0 0.03 5,336 100 5,336 0.4 

* China and Ukraine – 1971-2010.

Sources: Methane recovery/flaring and emissions: all countries except China (UNFCCC, 2017), 
China (Government of China, 2012). Coal production data are from (IEA, 2015a, b).  

The result is an emission coefficient measured in kilograms of AMM per million tons of 
underground coal produced in the past. Though this measure is not an exact AMM emission 
factor because many other factors also play a role in determining AMM emissions, it is useful to 
check the range of these coefficients from key coal-producing countries. This measure is more 
relevant for crosschecking AMM emissions than the implied emissions factors, which countries 
report to UNFCCC.  
The results show that the AMM emission coefficient is 48 kg/Mt in the United States, 25 in the 
United Kingdom, but only 2 in Poland, 3 in China, and 0.4 kg/Mt in Ukraine. The results imply 
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that many countries may be underreporting their AMM emissions. AMM emissions escape from 
abandoned mines through vents, old mine entries, fractured and permeable strata; as a result, 
direct measurement of the total AMM is not technically feasible. With limited measurements, 
countries may underreport their AMM. 
Given the inconsistencies in reported AMM data, we cannot directly compare the results of 
AMM calculations with AMM emissions reported to UNFCCC. The scale of global AMM 
emissions remains very uncertain.  
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4. Uncertainty

The table below shows the uncertainty estimates in CMM emissions in 2050. We show the 
central estimate of key uncertainty parameters and resulting CMM emissions used in this study. 
Then we present the range of emissions (highlighted in bold) under the low and high estimates of 
the uncertainty parameters. For example, the central estimate of coal production is 271 EJ and 
the resulting emissions are 243 bcm. The lowest possible coal production value is 207 EJ which 
gives 184 bcm of emissions. Contrary, the highest coal production estimate is 346 EJ with the 
emissions of 320 bcm. The ratios of the central emission estimates to the low and high values 
show the uncertainty range in emissions in 2050 as the result of changes in the uncertainty 
parameters.  

Table S16. Sensitivity analysis on baseline CMM emissions in 2050. 

Central Low High Uncertainty range 
SSP2-

Baseline 
SSP2-Baseline 
MESSAGE-
GLOBIOM 

SSP2-Baseline 
GCAM 

Low High Difference 
Low/High 

Coal production in 
2050, EJ  271 207 346 

CMM in 2050, bcm 243 184 320 -25% 31% 56% 
The table below shows how changing individual parameters impact the results in terms of CMM 
emissions in 2050 (average value for coal production from the six models)  

Central Low High 
Emission factor 
coefficient 
(underground mines) 

1.7 1.0 2.3 

CMM in 2050, bcm 243 159 321 -35% 31% 66% 
Share of underground 
in hard coal   

65% in 2050 50% in 2050  80% in 2050 

CMM in 2050, bcm 243 208 283 -15% 16% 31% 

Emission factor 
coefficient (surface 
hard coal) 1.5 1.0 2.5 
CMM in 2050 243 234 267 -4% 9% 13% 

Share of brown coal 9% in 2050 
(proportional 

decline to 
5% in 2100) 

Current 15% 
through 2050 

5% in 2050 
(proportional 

decline to 
1.3% in 2100) 

CMM in 2050, bcm 243 229 257 -7% 5% 11% 
Surface depth 50 m in 

2010; 200 m 
in 2100 

100 m in 2100 50 in 2010; 
300 m in 2100 

CMM in 2050, bcm 243 239 250 -2% 2% 4% 
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Mining depth in 2010 
(the rate of change in 
mining depth is 
constant) 

446 m 446-50 m 446 + 50 m 

CMM in 2050, bcm 243 248 259 -1% 6% 4% 
Rate of change in 
mining depth  

0.045 m/EJ 0.036 (-20%) 0.054 (+20%) 

CMM in 2050, bcm 243 240 250 -2% 2% 4% 
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Oil and Fossil Fuel Production (including Gas) 
Sector Report  

1. This is a report for the House of Commons Committee on Exiting the European
Union following the motion passed at the Opposition Day debate on 1 November,
which called on the Government to provide the Committee with impact assessments
arising from the sectoral analysis it has conducted with regards to the list of 58
sectors referred to in the answer of 26 June 2017 to Question 239.

2. As the Government has already made clear, it is not the case that 58 sectoral impact
assessments exist. The Government’s sectoral analysis is a wide mix of qualitative
and quantitative analysis contained in a range of documents developed at different
times since the referendum. This report brings together information about the sector
in a way that is accessible and informative. Some reports aggregate some sectors in
order to either avoid repetition of information or because of the strong interlinkages
between some of these sectors.

3. This report covers: a description of the sector, the current EU regulatory regime,
existing frameworks for how trade is facilitated between countries in this sector, and
sector views. It does not contain commercially-, market- or negotiation-sensitive
information.

Description of sector 

Oil and gas exploration and production 

4. In 2016 around 80 per cent of UK primary energy needs were met by fossil fuels
(around one-third oil/petroleum products, around 40 per cent gas, and 6 per cent
coal)1. UK activity focuses on exploration and production of oil and gas (mostly
offshore); refining of oil into petroleum products (e.g. diesel, petrol); and coal mining.

5. While the UK is moving towards a low carbon economy, fossil fuels will continue to
play a significant role in meeting the UK’s energy needs.

6. The UK has an established oil and gas exploration and production sector with the
first onshore well drilled in 18952. In 2016 the sector produced 52.0 million tonnes of
oil equivalent (Mtoe) of oil and 39.8 Mtoe of gas3. Exports totaled 38.2 Mtoe of oil and
10.0 Mtoe of gas1

7. The sector operates by extracting gas and oil from licensed blocks – designated
areas of land (onshore) or seabed (offshore). After obtaining the necessary licence
for specific blocks, and following approval of a suite of safety, environmental and

1 ‘Digest of UK Energy Statistics (DUKES)’, BEIS, July 2017 
2 ‘Onshore oil and gas exploration in the UK: regulation and best practice’, DECC, December 2015 
3 ‘UK Energy in Brief’, BEIS, July 2017 
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technical regulatory requirements, companies are allowed to explore in these areas 
by drilling wells and extracting the gas and/or oil from the developed fields. The vast 
majority of oil and gas is extracted from offshore fields situated in the UK Continental 
Shelf (UKCS) – in 2016, only 2% of total gas and oil production came from onshore 
fields4.   

Table 1: Number of offshore oil and gas fields (2015) 
2015 Oil fields Gas fields 
In production 207 115 
Under development 22 0 

Source: Digest of UK Energy Statistics (DUKES) 2017, BEIS, July 2017 

8. The UK does not hold data on the proportion of domestic share held by large
multinationals or smaller firms.  As individual fields are usually owned by joint
ventures of multiple large and small firms it is difficult to separate out the contribution
of specific types of companies.

9. The Government is encouraging exploration of the potential of the onshore shale gas
sector. Although there is currently no shale production in the UK, a small number of
companies have started to obtain the necessary permissions to start exploring
potential sites. Subject to receiving the final permits, the industry aims to start drilling
exploration wells during the next few years with peak production possible from the
mid-2020s onward.

10. The UK has a substantial upstream oil and gas supply chain with more than 1,500
companies generating a turnover of £41bn in 2014.5 This encompasses a wide range
of services, from provision of infrastructure to pipe oil and gas to UK shores, to
providing key personnel for operating the installations and back-office support. There
are over 150,000 employees working in the supply chain.

11. Investment in oil and gas production is heavily influenced by the respective
commodity prices as this is a key driver of revenues. With low oil prices over the past
couple of years, some companies are struggling.

Refining 

12. Globally there is excess refining capacity.  This is projected to increase, putting UK
and European refineries under increasing pressure from new technologically
advanced refineries being built in emerging markets. UK and most European
refineries are relatively old and geared towards producing a higher proportion of
petrol rather than diesel (which is globally in higher demand) compared to newly built
refineries.  They are also faced with a mature market (declining demand) in Europe.

13. US shale oil and gas production has put UK refiners under further strain as these
cheap domestically produced inputs give US refiners a competitive advantage and

4 ‘PPRS Production data’,	  Oil and Gas Authority, 2016 
5 ‘Review of the UK oilfield services industry’, EY, January 2016 
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have cut into traditional petrol export markets for the UK (e.g. West Africa). The 
combination of these competitive pressures means that UK and European refiners 
are presented with challenges. Major operators have moved out and been replaced 
by smaller, often highly leveraged, operators raising issues with potential impacts on 
the UK’s  domestic resilience if supply infrastructure declines more quickly than 
demand for product. 

Oil stocking 

14. The UK holds emergency stocks of crude oil and petroleum products to release to
market in the event of short-term oil supply disruptions.  Primarily this is to be able to
respond in a co-ordinated fashion with the International Energy Agency (IEA) and EU
countries to mitigate global supply disruptions by filling a physical gap in oil supply,
although the announcement of a stock release can also have a calming effect on the
markets in the event of disruptions.   There have only been three IEA stock releases,
in response to the first Gulf War in 1991, Hurricane Katrina in 2005 and the Libyan
conflict in 20116.

15. The UK is party to two international agreements to hold stocks, the IEA’s
International Energy Programme and EU Directive 2009/119/EC.  The IEA require
that 90 days of imports are held, the EU that the higher of 61 days of daily
consumption or 90 days of imports.  The UK is currently obligated at the 61 days of
daily consumption level.

16. The UK manages the obligation by directing companies (refiners and oil importers)
who supply more than 50,000 tonnes of oil products to the UK market in a year to
hold stocks7.   Stocks are either held as physical stocks by the company in their own
facilities within the EU, or via ‘tickets’ with other companies – either in the UK or in
other EU Member States – which are agreements for one company to hold stocks on
behalf of another and offer flexibility to obligated companies as well as making best
use of existing storage facilities rather than requiring the building of otherwise
superfluous tank storage.

17. In the event of a stock release, the government would temporarily reduce the
obligation on companies by the agreed amount to free up stocks to release to the
global oil market.

Coal mining 

18. UK coal production has fallen by 75% since 2010.8 This decline is set to continue for
coal producers, both in the UK and around the world. Coal demand has been falling
in many regions – consumption peaked in 2007 in OECD countries, and it appears
that China’s coal demand peaked in 2013. The UK has committed to ending coal
generation by 2025.

6 International Energy Agency 
7 ‘UK Emergency Oil Stocks guidance’, DECC, February 2015 
8 ‘’Chapter 2’, DUKES 2017, BEIS, July 2017 
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19. Domestic production equated to 26% of coal consumed in the UK in 2015, down from
35% in 2010. Around 88% of the coal mined in the UK is steam coal, which is mainly
used in power stations.9 Eight surface coal mine sites were still in operation at the
end of August 2017, while the last deep coal mine closed in December 2015. Around
700 people are directly employed in UK coal mining sector. 10  The UK imports the
majority of its coal from Russia, Columbia and the U.S.

Economic contribution 

Table 2: The sector's contribution to GVA 
UK GVA – current prices £m 2013 2014 2015 2016 
Total Sector 26,868 23,144 20,785 22,088 
SIC 05 (coal mining) 107 104 78 34 
SIC 06 (oil and gas 

extraction) 
22,045 18,543 15,309 17,052 

SIC 09 (extraction support) 2,409 2,260 2,334 1,892 
SIC 19 (coke and refined 

products) 
2,307 2,237 3,064 3,110 

Source: ONS GDP low level aggregates 2017 Q3 (KK39,KK3B,KK3H & KK4N) 11 

Table 3: Employment in the UK 
Total Employment UK England Wales Scotland N. Ireland
SIC 05 (coal mining) 652 160 302 190 0 
SIC 06 (oil & gas extraction) 34,00

0 
n/a n/a n/a n/a 

SIC 09 (extraction support) 23,00
0 

n/a n/a n/a n/a 

SIC 19 (coke & refined 
products) 

10,00
0 

n/a n/a n/a n/a 

Source: Coal data, Coal Authority, August 2017.  Oil and gas extraction data from Oil and Gas UK. Other 
from ONS JOBS03 series. 

20. The offshore oil and gas trade association (Oil and Gas UK) estimates that in 2016
there were 34,000 people directly employed by the sector, with indirect employment
of 151,000 and a further 144, 900 induced jobs. Around 45% of these employees are
based in Scotland with the remaining 55% in England. 12

21. If the UK’s shale industry moves into production, there is likely to be increased
employment in this sub-sector. Estimates of number of jobs vary widely, from around
5,60013 to 75,00014  at peak production.

9 ‘’Chapter 2’, DUKES 2017, BEIS, July 2017 
10 UK Coal Authority, 2017 
11 ‘ONS GDP low level aggregates’: 2017 Q3.  
12 Oil & Gas UK 
13 ‘Economic Impact of Shale Gas Exploration & Production in Lancashire and the UK’, Regeneris Consulting, 
September 2011 
14 ‘Getting shale gas working’, Institute of Directors, May 2013 
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22. In the downstream oil sector there are many EU workers with experience operating in
the same regulatory environment, moving between projects in which their company
has an interest. Many EU workers are employed as contractors – for example to
carry out their five-year refinery maintenance programmes.

Trade 

23. Oil and refined oil products, gas and coal are globally traded commodities. 15  In 2016
total UK imports were worth £33bn and exports £23bn. 16

Table 4: trade value - 2016 £ million 
2016 Imports (cif) Exports (fob) 

Coal and solid fuels 660 92 
Oil 12,113 10,419 
Petroleum products 12,407 8,675 
Gas 6,741 2,364 
Total 32,748 21,550 

Table 5: Coal imports and exports - volumes thousand tonnes (kt) 
2016 EU Non – EU 
Imports 948 8,305 
Exports 720 112 

[Key non-EU import sources: Russia 2,400 kt, Columbia 2,600 kt & US 1,200 kt.] 
Source Table G2 – Digest of UK Energy Statistics (DUKES)17 

Table 6: Crude oil imports and exports - volumes thousand tonnes (kt) 
EU Non – EU 

Imports 338 39,100 
Exports 20,960 23,200 

[Key non-EU import sources: Norway 4,600 kt, Algeria 2,600 kt & Nigeria 3,400 kt. 
Key export destinations: Netherlands 12,000 kt, Germany 5,100 kt & China 4,700kt.] 
Source Table 3.9 DUKES 

24. Although the UK’s production of oil would be sufficient to meet nearly three quarters
of refinery demand, there is an active trade in oil which leads to significant volumes
of oil being imported and exported to meet global and UK demand (Chart 1).

15 Detailed data available in ‘Annex G’, DUKES 2016.  All data sourced from HMRC, except for gas sourced from 
BEIS.  
16 ‘ONS UK Trade in Goods tables CPA (08)’, September 2017 
17 https://www.gov.uk/government/statistics/dukes-foreign-trade-statistics 
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Chart 1: Primary oil supply and demand 1998-2016 

Source: ‘Chapter 3’, DUKES 

25. The UK imports very little crude oil from EU countries. The principal source of the
UK’s imports has consistently been Norway, historically accounting for around two-
thirds of all imports given not only its proximity to the UK but also the similarity in its
crude types. This fell to 50% in 2015, but recovered so that in 2016 the proportion of
crude oil sourced from Norway stood at 62%.

26. Crude oil is principally exported to the Netherlands (as a trading hub for oil),
Germany and France and historically the US.

Table 7: Petroleum products imports and exports - volumes thousand tonnes (kt) 
EU Non – EU 

Imports 16,400 18,500 
Exports 15,500 43,700 

Source Table 3.9 DUKES (imports total products).  Exports not published by country in DUKES, but available 
in the Joint Organisation Data Initiative Oil database. 

27. The UK has been a net importer of petroleum since 2013. In 2016 the UK was a net
importer of petroleum products by 10.5 million tonnes. 18 This is the largest total net
import figure since 1984 (Chart 2).

18 ‘Chapter 3’ DUKES 2017, BEIS, July 2017 
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Chart 2: Production and trade in petroleum products 1998-2016 

Source: ‘Chapter 3’, DUKES 

28. UK supply and demand is not matched on a product by product basis. The UK’s
refineries – in common with many other European countries – are geared up to
produce petrol for domestic cars and fuel oil for electricity generation. With the
increasing dieselisation of the UK’s car fleet seen over the last 20 years and only
very recently starting to unwind, and also the switch from fuel oil to other forms of
electricity generation, UK production of individual petroleum products is no longer
aligned with domestic demand. To balance demand the UK trades widely and is one
of the largest importers of jet fuel in the OECD and one of the largest exporters of
petrol16.

29. The misalignment between UK refinery production and domestic demand means that
the UK exports 24 million tonnes of petroleum products. Almost half of all exports is
petrol (much of which goes to the US)19.

Table 8: Gas imports and exports - volumes (TWh) 
EU Non – EU 

Imports 64 468 
Exports 114 

[Key non-EU import sources: Norway 350 TWh, Qatar 112 TWh. Exports: 67TWh via 
Belgium, 18TWh via Netherlands and 21TWh to Ireland. Source Table –4.3 Energy 
Trends] 

30. In 2016 the UK’s indigenous gas production was sufficient to meet more than half of
UK demand. The UK imports natural gas by pipeline from Norway, Belgium and the
Netherlands and shipped LNG, mainly from Qatar (Chart 3 and Chart 4). The UK has
been a net importer of gas since 2004, with net imports of gas in 2016 accounting for
just over 45 per cent of supply.

19  ‘Chapter 3’ (Table 3.9) DUKES 2017, BEIS, July 2017 
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Chart 3: Gas imports by country 2016

Source: ‘Chapter 4’, DUKES 

Chart 5: Gas export volumes by year and country 

Source: ‘Chapter 4’, DUKES 

31. The UK exports principally to Belgium and Ireland; in 2016 volumes exported to each
country were down. There has been a decrease in volumes to Belgium (of nearly
one-fifth) and to Ireland (of one-third), largely due to the Corrib gas field off the Irish
coast coming online and now supplying Ireland.
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32. The global market for mineral fuels and oils imports, excluding the UK, was worth
around £1,708 billion in 2016. Countries besides the 27 other EU Member States
accounted for £1,247 billion, or 73%, of this global market20.

National and regional footprint 

Oil and gas production 
33. Around 90% of oil production activity takes place adjacent to Scotland with the rest

adjacent to England. Gas production activity is split fairly evenly between Scotland
and England.

34. 45% of employment in the sub-sector is located in Scotland, largely in and around
Aberdeen. The rest is located in England, often around historic ports: 21% of jobs in
the sector are in South East England, 6% in North West England and 5% in the West
Midlands and Eastern England. 21

Refining 
35. Around a third of the UK’s primary oil is processed into petroleum products by  the

UK’s six refineries16. Oil refineries are situated on the coast near major ports or in
strategic locations where the major trunk lines from offshore fields land ashore,
generally close to urban centres.

Historic trends and future prospects 

Oil and gas extraction and production  

36. Oil and gas produced from the UKCS is still equivalent to around half of UK demand1.
With between 10 and 20 billion barrels of oil equivalent still to be exploited22, the
UKCS can continue to provide considerable economic benefits to the UK.

37. Oil production from the UKCS peaked in 1999 and has been in decline since, with the
exception of around a 10% increase in 2015 due to new fields coming on stream.
Production is around a third of the 1999 peak, and although recent declines in
production have been shallower, thanks to improvements in production efficiency
over the past few years, imports will become increasingly important in meeting UK
demand.23

38. UKCS production of natural gas has been in decline since the turn of the millennium,
although a small increase due to new fields has been seen in 2015 and 2016.
Between 2000 and 2013, gas production fell at an average rate of 8% per year. In
2016 production increased by 2.4%, the second year-on year increase since the
peak of 2000. Production in 2016 was 37% of the level produced in 2000. Despite

20 Data obtained from ITC, which is based on UN COMTRADE statistics. The value of the global market is 
defined as the sum of every country’s imports for whom data was available, minus the value of the UK imports. 
mineral fuels and oils comprise HS chapter 27. 
21 Oil & Gas UK 
22 ‘UK Oil and Gas Reserves and Resources - as at end 2016’, Oil and Gas Authority, October 2017 
23 ‘Chapter 3’ and ‘Chapter 4’, DUKES, BEIS, July 2017  
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this, the UK, along with the Netherlands, remains one of the two major gas producing 
nations within the EU.24  

39. Oil and gas production is expected to start to fall again in the years ahead, though
production estimates are subject to significant uncertainty (Chart 5). There are a wide
range of possible outcomes because the future rate of production is dependent on a
number of different factors including the level of investment and the success of
further exploration. Operators continue to find it difficult to predict accurately
additional production from investing in older fields as they mature. The central
projections are therefore the best estimates rather than a definitive prediction of
future production of oil and gas from the UKCS. With the recent fall in oil prices the
projections are even less certain than normal.

Chart 5: Actual and projected UK oil and gas production 

Source:  ‘Oil and gas production projections’, BEIS, February 2016 

40. Between 1980 and 2016, the UK extracted nearly 44 billion tonnes of oil and gas
(Chart 6). The latest estimates suggest between 10-20 billion tonnes remain, which
could potentially sustain production for the next 20 years and beyond. Compared with
historical oil and gas exploitation, extracting the remaining reserves is likely to be
more technically challenging and therefore expensive. In response to this challenge,
the Oil and Gas Authority was established with a remit of maximizing economic
recovery from the UKCS. It has a number of strategies in place to deliver this aim,
working closely with industry, to improve exploration rates, technology innovation and
deployment etc.

24 ‘Chapter 4’, DUKES, BEIS, July 2017 
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Chart 6: Oil and Gas production and reserves, 1980-2016 

Source: ‘UK Energy in Brief’, BEIS, July 2017 

41. The number of wells in the exploration, appraisal and development phases which has
been on a downwards trend since 2008 (Chart 7). In 2015 and 2016 HMG has
provided £40million for seismic surveys to encourage exploration in under-explored
areas.

Chart 7: Number of wells drilled in exploration, appraisal and development phase 1998-
2015 

Source: Energy Trends (BEIS, 2016) 

42. There is significant uncertainty around future oil prices. The low prices of recent
years have had a negative impact on companies’ revenues, and to the extent low
prices continue they could suppress investment in this sub-sector. The development
of a successful UK shale gas industry has the potential to improve investment
prospects for this sub-sector in the longer-term. However, it is not yet known whether
it will be possible to commercially or technically extract shale gas in the UK.  The
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industry aims to start drilling exploration wells over the next few years, which will 
provide clarity on the potential for the shale industry in the UK. 

43. According to EY’s fifth annual review of the UK Oilfield Services Industry25, between
2008 and 2014, the number of companies in the oil and gas production supply chain
increased from around 1,200 to 1,500 (21%) and the number of employees grew by
30%. During the same period, turnover increased by 65%, from £25bn in 2008 to
£41bn in 2014. It is possible that these encouraging trends might reverse following
the substantial downturn in the global prices for oil and gas.  Oil and Gas UK, the
sector trade association, estimate that since 2014, it is likely that 120,000 direct,
indirect and induced jobs have been lost. If low oil and gas prices continue, it is
expected that the UK oil and gas supply chain will continue to face a challenging
business environment. Nevertheless, there is scope for the sector to develop and the
industry is working towards a “Vision 2035” which sets out a potential £150bn in
additional turnover by capturing a larger share of export markets.

Refining 
44. Refining capacity has decreased because of closures in recent years including Murco

at Milford Haven in 2014, as well as the Petroplus Teeside refinery in 2009, and the
Petroplus Coryton refinery in 2012. In addition, there has been some rationalisation
of capacity at other UK refineries in recent years with refining capacity down over
25% on its 2008 total18.

45. We expect UK refiners to remain under pressure as the outlook for the sector
continues to look challenging. Over the long run we expect any closed refineries to
be replaced by import terminals, using the same distribution infrastructure to reach
the end market – by definition that will increase the UK’s reliance on imported
petroleum products, although the UK does track the source of our imports both in
terms of diversity and security. In the short term, however, there can be significant
transitional concerns around unexpected refinery closures both from a security of
supply perspective and labour market perspective.

Oil stocking 

46. At the end of 2016, UK companies held stocks of oil and refined products equal to
around 72 days of normal consumption. In addition to stocks held for commercial
purposes the UK obliges companies that are significant suppliers to hold stocks to
help reduce the adverse impact on the UK and global economy of any disruptions to
supply.  The UK is required to hold these stocks under an EU Directive (currently
equivalent to 61 days of consumption) and International Energy Agency (IEA)
qualifying arrangements (90 days of net imports).

47. The level of UK stocks required by the IEA is currently lower than required by the EU
by around 40%, as a result of North Sea oil production reducing the UK’s net imports
(Chart 8). However the difference is projected to narrow over time as our import
dependency increases (Chart 9). The IEA obligation is sensitive to production

25 ‘EY’s fifth Annual Review of the UK Oilfield Services (OFS) Industry’ 
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projections which are themselves subject to significant uncertainty. Most recent (Feb 
2016) OGA figures increased their projected UK oil production profiles and led to a 
corresponding reduction in the IEA obligation over the 2020s. Much of the near term 
production prospects are driven by prior investments that took place before the low 
oil price environment and it remains to be seen how production will evolve over the 
long term. 

Chart 8: UK Oil Stocks 2001 to 2016, under EU qualifying rules 

Source: Based on data in DUKES Table 3.7 

Chart 9: Projected oil stocking obligation (draft) 

Source: BEIS analysis using OGA projections 

Coal Mining 
48. In 2016 UK demand for coal decreased by 52% compared with 2015, as coal for

electricity generation fell (Chart 10). Consumption by electricity generators was down
by 59% to 12 million tonnes (a new record low). The decline was due to increased
availability of nuclear and wind generation, the conversion of a third unit at Drax from
coal to high-range co-firing (85% to <100% biomass) in July 2015 and an increase in
the carbon price floor (from April 2015) resulting in coal-to-gas switching in the power
sector.
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49. Employment in the coal industry has followed a similar pattern to UK production
levels.  During 2015 total employment, including contractors was 45% lower than in
201426.

Chart 10: Coal consumption, 2000-2015 

Source: Based on data from DUKES Chapter 2: Coal 

The current EU regulatory regime 

International rules and standards 

50. The International Energy Agency (IEA) works to ensure reliable, affordable and clean
energy for its 29 member countries which include most EU Member States as well as
9 others (US, Japan, Canada, Australia, New Zealand, Turkey, Norway, Switzerland
and Korea).  Member countries must be members of the OECD, have a demand
restraint programme for oil consumption and legislation to ensure oil companies
under its jurisdiction report as necessary, any that are net importers have to have
immediate access to oil stocks equivalent to 90 days average imports. As such the
EU is not a member, although the European Commission does sit on some of the
committees and during a global disruption and there is a history of close collaboration
between the two institutions.

51. The Energy Charter Treaty was agreed in 1994 (post collapse of USSR) and
establishes legal rights and obligations with respect to energy investment, trade and
transit of energy goods. The UK is a member in its own right but also as an EU
Member States.

52. The Energy Community Treaty between the EU and non-EU Member States in South
East Europe to extend EU energy market legislation to the participants. This is an
“EU only” agreement and UK participation is as an EU Member State.

26 ‘Chapter 3’ DUKES 2017, BEIS, July 2017 

58



15	  

53. Some Environmental Treaties, Agreements and Organisations are relevant for the
sector and linked in many cases to international commitments or obligations. For
example, the Aarhus Convention; the UN Law of the Sea Convention (UNCLOS);
Convention for the Protection of the Marine Environment of the North-East Atlantic
(OSPAR); Minamata Convention; Montreal Protocol; and the International
Convention on Oil Pollution Preparedness, Response and Cooperation. Some of
these international commitments or obligations have also been independently
transposed by the UK. For example there is specific offshore oil and gas legislation to
implement OSPAR requirements.

Devolution 

54. Offshore oil and gas licensing is not devolved.  The oil and gas licensing regimes for
onshore Scotland and Wales are currently being devolved to the respective Devolved
Administrations (DAs). Northern Ireland already holds similar powers for onshore oil
and gas licensing and will likely be impacted.

55. Oil stocking is reserved in Scotland and Wales. In Northern Ireland, oil stocking is
transferred, but under the Energy Act 1976 the Secretary of State retains powers to
give directions to companies in relation to oil stocking.

56. The Oil Stocking Directive, Offshore Safety Directive, Hydrocarbons Licensing
Directive, Seveso III and the Council Directive on health and safety for mineral-
extracting industries through drilling apply to Gibraltar but not the Crown
Dependencies or other Overseas Territories.

EU regulatory regime 

57. The Hydrocarbons Licensing Directive (94/22/EC) restricts criteria to be taken into
account by the OGA and included in the terms and conditions of petroleum licences
issued to industry as well as requiring a non-discriminatory and transparent process
for issuing licences.

58. The Oil Stocking Directive (2009/119/EC) sets obligations on Member States to hold
emergency oil stocks (higher of 61 days average consumption or 90 days average
imports) for release in response to major supply disruptions.  These stocks must be
physically accessible and available at all times (so held by government or industry
under legal obligations – not commercial stocks).

59. Council Regulation 2964/95 introduced registration for crude oil imports and
deliveries in the Community, which companies must comply with.

60. Decision 2010/787/EU – “The Coal Decision” lays down rules for State aid for
facilitating the closure of uncompetitive coal mines.
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Relevant EU safety legislation 

61. Directive on the safety of offshore oil and gas operations (2013/30/EU) aims to
reduce the potential for major accidents related to offshore oil and gas activities and
limit their consequences. It places a number of obligations on the OGA (as the
licensing authority) and BEIS & HSE (as joint competent authority).  This requires the
licensing authority to take account of certain considerations (including technical,
financial, safety, environmental capabilities) before granting or consenting to the
transfer of a licence. It allows for licensees to appoint operators to carry out functions
under those licences, and impose further obligations on licensees, in particular to
ensure the capability of operators under the licences and making provisions for
adequate financial liability cover. It also places obligations on the licensing authority
and the competent authority in relation to the appointment and capacity of operators,
who are required to carry out functions under a licence in a safe and environmentally
sound manner. This includes for example, the need for operators to prepare Report
on Major Hazards (Safety Cases) and Oil Pollution Emergency Plans for
consideration by the Competent Authority.

62. The Directive concerning minimum requirements for safety and health protection of
workers in the mineral-extracting industries through drilling (92/91/EEC) sets the
minimum requirements for improving the safety and health protection of workers in
the mineral-extracting industries through drilling (both onshore and offshore) which
companies must adhere to.

63. The Directive on the control of major accident hazards involving dangerous
substances (known as Seveso III Directive) (2012/18/EU) (HSE led) sets controls on
establishments holding dangerous substances, which could, under specific
circumstances, include onshore hydraulic fracturing operations.

Principal climate change legislation 

64. The EU Emissions Trading Scheme (ETS) Directive (2003/87/EC) created a cap-
and-trade scheme with an EU-wide declining cap on total emissions from heavy
industry, aviation and the power sector. Installations and aviation operators have to
surrender allowances equivalent to their total annual emissions of CO2, and for some
sectors nitrous oxide (N2O) and perfluorocarbons (PFCs), setting a price for carbon
and incentives for mitigating action/ low carbon investment. Operators either buy
allowances from auctions or from the secondary market, or are given allowances for
free if they are at risk of carbon leakage (where installations relocate to jurisdictions
with less ambitious or stringent climate policies, with negative economic impact on
the EU but no reduction in overall global emissions).

65. The EU ETS covers c900 installations and aviation operators in the UK representing
41% of total UK CO2 emissions. UK emissions savings resulting from the EU ETS,
calculated as the difference between ‘business as usual’ emissions and the UK’s
share of the EU ETS cap over 2013-2020, are around 550 MtCO2e. The EU-wide
carbon price intends to provide a more level playing field across the EU. It also
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provides a price signal to stimulate investment in low carbon generation, which given 
the low EU ETS price, is currently supplemented by the UK’s Carbon Price Support. 
The introduction of the Market Stability Reserve, agreed in 2014 and due to operate 
from 2019, will play a key role in amending the volume of allowances available within 
the EU ETS, which will in turn increase prices and their incentive effect.   

66. The Carbon Capture & Storage (CCS) Directive (2009/31/EC) establishes a
comprehensive legal framework for the safe geological storage of CO2 using Carbon
Capture and Storage technology. As well as establishing the permitting and licencing
regime, the CCS Directive extends the EU environmental liability regime to CO2
storage sites and links CO2 leakage to the EU Emissions Trading System.  The
‘CCS-ready’ requirements of the CCS Directive impact on developers of fossil fuel
power plants (gas and coal) at or above 300 MW capacity. The requirements are
implemented via a suite of CCS-specific domestic regulations between 2010 and
2013.

67. The Fuel Quality Directive (FQD) (98/7T0/EC) primarily concerns petrol and diesel
specifications but includes in Article 7a a requirement on fuel suppliers to reduce the
greenhouse gas intensity of energy supplied for road transport – by 6% by 2020. It is
intended to promote a range of actions to reduce greenhouse gas emissions,
including the use of biofuels and reduction in upstream emissions (e.g. reducing
flaring on oil platforms). Directive (EU) 2015/652 included critical elements required
to fully implement Article 7a. In September 2017, DfT published its response
following consultation on the Motor Fuel Greenhouse Gas Reporting Regulations
2012 in order to effect full UK transposition of the 2020 GHG reduction target (6%)
established by Article 7a of the revised Fuel Quality Directive.

Principal environmental legislation 

68. A number of wider environmental Directives impact the sector.

69. The Habitats Directive (92/43/EEC) requires assessments to be undertaken where a
plan or project is likely to have an impact on a Natura 2000 protected habitat. The
assessment would be required if areas offered for licensing have the potential to
have a significant effect on a relevant site, either individually or in combination with
other plans or projects, prior to a licensing decision being made. Following licensing,
it requires further assessment to determine whether a project-specific activity (a
development proposal) has the potential to have a significant effect on a relevant
site, either individually or in combination, prior to a decision being made.

70. The Marine Strategy Framework Directive (2008/56/ec) aims to promote sustainable
use of the marine environment and an eco-system based approach to managing
activities within it, including the offshore energy sector. The Maritime Spatial Planning
Directive establishes a framework for spatial planning to promote sustainable
development of marine areas and resources, including energy.

71. The Strategic Environmental Assessment Directive (2001/42/ec) provides for a
process of appraisal by which environmental impacts are considered and factored
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into national and local decisions regarding plans and programmes, covering for 
example licensing regimes for oil and gas exploration and extraction. The 
Environmental Impact Assessment Directive (2014/52/eu) requires developers to 
assess potential environmental impacts of relevant new projects, including those in 
the energy sector, before they are allowed to proceed. 

72. The Industrial Emissions Directive (2010/75/eu) establishes controls on emissions
(e.g. of atmospheric pollutants) from industrial facilities (including those in the energy
sector) where the aggregated thermal capacity of associated combustion plants is at
or >50MW and requires adherence to Best Available Techniques (BAT) (set out in
sectoral BAT Reference documents). All UK refineries are captured under this
Directive and must carefully consider how to comply with its requirements whilst
remaining competitive within Europe (and globally where such regulations are not
universally applied).

73. The National Emissions Ceiling Directive (2001/81/ec) sets national ceilings for a
range of pollutants to improve air quality and prevent harm to human health.
Nationally determined action to comply with the ceilings can impact on a range of
energy-related installations, including those offshore. The Ambient Air Quality
Directive (2008/50/ec) sets binding limits on concentrations of major air pollutants to
protect human health and can impact energy installations in areas where
concentrations are breached.

74. The Waste Framework Directive (2006/12/ec) establishes basic concepts and
definitions of waste, provides for regulation of waste management facilities,
management of hazardous waste and recycling and recovery targets and also
impacts on the management and recovery of waste streams produced or used in the
energy sector. The Mining Wastes Directive (2006/21/ec) controls waste from
extractive industries, including onshore fracking fluids. The Trans-frontier Shipment
of Waste Regulation (EC No 1013/2006) controls shipments of waste within and
outside the EU including a ban on transfers of hazardous waste to non-OECD
countries and applies to shipments of waste including those which emanate directly
from the offshore oil and gas industry. The Ship Recycling Regulation
(EU/1257/2013) aims to manage environmental impacts associated with the recycling
of ships, including (to a potentially limited extent) offshore installations such as end of
life mobile drilling rigs.

75. The Water Framework Directive (2000/60/EC) aims to ensure “good status” for all
bodies of water (e.g. inland surface waters, coastal waters and groundwater) and as
such regulates abstraction and use of water by power plants, refineries and onshore
shale gas operations and also places limits on the levels of radioactivity in water.

76. The Environmental Liability Directive (2004/35/ec) requires operators of industrial
facilities (including those in the energy sector) to bear costs where an accident leads
to significant environmental damage.

77. The REACH Regulation (EC) No 1907/2006) requires manufacturers, suppliers and
users of chemical products, including those for use in the energy sector (e.g. in
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nuclear, shale, refining and offshore operations) to register, evaluate and control 
associated risks.  

78. Biocides used in shale and offshore operations must also comply with the Biocidal
Products Regulation ((EU) 528/2012) which establishes procedures for an EU-level
assessment of active substances before they can be approved and for the
subsequent authorisation by Member States or at Union level for the making
available on the market of the biocidal products they are used in.

79. The Persistent Organic Pollutants Regulation (2007 No. 3106) aims to reduce
emissions of dioxins, furans, PCBs and polycyclic aromatic hydrocarbons and applies
to equipment and processes used in the energy sector, including offshore.

80. The European Pollutant Release and Transfer Register ((EC) No 166/2006) requires
annual reporting of emissions and discharges of over 90 pollutants plus waste
transfers from industrial installations including those in the energy sector (e.g.
offshore oil / gas installations).

81. The Mercury Regulation ((EC) 1102/2008) requires reporting on the amounts of
mercury generated by industrial facilities and sent to receiving facilities in the EU for
storage / disposal (i.e. exports of mercury outside the EU are prohibited), including
mercury obtained from the “cleaning” of natural gas on offshore oil / gas installations.

82. The Fluorinated Greenhouse Gases (F-Gases) Regulation (S.I. 2009/261) aims to
reduce releases of F-gases from refrigeration equipment, air-conditioning units,
electrical switchgear, heat pumps and fire protection systems, including those in use
in the energy sector, through containment, recovery and destruction making a
significant contribution to reductions in greenhouse gas emissions.

83. The Ozone Depleting Substances (ODS) Regulation (S.I. 2009/216) prohibits and
controls the production of ODS plus their use in refrigeration equipment, air-
conditioning units, heat pumps and fire protection equipment – including those in the
energy sector – so as to reduce atmospheric emissions of ODS in line with the
Montreal Protocol. A number of these requirements including the Waste Framework
Directive, REACH Regulation, Biocidal Products Regulation and the ODS Regulation
make reference to and depend on the EU’s Classification Labelling and Packaging
Regulation which provides the framework for identifying and communicating chemical
hazards.

Additional relevant cross cutting issues and areas of legislation include: 

84. The Health and Safety at Work Framework Directive (89/391/EEC) which sets the
general requirements to protect workers’ health and safety that employers in the
mineral extraction industries have to comply with, alongside the specific sectoral
requirements of Directive 92/91/EEC (a ‘daughter directive’ of Directive 89/391/EEC).
Other daughter directives (e.g. the hazard-specific directives) also apply to the
sector.
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85. The Pensions Directive (2003/41/EC) which aims to ensure Member States do not
seek to influence the investment strategy of pensions schemes and could impact coal
liabilities.

Existing frameworks for how trade is facilitated between countries 
in this sector 

86. The arrangements described in this section are examples of existing arrangements
between countries. They should not be taken to represent the options being
considered by the Government for the future economic relationship between the UK
and the EU. The Government has been clear that it is seeking pragmatic and
innovative solutions to issues related to the future deep and special partnership that
we want with the European Union.

87. Oil Stocking obligations that currently apply to the UK (and other EU member states)
are established by the EU Directive 2009/119/EC. Oil stocking is not covered by
WTO rules.  Internationally, the International Energy Association (IEA) sets oil
stocking requirements are set for its 29 member countries, which include the UK.
Both the EU and IEA rules are designed to ensure member countries uphold a
certain level of stored oil supplies, which can be used to address short term supply
disruptions. The EU obligation is currently higher than enforced by the IEA (the IEA
obligation representing around 60% of the EU requirement). When the UK leaves the
EU, IEA rules will continue to apply to the UK.

88. Free-trade Agreements (FTA) are agreements between states and include trade
extractive industries material. Such agreements involve cooperation between at least
two countries to reduce trade barriers – such as import quotas and tariffs – and to
increase trade of goods and services with each other.  They also aim to ensure
timely and frictionless import/export processes.

89. The Comprehensive Economic and Trade Agreement (CETA) -  an agreement
between Canada and the EU - seeks to strengthen  economic relationships through
the creation of an “expanded and secure market” for  goods and services that are
covered by the agreement. Beneficial aspects of the agreements include: savings on
customs duties; the creation of a more level playing field for intellectual property
rights; ease of access to professionals on account of mutual recognition of
professional qualifications; and commitment from both sides to sustainable
development. CETA has secured preferential tariffs of 0% on a variety of oil and gas
products, such as non-crude petroleum products, and petroleum oils.

90. Other examples of Free Trade Agreements between the EU and third countries
which are beneficial to the sector include the 2011 EU-Korea Free Trade Agreement,
which grants zero tariff access for South Korea’s crude oil exports.

91. European Economic Area Agreement (EEA) extends EU internal market rules to the
participating EFTA States — Iceland, Liechtenstein and Norway. In order to be part
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of the EEA, and be part of the Internal Market, states incorporate a wide range of EU 
rules including the third energy package, with some derogations. However, EEA 
EFTA States  do not get to vote on the adoption of EU rules that will apply to them as 
EEA members. 

92. World Trade Organisation’s (WTO) General Agreement on Tariffs and Trade (GATT)
is the WTO’s principal rule-book for trade in goods. The WTO rules also include rules
for dealing with trade in services, relevant aspects of intellectual property, dispute
settlement, and trade policy reviews.  Through these agreements, WTO members
operate a non-discriminatory trading system that spells out their rights and their
obligations. The EU’s current external tariffs on oil products are low, ranging from 0
to 3.9% applied rates. In the cases of substances such as refined oil products from
crude oil, they are zero.

Sector views 

[This information was provided by the Government to the Committee, but the Committee has 
decided not to publish this section] 
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Annex: Stakeholder Engagement on European Union Exit (EU Exit) 
in the Department for Business, Energy and Industrial Strategy 

[This information was provided by the Government to the Committee, but the Committee has 
decided not to publish this section] 
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This document contains a summary of content for the Fuel supply sector from the 

CCC’s Sixth Carbon Budget Advice, Methodology and Policy reports. 
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The Committee is advising that the UK set its Sixth Carbon Budget (i.e. the legal limit 

for UK net emissions of greenhouse gases over the years 2033-37) to require a 

reduction in UK emissions of 78% by 2035 relative to 1990, a 63% reduction from 

2019. This will be a world-leading commitment, placing the UK decisively on the 

path to Net Zero by 2050 at the latest, with a trajectory that is consistent with the 

Paris Agreement. 

 

Our advice on the Sixth Carbon Budget, including emissions pathways, details on 

our analytical approach, and policy recommendations for the Fuel supply sector is 

presented across three CCC reports, an accompanying dataset, and supporting 

evidence.  

• An Advice report: The Sixth Carbon Budget – The UK’s path to Net Zero, 

setting out our recommendations on the Sixth Carbon Budget (2033-37) 

and the UK’s Nationally Determined Contribution (NDC) under the Paris 

Agreement. This report also presents the overall emissions pathways for the 

UK and the Devolved Administrations and for each sector of emissions, as 

well as analysis of the costs, benefits and wider impacts of our 

recommended pathway, and considerations relating to climate science 

and international progress towards the Paris Agreement. Section 1 of 

Chapter 2 contains an overview of the emissions pathways for the Fuel 

supply sector. 

• A Methodology Report: The Sixth Carbon Budget – Methodology Report, 

setting out the approach and assumptions used to inform our advice. 

Chapter 1 of this report contains a detailed overview of how we 

conducted our analysis for the Fuel supply sector. 

• A Policy Report: Policies for the Sixth Carbon Budget and Net zero , setting 

out the changes to policy that could drive the changes necessary 

particularly over the 2020s. Chapter 3 of this report contains our policy 

recommendations for the Fuel supply sector. 

• A dataset for the Sixth Carbon Budget scenarios, which sets out more 

details and data on the pathways than can be included in this report.  

• Supporting evidence including our public Call for Evidence, 10 new 

research projects, three expert advisory groups, and deep dives into the 

roles of local authorities and businesses.  

 

All outputs are published on our website (www.theccc.org.uk).  

 

For ease, the relevant sections from the three reports for each sector (covering 

pathways, method and policy advice) are collated into self-standing documents 

for each sector. A full dataset including key charts is also available alongside this 

document. This is the self-standing document for the Fuel supply sector. It is set out 

in three sections:  

1) The approach to the Sixth Carbon Budget analysis for the Fuel supply sector 

2) Emissions pathways for the Fuel supply sector 

3) Policy recommendations for the Fuel supply sector 
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The following sections are taken directly from Chapter 3 of the CCC’s Advice 

Report for the Sixth Carbon Budget.1 

  

71



1. Fuel supply 

Introduction and key messages 
 
Our Balanced Net Zero Pathway for Fuel Supply involves a transition from 

producing 1,100 TWh of fossil fuels and 170 TWh of bioenergy in 2018 to producing 

425 TWh of low-carbon hydrogen and bioenergy in 2050, for sectors of the 

economy that are likely to use fuels, rather than electricity. Production of fossil fuels 

will be much lower by 2050. 

 

Recent cost reductions for renewables mean that electrolytic hydrogen plays a 

greater role than in our previous work, especially after 2035. However, there is an 

important role for hydrogen produced from fossil gas with CCS in the medium term 

to enable applications for hydrogen to grow as necessary.  

 

Bioenergy resources increase in line with expanding UK production of forestry 

residues and perennial energy crops, with a wholesale shift to use with CCS 

accelerating during the 2030s. 

 

The Balanced Pathway also requires action to reduce emissions from the remaining 

fossil fuel supply (the main source of Fuel Supply emissions) by 75% by 2035 from 

2018 levels. Mitigation actions include fuel switching, CCS and technologies to 

reduce methane flaring, venting and leakage. 

 

The analysis draws on new consultancy work from Element Energy, existing 

bioenergy resource work from our 2018 Biomass in a low-carbon economy report, 

and aligns with our new waste resource assumptions from the Waste sector 

(section 9). Further details are set out in our Methodology Report.  

 

This section is split into three sub-sections: 

a) The Balanced Net Zero Pathway for Fuel Supply 

b) Alternative pathways to delivering abatement and fuel supplies 

c) Scenario impacts 

 

a) The Balanced Net Zero Pathway for Fuel Supply 
 

The Balanced Net Zero Pathway includes actions to i) reduce emissions from Fuel 

Supply, which mainly derive from fossil fuel supply ii) scale up hydrogen supply to 

enable decarbonisation in other sectors iii) provide bioenergy to other sectors 

while managing sustainability and achieving negative emissions. 

 

i) Decarbonising fuel supply  
 

Our Balanced Net Zero Pathway requires fossil fuel supply emissions to be reduced 

by 75% by 2035 from 2018 levels. While the Fuel Supply emissions category is 

dominated by emissions from fossil fuel supply, there are also some new emissions 

arising from future production of low-carbon hydrogen fuel.* This is reflected by the 

emissions wedge from hydrogen production above the baseline in Figure 3.5.a.  

*   Existing UK high-carbon hydrogen production for use as an industrial feedstock is included within our manufacturing 

sector. Our Fuel Supply sector contains low-carbon hydrogen to be used as a fuel. 

Growth in UK forestry and 
perennial energy crops is 
needed to supply sustainable 
biomass across the economy. 

Renewable electrolysis plays 
an increasingly important role 
in hydrogen supply, with CCS 
important in the medium term. 

The Balanced Pathway also 
requires action to reduce 
emissions from the remaining 
fossil fuel supply. 
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Figure A3.5.a Sources of abatement in the 
Balanced Net Zero Pathway for the fuel supply 

sector 

 

Source: BEIS (2020) Provisional UK greenhouse gas emissions national statistics 2019; CCC analysis. 

Notes: New hydrogen supply arising due to climate mitigation policy increases emissions relative to the baseline, so 

emissions appear above the baseline. As a result the Balanced Net Zero Pathway appears slightly above the 

bottom of the lowest wedge of emissions abatement. The biomethane abatement reflects biomethane use 

displacing residual natural gas use across the economy, not only in the fuel supply sectors. This means that the 

lowest emissions wedge drops slightly below zero in 2050. 

 

 

In this report, we have also accounted for abatement from the additional use of 

biomethane to displace fossil gas across the economy. * After accounting for 

hydrogen production and biomethane abatement, our Balanced Pathway for the 

whole Fuel Supply sector requires emissions to be reduced by around 80% by 2035 

from 2018 levels (Figure 3.5.a). 

 

The emissions from fossil fuel supply include those directly from oil refining, oil and 

gas production, oil and gas processing terminals, gas transmission and distribution 

networks and open and closed coal mines (see Methodology report for further 

details).Oil refineries emissions are abated through reduced oil demand, CCS and 

energy efficiency improvements. 

• Fuel switching away from petroleum across the economy, such as in 

surface transport, is the largest emissions reduction action. This reduces oil 

refining in the UK and the associated emissions by 5 MtCO2e/year by 2035. 

(Figure 3.5.a). 

*   While we have aggregated biomethane abatement and included this all within Fuel Supply, in practice the 

biomethane would abate emissions within the sectors where the use of fossil gas is displaced by biomethane.  

Refinery output will fall as a 
result of decarbonisation in the 
transport sector. Remaining 
refinery sites can be largely 
decarbonised. 

In our pathway, emissions from 
fossil fuel supply are reduced 
by 75 % by 2035 from 2018 
levels, through fuel switching, 
CCS and reduction of 
methane flaring, venting and 
leakage. 
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• CCS is the main emissions reduction measure for the remaining emissions 

from oil refineries, with 1.5 MtCO2e/year of abatement in 2030, 3 

MtCO2e/year in 2035 and 4.5 MtCO2e/year in 2040. Energy efficiency 

measures also reduce emissions by 0.5 MtCO2e/year in 2035. 

 

Emissions from oil and gas production, predominantly from offshore platforms and 

from onshore processing terminals, are decarbonised mainly by fuel switching and 

measures to reduce methane flaring and venting: 

• Electrification of offshore platforms and processing terminals contributes 5 

MtCO2e/year of abatement in 2035. This involves 4 MtCO2e/year of 

electrification of compressors and generators on oil and gas platforms, 

which requires connecting the platforms to either the onshore electricity 

grid or offshore wind generation. The remaining 1 MtCO2e/year of 

electrification is at oil and gas processing terminals. These actions start in 

the mid-2020s, with some action electrification of platforms assumed to 

occur within our baseline. 

• Use of hydrogen plays a smaller role in the fossil fuel abatement pathways, 

providing 1 MtCO2e/year of abatement across platforms and terminals. 

• Measures to reduce methane flaring and venting, such as capturing the 

gas and selling it, and switching from venting to flaring (where safety 

requires at least one or the other) save 1.5 MtCO2e/year in 2030 and 1 

MtCO2e/year in 2035. 

 

Methane leaks from the gas distribution and transmission networks are reduced in 

the Balanced Pathway using a combination of Leakage Detection and Repair 

(LDAR) technologies and continuous monitoring technologies, resulting in 3.5 

MtCO2e/year in 2035. 

 

Other abatement measures in the fuel supply Balanced Pathway include 0.5 

MtCO2e/year of abatement in 2035 from a variety of resource efficiency measures 

across the economy and 1.5 MtCO2e/year of abatement from the use of 

biomethane to displace fossil gas in the gas grid. 

 

The largest sources of remaining emissions from fossil fuel supply in 2050 is from 

closed coal mines (0.4 MtCO2e/year). From the wider Fuel Supply sector, there is 

also 1 MtCO2e/year remaining from hydrogen production in 2050. 

 

ii) Low-carbon hydrogen supply 
 

The role for the hydrogen supply sector is to enable decarbonisation in other 

sectors while managing costs and wider energy system impacts. Hydrogen 

appears to be essential for reaching Net Zero, but it is important for it to be 

focused on the applications of highest value, where electrification is less feasible, 

and for it to be produced in a low-carbon way.  

 

Hydrogen demands in the Balanced Pathway start growing in the second half of 

the 2020s, before strong growth over the period 2030 to 2045. Manufacturing, 

shipping (as ammonia), and back-up power generation are the largest three 

sectors in terms of demand, with smaller contributions from other sectors including 

buildings and surface transport. 

 

 

 

 

 

Emissions from oil and gas 
production can be reduced 
by measures including 
increased electrification and 
reduced venting and flaring of 
gas. 

Monitoring systems are 
important to catch methane 
leaks from the gas network 
quickly. 

Low-carbon hydrogen will 
mainly be used in 
manufacturing, shipping and 
back-up power. 
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Figure A3.5.b Hydrogen demands in the Balanced 
Net Zero Pathway 

 
Source: CCC analysis. 

Notes: Demand in shipping is likely to be as ammonia rather than compressed hydrogen. Demand given is for H2 

produced in the UK or for imports of H2. Imports of ammonia (used in shipping) and imports of synfuels (used in 

aviation) are not included, but on a H2 feedstock basis would equate to another 23 and 5 TWh respectively by 

2050 (i.e. 18 TWh of ammonia and 2.6 TWh of synfuels). 

 

In the Balanced Net Zero Pathway, hydrogen production is from a mix of supply 

routes, with differing contributions over time: 

• Electrolysis:  

– The relatively low costs of variable renewables, especially offshore 

wind, make it attractive to err on the side of ‘over-building’ renewable 

capacity relative to electricity demands, which generates a surplus of 

generation at some points of the year. Some of this generation that 

would otherwise be curtailed is then used to produce hydrogen, 

providing extra value from the renewable capacity.  

– However, over the period to 2035 the volumes of electrolytic hydrogen 

are constrained by how much renewable capacity can be built and 

contribute economically to meeting demands for electricity as well as 

hydrogen. Electrolysis comprises 21% of hydrogen supply by 2035, but 

this rises to 44% by 2050 as costs fall and supply constraints ease. 
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Hydrogen is supplied to UK 
users from a mix of renewable 
electrolysis, fossil gas with CCS, 
bioenergy with CCS, and 
imports. 

Hydrogen starts being used at 
scale in the late 2020s, 
ramping up significantly to 
2045. 
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• Fossil gas with CCS: Reformation of fossil gas with CCS is capable of 

producing low-carbon hydrogen at scale. However, it is not zero-carbon, 

with lifecycle emissions savings of up to 85% relative to unabated fossil gas.2 

So, while reforming of fossil gas with CCS is important in establishing a mass 

market for hydrogen, providing around 60% of hydrogen supply by 2035, it 

falls into more of a supporting role by 2050, providing 32% of hydrogen 

supply. The smaller share for hydrogen from fossil gas in 2050 limits emissions 

from the production process and upstream emissions from fossil gas supply. 

• Bioenergy with CCS (BECCS): Biomass undergoes gasification to produce 

biohydrogen, with the biogenic CO2 being captured and stored. This route 

provides 5% of supply by 2035 and 11% by 2050. 

• Imports: In the Balanced Pathway, imports of hydrogen made from 

renewable electrolysis abroad amount to 13% of total hydrogen 

consumption by 2050. There are also further imports of renewable ammonia 

used for shipping, and imports of synthetic jet fuel used for aviation. 

 

Figure A3.5.c Hydrogen supply in the Balanced 
Net Zero Pathway 

 
Source: CCC analysis. 

Notes: This only includes H2 produced in the UK, or imports of H2. Imports of ammonia and synfuels are not plotted, 

but on a H2 feedstock basis would equate to another 23 TWh and 5 TWh respectively by 2050 (i.e. 18 TWh of 

ammonia and 2.6 TWh of synfuels). 
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Hydrogen made from fossil gas 
with CCS will have an 
important supply role, 
particularly in the 2030s while 
electrolysis ramps up. 

Hydrogen made from 
bioenergy with CCS can also 
provide negative emissions. 

The contribution of electrolysis 
increases over time, but 
reforming of fossil gas with CCS 
has an important transitional 
role. 
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iii) Bioenergy supply 
 

Sustainable bioenergy is essential for reaching Net Zero. Given resource supply 

limitations, it must be used in those applications with the highest GHG savings 

(those with CO2 sequestration and/or displacement of high carbon alternatives).  

 

By 2050, the large majority (85%) of bioenergy will need to be used with CCS, 

achieving negative emissions, across electricity generation, industrial heating, 

biohydrogen production, biofuel production and waste incineration (Figure 3.5.d).  

 

Figure A3.5.d Bioenergy and waste use in the 
Balanced Net Zero Pathway 

 

Source: CCC analysis. 

Notes: These values are TWh/yr HHV, given as the starting CCC ‘Primary’ bioenergy and waste resources, i.e. solid 

biomass, gaseous biogas, liquid bioethanol and waste biodiesel, and solid wastes. There are minor differences 

between these total supply estimates and the total use estimates due to manufacturing and energy from waste 

modelling approximations.  

 

In the Balanced Pathway, bioenergy production occurs via a mix of supply routes, 

with differing contributions over time (Figure 3.5.e). A number of these routes 

involve CCS, with further details of the GHG removals involved given in section 11: 

• Solid biomass. Domestic and imported biomass feedstocks are supplied 

directly (without conversion) to the Power, Manufacturing & Construction, 

Residential & Non-residential Buildings and Agriculture sectors. Use of solid 

biomass in combustion boilers phases out in Buildings and Agriculture by the 

early 2040s. Manufacturing & Construction continues to use biomass, with a 

gradual decline over time, and with a small amount also used with CCS by 

2050.  

 

Sustainable bioenergy supply 
limitations mean that GHG 
savings from the use of 
biomass must be maximised. 

Biojet and biohydrogen are 
significant growth markets for 
bioenergy with CCS. Biomass 
power transitions to with CCS 
starting in the late 2020s. 

The majority of UK bioenergy 
supplies are currently solid 
biomass feedstocks. Use in 
building heating and 
unabated power plants will 
phase out. 
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Use in unabated biomass power plants quickly phases out in the late 2020s, 

while use in power with CCS starts to slowly ramp-up from the late 2020s (via 

retrofits and newbuild BECCS plants) to reach significant levels by 2040, 

providing 4% of electricity generation. Biomass imports comprise 21% of 

total bioenergy & waste supplies by 2050. 

• Biohydrogen. Solid biomass feedstocks are gasified then converted into 

hydrogen, with CCS. Deployment starts in 2030, and ramps-up as described 

in section ii) above. 

• Biojet. Solid biomass feedstocks are gasified then converted into aviation 

biofuel, with CCS. Starting from the mid-2020s, this route ramps-up to meet 

11% of aviation fuel demand by 2050. In addition, waste fats/oils are 

converted into biojet, with a transition from biodiesel in the 2030s, with their 

use alongside limited biojet imports ultimately meeting 6% of aviation 

demand by 2050. 

• Biodiesel. Solid biomass feedstocks are gasified then converted into 

biodiesel, with CCS. Starting from the mid-2020s, this route increases 

production to meet 2% of car/van diesel demand by the early 2030s, and 

10% of HGV/bus diesel demand by 2040. As liquid fuel volumes fall in each 

road transport mode, these plants transition to focus on biojet production. 

Biodiesel made from waste fats/oils in existing facilities, and imports, 

continue to supply 3% of road diesel. There is some additional use in off-

road machinery and agricultural equipment ramping up to the early 2030s, 

before phasing out by 2040. 

• Heating biofuels. A range of liquid biofuels made from biomass (with CCS) 

or from waste fats/oils can be used for home heating, including bio-LPG 

and biokerosene amongst other options. Starting from the mid-2020s, use of 

bioliquids ramps up to 5 TWh/year in the 2040s, supplying hybrid heat pump 

systems situated in homes off the gas-grid. 

• Bioethanol. Arable crops are fermented into bioethanol in existing facilities. 

After the 2021 increase of bioethanol blended into petrol (to 10% by 

volume, 7% by energy), supplies stay at this % of road petrol use. 

• Biomethane & biogas. Biogas produced from anaerobic digestion of food 

waste, sewage sludge & animal manures, plus captured landfill gas, can 

be upgraded to biomethane for gas grid injection, along with the capture 

of biogenic CO2 for sequestration. Biomethane injection more than trebles 

by 2030 from today’s levels. Biogas also continues to be used in Power and 

Manufacturing, although its use declines in the near-term with the fall in 

landfill gas. Combined, these routes could displace 10% of fossil gas in 2050. 

• Residual waste. After re-use & recycling, any residual waste volumes not 

exported or landfilled are predominantly incinerated in energy from waste 

plants, with some small use in Manufacturing. All energy from waste plants 

fit CCS by 2050, to capture the fossil and biogenic CO2 emissions resulting 

from the mixed fossil/biogenic waste fractions. 
  

 
 
 

 
 
 

 
 
 

Waste fats/oils currently used 
for road transport biodiesel will 
transition to biojet during the 
2030s. 

Biodiesel has a potential 
transitional role in HGVs and 
buses, but over time will 
increasingly focus on biojet for 
aviation. 

Biomethane & biogas could 
displace up to 10% of UK gas 
demand, and biomethane 
injection into the gas grid more 
than trebles in the next 10 
years. 
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Figure A3.5.e Bioenergy and waste supply in the  
Balanced Net Zero Pathway 
 

 

Source: CCC analysis. 

Notes: These values are TWh/yr HHV, given as the starting CCC ‘Primary’ bioenergy and waste resources, i.e. solid 

biomass, gaseous biogas, liquid bioethanol and waste biodiesel, and solid wastes. The dashed line shows the 

supply available to the UK were the UK to, in all years, use all of its fair share in the globally traded sustainable 

resource.  

 
 

b) Alternative pathways to delivering abatement and fuel supplies 
 

Our Fuel Supply scenarios i) set out different abatement pathways; ii) present a 

variety of hydrogen supply mixes; and iii) use different allocations of bioenergy for 

each end use sector. 

 

i) Decarbonising fuel supply 
 

The four exploratory pathways contain similar emissions abatement measures 

(concentrated in fossil fuel supply) to the Balanced Pathway. There could however 

be a greater role for hydrogen in the reducing emissions from offshore platforms 

and onshore processing terminals than reflected in the scenarios. Decarbonisation 

of emissions from increased onshore petroleum production, such as shale gas, is 

considered in our Widespread Innovation Scenario. 

 

The pace of decarbonisation differs slightly between scenarios, as a result of 

different future energy prices, supply-chain capacities and the varying levels of 

hydrogen production (Figure 3.5.f). 

 

 

 

Hydrogen could play a role in 
decarbonising oil and gas 
platforms. 

Imports are expected to go 
negative (i.e. the UK becomes 
a net biomass exporter) for a 
few years around 2030 if 
unabated biomass power 
plants close down faster than 
BECCS power plants start 
operating. 
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Figure A3.5.f Emissions pathways for the fuel supply 
sector 
 

 

Source: BEIS (2020) Provisional UK greenhouse gas emissions national statistics 2019; CCC analysis. 

 

 

ii) Low-carbon hydrogen supply 
 

Low-carbon hydrogen demands vary considerably across the exploratory 

scenarios, with a range for total demand in 2050 of 160-375 TWh/year (Figure 3.5.g). 

This reflects different mixes of decarbonisation solutions being applied in the end-

use sectors, with the role in buildings heating particularly contributing to the upper 

end of demand. Hydrogen is also used in Direct Air Capture with CCS or synthetic 

jet fuel production in the Widespread Innovation and Tailwinds scenarios.  

 

Based on our assessment of available supply routes for hydrogen and the 

challenges they face, our scenarios for hydrogen demand are considerably lower 

than could be the case if hydrogen were used in all conceivable uses across the 

energy system (e.g. exceeding 800 TWh in 2050 compared to 225 TWh in the 

Balanced Pathway). 

 

This is due to limits on scaling up further the contributions on hydrogen supply from 

electrolysis (e.g. due to build rates for zero-carbon capacity and costs) and from 

BECCS (i.e. due to finite bioenergy supplies) – as a result, higher hydrogen demand 

would be likely to lead to much greater dependence on reforming fossil gas with 

CCS. In turn, this would increase residual emissions from hydrogen production and 

fossil fuel production, as well as increasing reliance on CCS and imported fossil gas. 

 

Our exploratory scenarios 
have a wide range for low-
carbon hydrogen use in 2050, 
due to end-use sector choices. 

The rate of progress 
decarbonising Fuel Supply 
since the 1990s to today needs 
to continue until the 2040s. 
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Figure A3.5.g Sectoral hydrogen demands in 2050 
 

 
Source: BEIS (2020) Provisional UK greenhouse gas emissions national statistics 2019; CCC analysis. 

Notes: Demands in shipping is likely to be as ammonia rather than compressed hydrogen. Demand given is for H2 

produced in the UK or for imports of H2. Demands for imports of ammonia (for shipping) and imports of synfuels (for 

aviation) are not included. 

 

The mix of hydrogen supply routes that meet these demands also vary, depending 
on total hydrogen demand, technology costs and the development of the 
electricity system. High demand for low-carbon hydrogen leads to a higher 

contribution from fossil gas with CCS, whereas more renewables on the grid leads 
to more electrolysis (Figure 3.5.h): 

• In Headwinds, low-carbon hydrogen demand is relatively high (around 375 

TWh in 2050). This is primarily due to the high demand from buildings, which 

is around half of the total. The role of variable renewables on the electricity 

grid is lower than in other scenarios, which limits the role of electrolysis in 

2050 to 13% of supply. There are also relatively modest roles for BECCS (11%) 

and imports (14%). As a result of the higher demand, there is an increased 

role for hydrogen supply from reforming of fossil gas (63%), leading to a 

relatively high reliance on fossil gas imports and CCS. 

• In Widespread Engagement, low-carbon hydrogen demand is relatively low 

(around 160 TWh/year in 2050). Electrolysis supply follows a similar path to 

the Balanced Pathway, but due to the lower level of total hydrogen 

demand, electrolysis plays a bigger relative role in this scenario, meeting 

59% of supply by 2050. However, there is an important role for fossil gas with 

CCS, especially in the transition, which contributes 34% of supply in 2035 

and falls to 18% in 2050. Imports are also 23% in 2050, and there is no BECCS 

hydrogen assumed in this scenario. 
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Scenarios demanding a lot of 
low-carbon hydrogen use 
more fossil gas with CCS, 
whereas scenarios with lots of 
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• Widespread Innovation has a similar overall level of low-carbon hydrogen 

demand (233 TWh/year in 2050) as in the Balanced Pathway, as low-cost 

renewables enable electrification to outcompete hydrogen across a 

number of applications. However, the high share of low-cost variable 

renewables in the power system also means that electrolysis is particularly 

cost-effective compared to other low-carbon hydrogen supply options, 

and so electrolysis contributes strongly to UK supply (76% by 2050). Again,  

there is an important role for fossil gas with CCS in the transition, which 

provides 46% of supply in 2035 before falling into a back-up role supplying 

just 5% in 2050. The contribution of BECCS hydrogen production rises to 9% 

by 2050, and imports supply 10%. 

• Tailwinds is similar to the Widespread Innovation scenario by 2050, although 

it has significantly higher total hydrogen demand in earlier years, peaking 

at just over 250 TWh at the point this scenario reaches Net Zero in the early 

2040s. Electrolysis dominates the supply mix again, reaching 59% by 2050, 

with BECCS supplying much of the rest (26%). Due to the more rapid uptake 

of hydrogen in the period to 2035, fossil gas with CCS plays a crucial 

transitional role, supplying 66% of hydrogen in 2035 before falling into a 

back-up role of 2% by 2050. Imports provide 12% of supply in 2050. 

 

Figure A3.5.h Hydrogen supply in 2050 across  

the scenarios 
 

 
Source: CCC analysis. 

Notes: This only considers H2 produced in the UK, or imports of H2. Imports of ammonia and synfuels are not plotted. 
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Low cost renewables on the 
grid leads to cheaper 
electrolysis but also cheaper 
electrification of end use 
sectors. Electrolysis can 
dominate hydrogen supplies 
by 2050. 
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fossil gas with CCS in the 
transition. 
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iii) Bioenergy supply 
 

Demands for bioenergy and waste vary considerably across the exploratory 

scenarios, with a range for total primary bioenergy supplies used in 2050 of 210-390 

TWh/year (before any further conversion within the Fuel Supply sector). This reflects 

different mixes of feedstocks, conversion technologies and end-use solutions, with 

the role of BECCS power and BECCS hydrogen contributing to the largest 

differences between the scenarios. 

 

Figure A3.5.i Bioenergy and waste use in 2050  

across the scenarios 
 

 

Source: CCC analysis. 

Notes: These values are HHV, given as the starting CCC ‘Primary’ bioenergy and waste resources, i.e. solid biomass, 

gaseous biogas, liquid bioethanol and waste biodiesel, and solid wastes. 

 
 

Domestic bioenergy compromises the large majority of our supply estimates, with 

biomass imports only contributing significantly to the higher supply scenarios. The 

mix of domestic bioenergy and waste supplies that meet these demands also vary: 

• In the Headwinds scenario, bioenergy demand is relatively high. The role of 

variable renewables in electricity is lower than in other scenarios, allowing a 

larger role for BECCS power, and high hydrogen use allows a large role for 

BECCS hydrogen. Less waste prevention & recycling also leads to more use 

in energy from waste. By 2050, 42% of total supply is from biomass imports. 

 

 

Our exploratory scenarios 
have a wide range for 
bioenergy use by 2050, due to 
different assumptions on 
supply availabilities. 

The largest differences 
between the scenarios are 
due to differing use in BECCS 
power, hydrogen and energy-
from-waste. 

Domestic feedstocks have a 
larger role than biomass 
imports, which only contribute 
significantly in high bioenergy 
demand scenarios. 
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• In Widespread Engagement, bioenergy demand is low. Due to lower 

hydrogen demand, there is no role for BECCS hydrogen. Waste prevention 

and recycling, and allocation to jet production, results in low use in energy 

from waste plants. By 2050, 25% of total supply comes from biomass imports, 

with very limited uptake of domestically grown perennial energy crops. 

• The Widespread Innovation scenario has less hydrogen demand across the 

economy, and very high levels of low-cost renewable electricity, resulting in 

more modest roles for BECCS power and BECCS hydrogen by 2050. There is 

earlier use of biomass gasification to biomethane, before these plants 

transition to biohydrogen and retrofit CCS from the mid-2030s. This scenario 

relies heavily on domestically grown perennial energy crops, making up 

36% of total supply by 2050, and biomass imports phase out by 2050. 

• The Tailwinds scenario combines the most ambitious elements of the above 

three scenarios, with the high biomass imports from Headwinds (providing 

40% of total supply by 2050), the high deployment of domestically grown 

perennial energy crops in Widespread Innovation (providing 23% of total 

supply by 2050), and ambitious action on waste prevention & recycling as 

in Widespread Engagement. The result is significantly more biomass 

available for BECCS power and hydrogen. As in Widespread Innovation, 

there is also a transitional role for biomass gasification to biomethane. 

 

Figure A3.5.j Bioenergy and waste supply in 2050  
across the scenarios 
 

 

Source: CCC analysis. 

Notes: These values are HHV, given as the starting CCC ‘Primary’ bioenergy and waste resources, i.e. solid biomass, 

gaseous biogas, liquid bioethanol and waste biodiesel, and solid wastes. There are minor differences between 

these total supply estimates and the total use estimates due to manufacturing and energy from waste modelling 

approximations. MSW = Municipal Solid Waste. C&I = Commercial and Industrial. 

Waste could be used in jet fuel 
production instead of 
generating electricity in 
energy-from-waste plants. 

Biomass imports can be 
phased out by 2050 if UK 
supplies of forestry and 
perennial energy crops are 
expanded significantly. 

Across our scenarios, biomass 
imports make up between 0% 
and 42% of total supply. The 
Balanced Pathway has 21%. 
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c) Scenario impacts 
 

The Balanced Pathway will incur additional financial costs in the Fuel Supply sector 

associated with reducing emissions from fuel supply, and the production of low-

carbon fuels. Essential to this transition from fossil fuel production to low-carbon fuel 

production, is a just transition for workers in the declining fossil  fuel sectors (see 

Chapter 6). 

 

We estimate the annualised cost of the Balanced Pathway for decarbonising 

(mainly fossil) fuel supply to be around £1 billion /year in 2030, peaking just below 

£2 billion/year in 2040 before declining to £1 billion/year in 2050s. In 2035, this 

represents an average cost of abatement across all measures of around 

£70/tCO2e. The costs of producing hydrogen and bioenergy supply are accounted 

for in abatement costs in those sectors in which the hydrogen and bioenergy are 

used to reduce emissions. 

 

Figure 3.5.k sets out the capital and operational costs across the Fuel Supply sector. 

This includes the capital and operating costs of low-carbon fuels – these costs are 

also accounted for in the operational fuel costs paid for by sectors that use low-

carbon fuels (e.g. shipping, aviation, manufacturing). 

 

Figure A3.5.k Additional capital and operating 

costs for the fuel supply sector in the Balanced 
Net Zero Pathway 
 

 

Source: CCC analysis. 

Notes: Hydrogen supply wedges also account for costs associated with production of ammonia and synthetic 

fuels. Opex costs are positive in the fuel supply sector. 

 

We estimate the annualised 
cost of our Balanced Pathway 
to decarbonise fossil fuel 
supply is around £1 billion/year 
in 2030. 
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Investment costs for hydrogen supply result from development of hydrogen 

storage and network infrastructure, plus investment in electrolysis and fossil gas with 

CCS capacity. Overall capital investment for hydrogen supply increases to around 

£4 billion/year by the 2040s, with operating costs peaking at around £4 billion/year 

during the 2040s. 

 

These hydrogen supply cost wedges include the investment and operating costs 

for new ammonia (for shipping) and synthetic jet fuel (for aviation) production 

facilities, that use some of the low-carbon hydrogen produced in the Fuel Supply 

sector. In the Balanced Pathway, building UK ammonia plants will require capital 

investment of around £400 million/year in the early 2030s and early 2040s, and UK 

synthetic jet fuel plants will require investment of £250 million/year by 2040. 

 

There is also a share of ammonia and synthetic jet supplied via imports (25% 

assumed for both sectors in the Balanced Pathway). These imports are assumed to 

be produced from renewable electrolysis and air separation/direct air capture, 

and this fuel cost is only counted in the relevant end-use sectors. 

 

Investment costs for bioenergy supply result from the construction of new biojet, 

biodiesel, heating bioliquids, biomethane and biohydrogen conversion facilities. 

These are capital intensive, as well as having significant ongoing operating costs 

due to biomass feedstock costs. However, the added costs of installing CCS onto a 

biofuel/biohydrogen plant are generally modest, given the availability of high 

concentration CO2 streams at these facilities.  

 

Bioenergy conversion plant investment costs peak at £670 million/year around 

2030, due to this being the fastest period of growth in these bioenergy facilities, 

before falling to £200 million/year by 2050. Operating costs, including biomass 

feedstock costs, ramp-up over time to reach £2.8 billion/year by 2050. On both 

capital and operating metrics, biojet and biohydrogen conversion plants 

dominate these bioenergy fuel supply costs. 

 

Ammonia and synthetic jet 
fuel plants will require 
significant investment, and 
local low-cost hydrogen 
sources. 

Bioenergy conversion costs 
within the Fuel Supply sector 
are dominated by 
biohydrogen and biojet routes. 

Low-carbon hydrogen supply 
investment costs are 
dominated by storage and 
network costs. 
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1 CCC(2020) The Sixth Carbon Budget – Advice Report. Available at: www.theccc.org.uk  

2 CCC (2018) Hydrogen in a low-carbon economy 

87

http://www.theccc.org.uk/


 

88



 

 

 

 

 

TOWN AND COUNTRY PLANNING ACT 1990 

 

Application by West Cumbria Mining Ltd  

Development of a new underground metallurgical coal mine and 
associated development at Former Marchon Site, Pow Beck Valley 

and area from Marchon Site to St Bees Coast 

 

Planning Inspectorate Reference: APP/H0900/V/21/3271069 

Local Planning Authority Reference: 4/17/9007 

Date of Inquiry:  7th September 2021 

 

 

PROOF OF EVIDENCE 

of 

Professor Lars J. Nilsson MSc PhD 

 

Professor of Environmental and Energy Systems Studies 

Lund University 

 

  

 

 

10 August 2021 

  

SLACC/LN/1 

 



 2 

Contents 
 

1. Introduction .................................................................................................................................. 4 

2. Summary ....................................................................................................................................... 5 

3. Analysis ......................................................................................................................................... 8 

(i) Coking coal uses .................................................................................................................... 9 

(ii) Future demand for metallurgical coal in the EU ................................................................. 10 

(iii) Total EU steel production ................................................................................................... 11 

(iv) Share of secondary steel production in the EU .................................................................. 12 

(v) Shift to primary steel production without coking coal ....................................................... 13 

(vi) Carbon capture and storage ............................................................................................... 14 

(vii) Steel producers’ climate targets and demand for Green Steel .......................................... 15 

4. Conclusion .................................................................................................................................. 16 

 

 

 

  



 3 

Appendices in SLACC/LN/2 

Appendix 1  Carbon Price Viewer Results, accessed 4 August 2021 

Appendix 2  European Commission, 2020, A new Circular Economy Action Plan : For a cleaner and 
more competitive Europe (No COM(2020) 98 final), European Commission  

Appendix 3  International Renewable Energy Agency, 2021 Renewable Power Generation Costs in 
2020 (extract) 

Appendix 4  Lechtenböhmer, S, Nilsson, LJ, Åhman, M, Schneider, C, 2016, “Decarbonising the 
energy intensive basic materials industry through electrification – Implications for 
future EU electricity demand” Energy Vol 115, Part 3, 15 November 2016, pp1623-1631 

Appendix 5  Madeddu, S, Ueckerdt, F, Pehl, M, Peterseim, J, Lord, M, Kumar, KA, Krüger, C, Luderer, 
G, “The CO2 reduction potential for the European industry via direct electrification of 
heat supply (power-to-heat)” Environ Res Lett Volume 15, Number 2, 2020 124004  

Appendix 6  European Commission, 2020 ”Study on the EU’s list of Critical Raw Materials: Critical 
Raw Materials Factsheets” (Final) Publications Office of the European Union, 2020, 
Luxembourg (extract) 

Appendix 7  European Commission, 2020 ”Study on the EU’s list of Critical Raw Materials: Final 
Report” (Final) Publications Office of the European Union, 2020, Luxembourg (extract) 

Appendix 8 Fischedick, M, Marzinkowski, J, Winzer, P, Weigel, M, 2014 “Techno-economic 
evaluation of innovative steel production technologies” J Clean Prod, vol 84, 1 
December 2014 pp563-580 

Appendix 9  Suopajarvi, H, Kemppainen, A, Haapakangas, J, Fabritius, T, ”Extensive review of the 
opportunities to use biomass-based fuels in iron and steelmaking processes” J Clean 
Prod vol148, 1 April 2017, pp709-734 

Appendix 10  Pauliuk, S, Milford, RL, Muller, DB, Allwood, JM, “The steel scrap age” Env Sci Technol, 
2013, 47, 7, pp3448-3454  

Appendix 11  Vogl, V, Sanchez, F, Gerres, T, Lettow, F, Bhaskar, A, Swalec, C, Mete, G, Åhman, M, 
Lehne, J, Schenk, S, Witecka, W, Olsson, O, Rootzén, J, 2021 Green Steel Tracker 

Appendix 12  Vogl, V, Sanchez, F, Gerres, T, Lettow, F, Bhaskar, A, Swalec, C, Mete, G, Åhman, M, 
Lehne, J, Schenk, S, Witecka, W, Olsson, O, Rootzén, J, 2021 Tables of Green Steel 
Tracker Results 

Appendix 13  Mandova, H, Patrizio, P, Leduc, S, Kjärstad, J, Wang, C, Wetterlund, E, Kraxner, F, Gale, 
W, “Achieving carbon-neutral iron and steelmaking in Europe through the deployment 
of bioenergy with carbon capture and storage” J Clean Prod vol218, 1 May 2019, pp118-
129 

Appendix 14  Brandl, P, Bui, M, Hallett, JP, Mac Dowell, N, Beyond 90% capture: Possible, but at what 
cost? Int J Greenh Gas Control vol 105, February 2021, 103239  

Appendix 15 Tanzer, SE, Blok, K, Ramírez, A, 2020 Can bioenergy with carbon capture and storage 
result in carbon negative steel? Int J Greenh Gas Control, Vol 100, September 2020, 
103014 

Appendix 16  Gerres, T, Lehne, J, Mete, G, Swalec, C, 2021 “Green steel production: How G7 countries 
can help change the global landscape” industrytransitionsorg   



 4 

1. Introduction 
 

1.1 My name is Lars J. Nilsson and I am Professor of Environmental and Energy Systems Studies 

at Lund University, Faculty of Engineering since 2002. I have a MSc in Engineering Physics 

(1988) and wrote my PhD thesis on the topic of Energy Systems in Transition (1993). My 

focus of research for the past ten years has been industrial decarbonization for zero 

emissions (including technology options, electrification and energy system integration, and 

policy strategies). I have published several academic papers on this topic. I am currently the 

Coordinating Lead Author for Chapter 11 on Industry in the Sixth Assessment Report of 

Intergovernmental Panel on Climate Change Working Group III (2019-2022). 

 

1.2 I have been an author and co-author of reports to the Swedish Energy Agency and the 

Swedish Government on the topic of industrial transitions. I coordinated the EU H2020 

project REINVENT (‘Realising Innovation in Transitions for Decarbonisation’, 2016-2020) 

where steel industry transitions were in focus together with plastics, paper, and food. I have 

been a member of the advisory board of the Wuppertal Institute since 2014, the ICAT 

(Initiative for Climate Action Transparency under UNOPS) since 2019 and was a member of 

the advisory board of the E.ON Energy Research Centre at RWTH Aachen University (2011-

2015), and the City of Seoul International Energy Advisory Council (‘SIEAC’, 2013-2019).  

 

1.3 I am offering this evidence at the request of South Lakes Action on Climate Change (SLACC) 

who approached me earlier this year. I am doing this pro-bono and as an independent 

expert. I was involved in the now ended Swedish project on hydrogen steelmaking (HYBRIT 

research project 1, 2016-2021). This provides me with insights into hydrogen steelmaking, 

but I have no conflicting interests. The evidence and professional opinions which I offer 

represent the best of my knowledge and understanding of the future of the steel industry. 

 

1.4 The evidence which I have prepared and provide for this public inquiry is true to the best of 

my knowledge and belief. I confirm that the opinions expressed are my true and professional 

opinions based on the facts I regard as relevant in connection with the inquiry. 

 

1.5 Valentin Vogl has provided invaluable assistance in preparing this proof of evidence. Valentin 

is a PhD researcher at the division of Environmental and Energy Systems Studies at Lund 

University. He has worked on steel industry decarbonisation since 2017 and published 

several peer-reviewed articles on the matter. He holds a Master’s degree in chemical 

engineering from Graz University of Technology. 
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2. Summary 
 

2.1 The Woodhouse Colliery coal mine is a proposal for the production of up to 2.78 million tonnes 

of coking coal per year through December 2049.1 The applicant, West Cumbria Mining (WCM) 

has said that 87% of the coal produced would be exported to the rest of Europe.2  

 

2.2 WCM argues that by extracting coal in the UK this will reduce emissions from coal transported 

to UK and EU-based steel producers because this will lead to Woodhouse Colliery coal 

substituting for coking coal that is today supplied from North America.3  

 

2.3 This assertion relies on multiple assumptions – one of which is that there is likely to be a 

significant demand for metallurgical coal in the EU throughout the period during which the 

mine will operate (i.e. until the end of 2049). Specifically, WCM, in its statement of case4, 

asserts that: 

“There is currently no economically viable commercial production method to 
produce steel that does not require metallurgical coal. Technological advances 
may make it possible in the future to manufacture steel on an industrial scale 
using hydrogen, without the need for metallurgical coal. However, this is not 
the case currently; the industry is in a transitional period that is not expected to 
impact the demand in metallurgical coal during the planned operational lifetime 
of the Colliery.”  

 

2.4 This statement is founded on assertions that alternative forms of steel production “are 

unlikely to be commercially viable for large-scale steel production for several decades” and 

that there will therefore continue to be demand for metallurgical coal in the EU throughout 

the lifetime of the mine.5 That statement is wrong since (i) there is widespread expert 

consensus that steelmaking using recycled steel scrap will increase significantly over the 

coming decades, (ii) natural gas direct reduction already exists and hydrogen direct reduction 

is developing rapidly, and (iii) increasing demand for low-carbon steel and policies to 

implement emissions reduction targets will rapidly affect what constitute ‘viable commercial 

production’ methods.  

 

 
1  CD15.1, §6. 
2  CD1.145 – Environmental Statement Chapter 19, §22.  
3  CD1.59, §4.2.13 - 4.2.15. 
4  CD15.1, §15. 
5  CD1.145 – Environmental Statement, Chapter 19, p.46-50. 
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2.5 I understand that a similar statement was made by the County Council at the time of the 

resolution to approve the mine on 2 October 2020, though they are now no longer taking a 

stance on the issue. The resolution was premised on the idea that before 2050, the Council 

could essentially be confident that there would be no alternative to the use of coking coal in 

steelmaking and only after that would “significant inroads” be made into the quantity of 

coking coal likely to be demanded.6 The Council came to this understanding in particular on 

the basis of its findings that there are “currently no realistic alternatives to the manufacture 

of steel using coking coal” which could replace new steel production and its projections that 

alternative technologies would not begin to significantly reduce metallurgical coal 

consumption in steelmaking until 2050.7 

 

2.6 In particular, in relation to the production of steel using direct reduction technology, the 

Council concluded that demonstration plants could be operational by 2035, but implied that 

these would only potentially begin to play an appreciable role in the market beyond 2050. 8 

 

2.7 In this proof of evidence it will be demonstrated that the demand for metallurgical coal is very 

likely to decrease significantly in the European Union during the lifetime of the mine. 

 

2.8 Recent evidence based on tracking steel industry projects will be presented that indicates that 

the demand for metallurgical coal in the EU is set to decrease following a technological shift 

in the European steel industry away from the blast furnace. 

 

2.9 This evidence will show that the prediction that “commercially viable demonstration plants 

could be operational by 2035”9 was, even in October 2020, inaccurate, and that developments 

since then have shown that significant inroads will have been made by 2030. 

 

2.10 If the mine were to go ahead, this will mean that the mine operator will need to find export 

markets outside the EU for Cumbrian coal if it continues operating, or alternatively poses a 

risk that the Cumbrian coal mine will become a stranded asset. 

 

 
6  CD4.5, §7.62-7.64.  
7  CD4.5, §7.65. 
8  CD4.5, §7.63-68. 
9  CD4.5, §7.63. 
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2.11 Furthermore, it will be shown that commercial alternatives to produce steel without or with 

only marginal use of metallurgical coal exist today. Direct reduction and electric arc furnace 

technology are widely deployed alternatives to the blast furnace – basic oxygen (BF/BOF) 

furnace production route that use no or only very small amounts of metallurgical coal.  

 

2.12 As a result, by 2050 it is likely that much smaller amounts of metallurgical coal than today will 

be consumed in the EU. 
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3. Analysis 
 

3.1 The European Union has set targets to reduce its greenhouse gas emissions by at least 55% by 

2030 below 1990 levels and aims to achieve climate neutrality by 205010.  

 

3.2 An important policy tool to achieve the decarbonisation of the EU steel industry is the EU 

Emissions Trading System (‘ETS’). In the past year, the price of one allowance in the EU ETS 

has risen to a level of over 50 EUR per tonne of carbon dioxide (Appendix 1). 

 

3.3 The EU has seen several policy plans recently that address industrial and climate policy 

including: the EU Green Deal11, EU industrial strategy12 and EU Circular Economy Action Plan 

(Appendix 2). Recently, the industrial strategy was updated alongside a Commission working 

document on steel.13 These documents show that industrial decarbonization is now high on 

the political agenda in the European Union.14 The working document on steel contains several 

proposals for how to support the transition of European steelmaking, but in any event it is 

clear that rapid decarbonisation of the EU steel industry will be required to meet legally-

binding EU emissions targets.  

 

3.4 In recent years the costs for solar and wind electricity have decreased rapidly and they are 

expected to decrease further (see Appendix 3) making electrification and electrolytic 

hydrogen viable options to decarbonize industry (Lechtenböhmer et al., 2016 (Appendix 4); 

Madeddu et al., 2020 (Appendix 5)) 

 

3.5 Together, the abovementioned increased climate policy ambitions and decreasing renewable 

electricity costs provide a new context for climate mitigation in industry, including iron & steel, 

and it makes the electrification of industrial processes increasingly competitive with 

conventional technologies.  

 

3.6 This context has significantly changed in a very short span of time, such that what was thought 

realistic even a few years ago has now shifted considerably. As will be seen in this statement, 

 
10  CD8.29, p.24, CD8.30, p.1, CD8.17, p.1.  
11  CD8.18. 
12  CD9.19. 
13  CD8.15. 
14  CD8.15, pp.7-12. 
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direct reduction technology has become the most popular decarbonisation option for industry 

in the last five years and gained significant momentum over the past two years.  

 

3.7 In particular, the goal of zero emissions across all sectors, including the steel industry, is now 

widely accepted and green electricity and hydrogen are key options to achieve this in 

combination with material efficiency, increased recycling and other measures.15 

 

(i) Coking coal uses 

3.8 In this statement I use the terms ‘metallurgical coal’ and ‘coking coal’ interchangeably. Primary 

production refers to the manufacturing of steel from iron ore, whereas secondary production 

refers to steel made from recycled steel scrap.  

 

3.9 Depending on quality and impurity contents, the run-of-mine coking coal is subdivided in 

different quality segments: premium hard (PHCC), hard (HCC), high-volatile (Semi-HCC), semi-

soft coking coal (SSCC), and Low Vol PCI (Appendix 6, pg.191). 

 

3.10 In steel production, metallurgical coal is mostly used to produce coke, which is used in blast 

furnaces. Up to 30% of coke can be substituted through pulverised coal injection (‘PCI’), which 

reduces the coal consumption of steel production and saves cost.16 PCI coal is a subsegment 

of coking coal. The EU steel industry has today largely exhausted the potential for PCI 

substitution for coke (Appendix 7, p.32).  

 

3.11 Non-steel uses of metallurgical coal are very small, with 90% of coking coal being used in iron 

and steel production in the EU (Appendix 6, pg.176). Besides steel production, coking coal is 

used in the manufacture of electrodes for metal smelting (1%), for ferroalloy production and 

other minor uses (Appendix 6, pg.185). Substitutes for coking coal in the production of 

electrodes are natural graphite and synthetic graphite (Appendix 6, pg.187). All in all, it is clear 

that traditional and high-emitting BF/BOF steel production is the main market for coking coal 

in the EU. This is also the intended market for 87% of the coal to be produced in the Cumbria 

mine, according to the Applicant. 

 

 
15  CD8.15, pp.7-12. 
16  CD9.22. 
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3.12 Metallurgical coal for steel is mostly used in primary production, and in particular in blast 

furnaces. To make one tonne of steel through BF/BOF route, 780 kg of metallurgical coal are 

needed.17 To make one tonne of steel from scrap in an electric arc furnace, only 12 kg of coal 

are needed.18 Ironmaking through direct reduction technology uses natural gas instead of coal 

as a source of carbon and energy, although coal is used in some countries. In 2019, 8.4% of 

global iron production was via direct reduction. 

 

3.13 Hydrogen direct reduction (H-DR) is a variant of the direct reduction process that uses 

hydrogen instead of natural gas. Small amounts of carbon must be added in the process to 

give the steel its carbon content. Studies have found that the H-DR process reduces 

greenhouse gas emissions by over 90% compared to the BF/BOF route19 (Appendix 8 c). The 

H-DR process does not require coal. 

 

(ii) Future demand for metallurgical coal in the EU 

3.14 The demand for metallurgical coal in the EU is determined by (i) the total EU production of 

steel; (ii) the share of primary production using iron ore vs. secondary production routes using 

scrap metal and (iii) the share of blast furnaces in primary production versus hydrogen direct 

reduction or other alternatives to the blast furnace.  

 

3.15 These, in turn, are influenced by EU and national government policies on climate, circular 

economy, and industrial decarbonisation. They are also affected by demand for low-emission 

or fossil-free steel. This can be expected to grow through green public procurement as well as 

private initiatives (see paragraph 3.3654). 

 

3.16 The results of the assessment presented below suggest that production will remain stable or 

decline in the next 30 years, the share of secondary steel will increase, and much of the 

remaining primary production will shift to technologies that do not use coking coal, in 

particular hydrogen direct reduction. 

  

 
17  CD9.22, pg.1. 
18  CD9.23, pg.2. 
19  CD9.2. 
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(iii) Total EU steel production 

3.17 In 2019, the production of steel in the EU2820 totaled 157 million metric tons (Mt). In the EU 

almost all steel is produced in one of two ways: the blast furnace – basic oxygen furnace 

(BF/BOF) route (59%, 92 Mt) or the electric arc furnace (EAF) route (41%, 65 Mt). In 2020, EU 

steel production fell by 12% due to covid-19 pandemic, with BF/BOF production having been 

hit harder than the EAF route21. 

 

3.18 Metallurgical coal is used in blast furnaces and due to its high crushing strength a switch to 

non-fossil alternatives is not possible in blast furnaces (Appendix 9, p.(tbc once doc provided)). 

Currently 57 blast furnaces are operational in the EU28, of which 5 are located in the UK22.  

 

3.19 Scenarios showing the future production of steel in the EU are in agreement that up to 2050 

(a) production levels are unlikely to increase much, or may decrease slightly, and (b) the share 

of the EAF route will increase. 

 

3.20 A review of scenarios by Vogl et al.23 showed that by 2050, primary steel production (steel 

made from iron ore) ranges between 22 and 57 Mt (million tonnes, see Figure 1), substantially 

less than the 92 Mt produced in 2019. 

 

3.21 The International Energy Agency’s Iron and Steel Roadmap projects EU steel production to 

remain ‘relatively constant in the Stated Policies Scenario’24 and decline in the Sustainable 

Development Scenario as a result of improvements in material efficiency. 
 

 
20  A term for the 27 EU countries plus the United Kingdom.  
21  CD9.17, pp. 12-20. 
22  CD9.16. 
23  CD9.6, §2. 
24  CD9.20, p.68. 
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Figure 1: Future steel demand in EU-28 based on a literature review of scenarios. The double arrows indicate the ranges for 
primary and total steel demand in 2050 as identified in the review. Adopted from (Vogl et al., 2020). 

 

(iv) Share of secondary steel production in the EU 

3.22 Wide consensus exists among experts around the projection that the share of secondary 

steelmaking in total steel production will increase in the EU up to 205025  (Appendix 10). This 

relative increase in secondary steel production (steel from steel scrap) in the EU can be 

explained by the increasing availability of post-consumer scrap26 . 

 

3.23 This general underlying trend towards secondary steelmaking is further strengthened by large 

untapped potentials in material efficiency along steel value chains.27 The IEA has found that 

“[p]ursuing a suite of material efficiency measures along supply chains reduces global steel 

demand by around a fifth in 2050”28. 

 

3.24 This trend towards secondary steelmaking taken together with a constant or declining steel 

production means that fewer blast furnaces will be required and therefore less metallurgical 

coal will be consumed in EU steel production up to 2050. 

  

 
25  CD9.20. 
26  CD9.3, pg.80. 
27  CD9.24. 
28  CD9.20, pg.12. 
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(v) Shift to primary steel production without coking coal 

3.25 In addition to the expected decrease in primary steel production, compelling evidence shows 

that remaining primary production is likely to shift away from blast furnaces in order to reach 

climate mitigation targets.  

 

3.26 The Green Steel Tracker (GST) is a regularly updated survey “tracking public announcements 

of low-carbon investments in the steel industry and presenting them transparently in one 

place” (Appendix 11). Results from the GST show that many EU primary steel producers are 

undertaking commercial-scale projects aiming at the deployment of alternative low- or zero-

carbon primary iron- and steelmaking technologies before 2030 (See Appendix 11 for a full list 

of projects). 

 

3.27 In particular, most projects in the EU do not plan to use metallurgical coal for steel production: 

3.27.1 Several companies have publicly stated they will abandon their blast furnaces in 

favour of hydrogen direct reduction (H-DR): Thyssenkrupp (2019 company production 

level 12.25 Mt), SSAB (7.6), voestalpine (7.3 Mt), Salzgitter (6.9). 

3.27.2 One new production site is planned in Northern Sweden. The company H2 Green Steel 

plans to produce 2.5 Mtpa by 2024 and wants to increase production to 5 Mtpa by 

2030 through H-DR technology (Appendix 12, Table 1). 

3.27.3 One production site aims to use hydrogen direct reduction at its secondary 

steelmaking site: Liberty Steel Dunkirk. The project capacity is 2 Mtpa (Appendix 12, 

Table 1). 

3.27.4 Several current BF/BOF steel mills have announced that they will start H-DR steel 

production: ArcelorMittal Bremen (capacity 1.75 Mt, to start in 2026)(Appendix 12, 

Table 1), ArcelorMittal Eisenhüttenstadt (1.75, 2026) (Appendix 12, Table 1), 

ArcelorMittal Dunkirk (likely to replace 1 of 3 BFs in first step, ca. 1.4 Mtpa), Liberty 

Steel Galati (4 Mtpa), ArcelorMittal Hamburg (0.1 Mtpa, pilot plant). 

3.27.5 Three further projects aim at primary steelmaking without metallurgical coal: Swedish 

LKAB aims to start producing iron produced through H-DR in 2029 (Appendix 12, Table 

1) and aims to steadily increase production up to 20 Mt in 2045. Tata Steel in the 

Netherlands has an operational smelting reduction pilot plant that can handle a wider 

range of coal grades. ArcelorMittal in France has an operational electrowinning pilot 

plant that runs on electricity (Appendix 12, Table 1).  
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3.28 The majority of these projects will incorporate a process to produce sponge iron followed by 

an EAF to produce steel. The sponge iron production in many projects uses hydrogen to reduce 

the iron ore. As shown above, coal demand in EAFs today is only 1.5% of that in blast furnaces. 

Furthermore, several pathways for substituting coal in EAFs have been investigated and some 

have successfully been tested at industrial scale.29 

 

3.29 Data gathered in the Green Steel Tracker, shows that by 2030, industrial H-DR projects in the 

EU will provide a total capacity of over 10 Mt of primary steel production. This corresponds to 

12-15% of total primary production (based on numbers presented above and in Figure 1). By 

2040, this number increases to more than 20 Mt not counting three further full-scale steel 

plant projects of unannounced capacity. 

 

3.30 As primary steel production is not expected to grow (see (i) and (ii) above), the 

implementation of the abovementioned projects will lead to the retirement of blast furnaces. 

Based on the evidence shown above, EU blast furnaces are expected to be replaced by 

hydrogen reduction from 2024 (although one project in France will already be implemented 

in 2021). 

 
(vi) Carbon capture and storage 

3.31 An alternative to H-DR is the use of carbon capture and storage (CCS) technology in steel 

production. CCS captures the off gases from existing steel mills and stores them underground. 

 

3.32 Deep emission reductions at existing sites through CCS are known to be expensive. In theory, 

achieving carbon neutrality for blast furnaces requires high capture rates of over 70% and the 

exploitation of all substitution possibilities for metallurgical coal with biogenic carbon 

(Appendix 13, p. (tbc when paywall down)). The costs of carbon capture rise exponentially 

with increased capture rate (Appendix 14, p. (tbc when paywall down)). If all potentials are 

exploited, the emission reduction potential for blast furnaces equipped with CCS is lower than 

if similar potentials are exploited for direct reduction technology (Appendix 15, p. (tbc when 

paywall down)). 

 

3.33 The high costs and the economic and technical difficulty to achieve very low emissions, 

together with a policy context that requires zero emissions across all sectors, represents an 

 
29  CD9.23, pp.11-12. 
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unfertile environment for steel CCS in the EU. Evidence from the GST shows that CCS is not a 

favoured pathway for the EU steel industry. Only one project is planned in the EU, which is 

located in the Netherlands. A second CCS project is located in the Humber region in the UK. 

Together, these projects aim to capture 3.9 Mt of CO2 by 2026, equivalent to an annual steel 

production of ca. 2 Mt. It must be noted that these numbers also include the capture of off-

gases of other industrial emitters, so the figure of 2Mt is, in fact, likely an overestimate.  

 
(vii) Steel producers’ climate targets and demand for Green Steel 

3.34 Results from the GST also show that many steel producers in the EU have set ambitious climate 

targets for 2030 and 2050 (see Table 2 in Appendix 12). The following companies have 

announced that they will be carbon or climate neutral by 2050 or earlier: ArcelorMittal, 

Thyssenkrupp, Tata Steel Europe, SSAB, Outokumu, Aperam. These companies together 

produce more than 29 million tonnes of steel per year. 

 

3.35 The UK integrated steelmaker Tata Steel has announced a 30% reduction target for 2030 and 

a carbon neutrality target for 2050. The second UK integrated steelmaker British Steel has 

announced the target of net zero emissions in the Humber region by 2040 (see Table 2 in 

Appendix 12). 

 

3.36 Demand for green steel is increasing and large steel customers such as Volvo, Scania and 

Mercedes-Benz have signed purchase agreements and partnerships with producers of low-

emission steel, while Volkswagen has committed to make its value chains carbon neutral by 

2050 (Appendix 16, pg.4). These developments towards hydrogen steelmaking and climate 

action in the steel industry stretch beyond Europe, with three quarters of global steel 

production now covered by a national or company-wide net-zero or carbon neutrality target, 

including the five biggest steel producers worldwide, which are Baowu, ArcelorMittal, Nippon, 

HBIS and POSCO30 (Appendix 11; Appendix 12). 

 

  

 
30  CD9.21. 
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4. Conclusion 
 

4.1 Recent developments lead us to conclude that there will be very few or no blast furnaces in 

the EU by 2040-2050, a decreasing demand for metallurgical coal from 2024 and a very small 

demand for metallurgical coal by 2050.  

 

4.2 The reasons for the decline in metallurgical coal demand in the EU steel industry are threefold:  

4.2.1 Constant or slightly declining total steel production in the EU; 

4.2.2 Increased secondary steelmaking driven by increasing availability of steel scrap as a 

resource: and  

4.2.3 The EU steel industry’s own decarbonisation plans that focus on technologies that 

do not require metallurgical coal. 

 

Declaration 
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1. INTRODUCTION

There is only one planet Earth, yet by 2050, the world will be consuming as if there 

were three
1
. Global consumption of materials such as biomass, fossil fuels, metals and

minerals is expected to double in the next forty years
2
, while annual waste generation is

projected to increase by 70% by 2050
3
.

As half of total greenhouse gas emissions and more than 90% of biodiversity loss and 

water stress come from resource extraction and processing, the European Green Deal
4

launched a concerted strategy for a climate-neutral, resource-efficient and competitive 

economy. Scaling up the circular economy from front-runners to the mainstream 

economic players will make a decisive contribution to achieving climate neutrality by 

2050 and decoupling economic growth from resource use, while ensuring the long-

term competitiveness of the EU and leaving no one behind.  

To fulfil this ambition, the EU needs to accelerate the transition towards a 

regenerative growth model that gives back to the planet more than it takes, advance 

towards keeping its resource consumption within planetary boundaries, and therefore 

strive to reduce its consumption footprint and double its circular material use rate in 

the coming decade.  

For business, working together on creating the framework for sustainable products 

will provide new opportunities in the EU and beyond. This progressive, yet irreversible 

transition to a sustainable economic system is an indispensable part of the new EU 

industrial strategy. A recent study estimates that applying circular economy principles 

across the EU economy has the potential to increase EU GDP by an additional 0.5% by 

2030 creating around 700 000 new jobs
5
. There is a clear business case for individual

companies too: since manufacturing firms in the EU spend on average about 40% on 

materials, closed loop models can increase their profitability, while sheltering them from 

resource price fluctuations. 

Building on the single market and the potential of digital technologies, the circular 

economy can strengthen the EU’s industrial base and foster business creation and 

entrepreneurship among SMEs. Innovative models based on a closer relationship with 

customers, mass customisation, the sharing and collaborative economy, and powered by 

digital technologies, such as the internet of things, big data, blockchain and artificial 

intelligence, will not only accelerate circularity but also the dematerialisation of our 

economy and make Europe less dependent on primary materials.  

For citizens, the circular economy will provide high-quality, functional and safe 

products, which are efficient and affordable, last longer and are designed for reuse, 

repair, and high-quality recycling. A whole new range of sustainable services, product-

as-service models and digital solutions will bring about a better quality of life, innovative 

jobs and upgraded knowledge and skills.  

This Circular Economy Action Plan provides a future-oriented agenda for 

achieving a cleaner and more competitive Europe in co-creation with economic 

actors, consumers, citizens and civil society organisations. It aims at accelerating the 

1 https://www.un.org/sustainabledevelopment/sustainable-consumption-production/ 
2 OECD (2018), Global Material Resources Outlook to 2060.  
3 World Bank (2018), What a Waste 2.0: A Global Snapshot of Solid Waste Management to 2050. 
4 COM(2019) 640 final. 
5 Cambridge Econometrics, Trinomics, and ICF (2018), Impacts of circular economy policies on the labour market. 
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transformational change required by the European Green Deal, while building on circular 

economy actions implemented since 2015
6
. This plan will ensure that the regulatory

framework is streamlined and made fit for a sustainable future, that the new opportunities 

from the transition are maximised, while minimising burdens on people and businesses.  

The plan presents a set of interrelated initiatives to establish a strong and coherent 

product policy framework that will make sustainable products, services and 

business models the norm and transform consumption patterns so that no waste is 

produced in the first place. This product policy framework will be progressively rolled 

out, while key product value chains will be addressed as a matter of priority. Further 

measures will be put in place to reduce waste and ensure that the EU has a well-

functioning internal market for high quality secondary raw materials. The capacity 

of the EU to take responsibility for its waste will be also strengthened.  

Europe will not achieve transformative change by acting alone. The EU will continue to 

lead the way to a circular economy at the global level
7
 and use its influence, expertise 

and financial resources to implement the 2030 Sustainable Development Goals. This 

plan aims also at ensuring that the circular economy works for people, regions and cities, 

fully contributes to climate neutrality and harnesses the potential of research, innovation 

and digitalisation. It foresees the further development of a sound monitoring 

framework contributing to measuring well-being beyond GDP.  

2. A SUSTAINABLE PRODUCT POLICY FRAMEWORK

2.1. Designing sustainable products 

While up to 80% of products’ environmental impacts are determined at the design 

phase
8
, the linear pattern of “take-make-use-dispose” does not provide producers

with sufficient incentives to make their products more circular. Many products break 

down too quickly, cannot be easily reused, repaired or recycled, and many are made for 

single use only. At the same time, the single market provides a critical mass enabling the 

EU to set global standards in product sustainability and to influence product design and 

value chain management worldwide. 

EU initiatives and legislation already address to a certain extent sustainability 

aspects of products, either on a mandatory or voluntary basis. Notably, the 

Ecodesign Directive
9
 successfully regulates energy efficiency and some circularity

features of energy-related products. At the same time, instruments such as the EU 

Ecolabel
10

 or the EU green public procurement (GPP) criteria
11

 are broader in scope but

have reduced impact due to the limitations of voluntary approaches. In fact, there is no 

comprehensive set of requirements to ensure that all products placed on the EU market 

become increasingly sustainable and stand the test of circularity. 

In order to make products fit for a climate-neutral, resource-efficient and circular 

economy, reduce waste and ensure that the performance of front-runners in sustainability 

6    COM(2015) 614 final. 
7     SWD(2020) 100.  
8 https://op.europa.eu/en/publication-detail/-/publication/4d42d597-4f92-4498-8e1d-857cc157e6db 
9 Directive 2009/125/EC of the European Parliament and of the Council of 21 October 2009 establishing a 

framework for the setting of ecodesign requirements for energy-related products, OJ L 285, 31.10.2009, p. 10. 
10 Regulation (EC) No 66/2010 of the European Parliament and of the Council of 25 November 2009 on the EU 

Ecolabel, OJ L 27, 30.1.2010, p. 1. 
11 https://ec.europa.eu/environment/gpp/eu_gpp_criteria_en.htm 

8

https://op.europa.eu/en/publication-detail/-/publication/4d42d597-4f92-4498-8e1d-857cc157e6db
https://ec.europa.eu/environment/gpp/eu_gpp_criteria_en.htm


4 

progressively becomes the norm, the Commission will propose a sustainable product 

policy legislative initiative. 

The core of this legislative initiative will be to widen the Ecodesign Directive beyond 

energy-related products so as to make the Ecodesign framework applicable to the 

broadest possible range of products and make it deliver on circularity.  

As part of this legislative initiative, and, where appropriate, through complementary 

legislative proposals, the Commission will consider establishing sustainability 

principles and other appropriate ways to regulate the following aspects: 

 improving product durability, reusability, upgradability and reparability,

addressing the presence of hazardous chemicals in products, and increasing their

energy and resource efficiency;

 increasing recycled content in products, while ensuring their performance and

safety;

 enabling remanufacturing and high-quality recycling;

 reducing carbon and environmental footprints;

 restricting single-use and countering premature obsolescence;

 introducing a ban on the destruction of unsold durable goods;

 incentivising product-as-a-service or other models where producers keep the

ownership of the product or the responsibility for its performance throughout its

lifecycle;

 mobilising the potential of digitalisation of product information, including

solutions such as digital passports, tagging and watermarks;

 rewarding products based on their different sustainability performance,

including by linking high performance levels to incentives.

Priority will be given to addressing product groups identified in the context of the 

value chains featuring in this Action Plan, such as electronics, ICT and textiles but 

also furniture and high impact intermediary products such as steel, cement and 

chemicals. Further product groups will be identified based on their environmental impact 

and circularity potential. 

This legislative initiative and any other complementary regulatory or voluntary 

approaches will be developed in a way to improve the coherence with existing 

instruments regulating products along various phases of their life cycle. It is the 

intention of the Commission that the product sustainability principles will guide 

broader policy and legislative developments in the future. The Commission will also 

increase the effectiveness of the current Ecodesign framework for energy-related 

products, including by swiftly adopting and implementing a new Ecodesign and Energy 

Labelling Working Plan 2020-2024 for individual product groups. 

The review of the Ecodesign Directive as well as further work on specific product 

groups, under the Ecodesign framework or in the context of other instruments, will build, 

where appropriate, on criteria and rules established under the EU Ecolabel Regulation, 

the Product Environmental Footprint approach
12

 and the EU GPP criteria. The

Commission will consider the introduction of mandatory requirements to increase the 

12 https://ec.europa.eu/environment/eussd/smgp/PEFCR_OEFSR_en.htm 
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sustainability not only of goods, but also of services. The possibility to introduce 

requirements linked to environmental and social aspects along the value chain, from 

production through use to end of life, will also be carefully assessed, including in the 

context of WTO rules. For instance, ensuring the accessibility of certain products and 

services
13

 next to contributing to social inclusion can have the added benefit of increasing

product durability and reusability. 

Furthermore, to support the effective and efficient application of the new sustainable 

product framework, the Commission will: 

 establish a common European Dataspace for Smart Circular Applications
14

with data on value chains and product information;

 step up efforts, in cooperation with national authorities, on enforcement of

applicable sustainability requirements for products placed on the EU market, in

particular through concerted inspections and market surveillance actions.

2.2. Empowering consumers and public buyers 

Empowering consumers and providing them with cost-saving opportunities is a key 

building block of the sustainable product policy framework. To enhance the participation 

of consumers in the circular economy, the Commission will propose a revision of EU 

consumer law to ensure that consumers receive trustworthy and relevant information 

on products at the point of sale, including on their lifespan and on the availability of 

repair services, spare parts and repair manuals. The Commission will also consider 

further strengthening consumer protection against green washing and premature 

obsolescence, setting minimum requirements for sustainability labels/logos and for 

information tools. 

In addition, the Commission will work towards establishing a new ‘right to repair’ and 

consider new horizontal material rights for consumers for instance as regards 

availability of spare parts or access to repair and, in the case of ICT and electronics, to 

upgrading services. Regarding the role that guarantees can play in providing more 

circular products, the Commission will explore possible changes also in the context of 

the review of Directive 2019/771
15

.

The Commission will also propose that companies substantiate their environmental 

claims using Product and Organisation Environmental Footprint methods. The 

Commission will test the integration of these methods in the EU Ecolabel and include 

more systematically durability, recyclability and recycled content in the EU Ecolabel 

criteria. 

Public authorities’ purchasing power represents 14% of EU GDP and can serve as a 

powerful driver of the demand for sustainable products. To tap into this potential, the 

Commission will propose minimum mandatory green public procurement (GPP) 

criteria and targets in sectoral legislation and phase in compulsory reporting to 

monitor the uptake of Green Public Procurement (GPP) without creating unjustified 

administrative burden for public buyers. Furthermore, the Commission will continue to 

13 Directive (EU) 2019/882 of the European Parliament and of the Council of 17 April 2019 on the accessibility 

requirements for products and services, OJ L 151, 7.6.2019, p. 70. 
14 COM (2020) 67 final. 
15 Directive (EU) 2019/771/EC of the European Parliament and of the Council of 20 May 2019 on certain aspects 

concerning contracts for the sale of goods, OJ L 136, 22.5.2019, p. 28. 
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support capacity building with guidance, training and dissemination of good practices 

and encouraging public buyers to take part in a “Public Buyers for Climate and 

Environment” initiative, which will facilitate exchanges among buyers committed to 

GPP implementation. 

2.3. Circularity in production processes 

Circularity is an essential part of a wider transformation of industry towards climate-

neutrality and long-term competitiveness. It can deliver substantial material savings 

throughout value chains and production processes, generate extra value and unlock 

economic opportunities. In synergy with the objectives laid out in the Industrial 

Strategy
16

, the Commission will enable greater circularity in industry by:

 assessing options for further promoting circularity in industrial processes in the

context of the review of the Industrial Emissions Directive
17

, including the

integration of circular economy practices in upcoming Best Available Techniques

reference documents;

 facilitating industrial symbiosis by developing an industry-led reporting and

certification system, and enabling the implementation of industrial symbiosis;

 supporting the sustainable and circular bio-based sector through the

implementation of the Bioeconomy Action Plan
18

;

 promoting the use of digital technologies for tracking, tracing and mapping of

resources;

 promoting the uptake of green technologies through a system of solid verification

by registering the EU Environmental Technology Verification scheme as an

EU certification mark.

The new SME Strategy
19

 will foster circular industrial collaboration among SMEs 

building on training, advice under the Enterprise Europe Network on cluster 

collaboration, and on knowledge transfer via the European Resource Efficiency 

Knowledge Centre. 

3. KEY PRODUCT VALUE CHAINS

The sustainability challenge posed by key value chains requires urgent, comprehensive 

and coordinated actions, which will form an integral part of the sustainable product 

policy framework outlined in section 2. Those actions will contribute to the response to 

the climate emergency and will feed into the EU Industrial Strategy, as well as into the 

forthcoming biodiversity, Farm to Fork and forest strategies. As part of the governance of 

the sectorial actions, the Commission will cooperate closely with stakeholders in key 

value chains to identify barriers to the expansion of markets for circular products and 

ways to address those barriers. 

16 COM(2020) 102. 
17 Directive 2010/75/EU of the European Parliament and of the Council of 24 November 2010 on industrial 

emissions (integrated pollution prevention and control),OJ L 334, 17.12.2010, p. 17. 
18 COM(2018) 763 final. 
19 COM(2020) 103. 
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3.1. Electronics and ICT 

Electrical and electronic equipment continues to be one of the fastest growing waste 

streams in the EU, with current annual growth rates of 2%. It is estimated that less than 

40% of electronic waste is  recycled in the EU
20

. Value is lost when fully or partially

functional products are discarded because they are not reparable, the battery cannot be 

replaced, the software is no longer supported, or materials incorporated in devices are not 

recovered. About two in three Europeans would like to keep using their current digital 

devices for longer, provided performance is not significantly affected
21

.

To address these challenges, the Commission will present a ‘Circular Electronics 

Initiative’ mobilising existing and new instruments. In line with the new sustainable 

products policy framework, this initiative will promote longer product lifetimes and 

include, among others, the following actions: 

 regulatory measures for electronics and ICT including mobile phones, tablets

and laptops under the Ecodesign Directive so that devices are designed for

energy efficiency and durability, reparability, upgradability, maintenance, reuse

and recycling. The upcoming Ecodesign Working Plan will set out further details

on this. Printers and consumables such as cartridges will also be covered

unless the sector reaches an ambitious voluntary agreement within the next six

months;

 focus on electronics and ICT as a priority sector for implementing the ‘right to

repair’, including a right to update obsolete software;

 regulatory measures on chargers for mobile phones and similar devices,

including the introduction of a common charger, improving the durability of

charging cables, and incentives to decouple the purchase of chargers from the

purchase of new devices;

 improving the collection and treatment of waste electrical and electronic

equipment
22

 including by exploring options for an EU-wide take back scheme

to return or sell back old mobile phones, tablets and chargers;

 review of EU rules on restrictions of hazardous substances in electrical and

electronic equipment
23

 and provide guidance to improve coherence with relevant

legislation, including REACH
24

 and Ecodesign.

3.2. Batteries and vehicles 

Sustainable batteries and vehicles underpin the mobility of the future. To progress swiftly 

on enhancing the sustainability of the emerging battery value chain for electro-mobility 

and boost the circular potential of all batteries, this year the Commission will propose a 

new regulatory framework for batteries. This legislative proposal will build on the 

20 https://ec.europa.eu/eurostat/tgm/table.do?tab=table&init=1&language=en&pcode=t2020_rt130&plugin=1  
21 Special Eurobarometer 503, January 2020. 
22 Directive 2012/19/EU of the European Parliament and of the Council of 4 July 2012 on waste electrical and 

electronic equipment (WEEE), OJ L 197, 24.7.2012, p. 38. 
23 Directive 2011/65/EU on the restriction of the use of certain hazardous substances in electrical and electronic 

equipment, OJ L 305, 21.11.2017, p. 8. 
24    Regulation (EC) No 1907/2006 of the European Parliament and of the Council of 18 December 2006 concerning 

the Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH) and establishing a European 

Chemicals Agency, OJ L396, 30.12.2006, p. 1. 
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evaluation of the Batteries Directive
25

 and the work of the Batteries Alliance with the

consideration of the following elements: 

 rules on recycled content and measures to improve the collection and recycling

rates of all batteries, ensure the recovery of valuable materials and provide

guidance to consumers;

 addressing non-rechargeable batteries with a view to progressively phasing out

their use where alternatives exists;

 sustainability and transparency requirements for batteries taking account of,

for instance, the carbon footprint of battery manufacturing, ethical sourcing of

raw materials and security of supply, and facilitating reuse, repurposing and

recycling.

The Commission will also propose to revise the rules on end-of-life vehicles
26

 with a 

view to promoting more circular business models by linking design issues to end-of-life 

treatment, considering rules on mandatory recycled content for certain materials of 

components, and improving recycling efficiency. Moreover, the Commission will 

consider the most effective measures to ensure the collection and the environmentally 

sound treatment of waste oils. 

From a broader perspective, the forthcoming Comprehensive European Strategy on 

Sustainable and Smart Mobility will look into enhancing synergies with the circular 

economy transition, in particular by applying product-as-service solutions to reduce 

virgin material consumption, use sustainable alternative transport fuels, optimise 

infrastructure and vehicle use, increase occupancy rates and load factors, and eliminate 

waste and pollution. 

3.3. Packaging 

The amount of materials used for packaging is growing continuously and in 2017 

packaging waste in Europe reached a record – 173 kg per inhabitant, the highest level 

ever. In order to ensure that all packaging on the EU market is reusable or recyclable in 

an economically viable way by 2030, the Commission will review Directive 94/62/EC
27

to reinforce the mandatory essential requirements for packaging to be allowed on the 

EU market and consider other measures, with a focus on: 

 reducing (over)packaging and packaging waste, including by setting targets

and other waste prevention measures;

 driving design for re-use and recyclability of packaging, including considering

restrictions on the use of some packaging materials for certain applications, in

particular where alternative reusable products or systems are possible or

consumer goods can be handled safely without packaging;

 considering reducing the complexity of packaging materials, including the

number of materials and polymers used.

25 Directive 2006/66/EC of the European Parliament and of the Council of 6 September 2006 on batteries and 

accumulators and waste batteries and accumulators and repealing Directive 91/157/EEC, OJ L 266, 26.9.2006, p. 

1. 
26 Directive 2000/53/EC of the European Parliament and of the Council of 18 September 2000 on end-of life 

vehicles, OJ L 269, 21.10.2000, p. 34.  
27 European Parliament and Council Directive 94/62/EC of 20 December 1994 on packaging and packaging waste, 

OJ L 365 31.12.1994, p. 10. 
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As part of the initiative to harmonise separate collection systems referred to in section 

4.1, the Commission will assess the feasibility of EU-wide labelling that facilitates the 

correct separation of packaging waste at source.  

The Commission will also establish rules for the safe recycling into food contact 

materials of plastic materials other than PET. 

The Commission will also strictly monitor and support the implementation of the 

requirements of the Drinking Water Directive to make drinkable tap water accessible 

in public places, which will reduce dependence on bottled water and prevent packaging 

waste.  

3.4. Plastics 

The EU Strategy for Plastics in the Circular Economy
28

 has set in motion a

comprehensive set of initiatives responding to a challenge of serious public concern. 

However, as consumption of plastics is expected to double in the coming 20 years, the 

Commission will take further targeted measures to address the sustainability challenges 

posed by this ubiquitous material and will continue to promote a concerted approach to 

tackle plastics pollution at global level as set out in section 7. 

To increase uptake of recycled plastics and contribute to the more sustainable use of 

plastics, the Commission will propose mandatory requirements for recycled content 

and waste reduction measures for key products such as packaging, construction 

materials and vehicles, also taking into account the activities of the Circular Plastics 

Alliance.  

In addition to measures to reduce plastic litter, the Commission will address the presence 

of microplastics in the environment by:  

 restricting intentionally added microplastics and tackling pellets taking into

account the opinion of the European Chemicals Agency;

 developing labelling, standardisation, certification and regulatory measures

on unintentional release of microplastics, including measures to increase the

capture of microplastics at all relevant stages of products’ lifecycle;

 further developing and harmonising methods for measuring unintentionally

released microplastics, especially from tyres and textiles, and delivering

harmonised data on microplastics concentrations in seawater;

 closing the gaps on scientific knowledge related to the risk and occurrence of

microplastics in the environment, drinking water and foods.

Furthermore, the Commission will address emerging sustainability challenges by 

developing a policy framework on: 

 sourcing, labelling and use of bio-based plastics, based on assessing where the

use of bio-based feedstock results in genuine environmental benefits, going

beyond reduction in using fossil resources;

 use of biodegradable or compostable plastics, based on an assessment of the

applications where such use can be beneficial to the environment, and of the

criteria for such applications. It will aim to ensure that labelling a product as

28 COM(2018) 28 final. 

14



10 

‘biodegradable’ or ‘compostable’ does not mislead consumers to dispose of it in a 

way that causes plastic littering or pollution due to unsuitable environmental 

conditions or insufficient time for degradation.  

The Commission will ensure the timely implementation of the new Directive on Single 

Use Plastic Products
29

 and fishing gear to address the problem of marine plastic

pollution while safeguarding the single market, in particular with regard to: 

 harmonised interpretation of the products covered by the Directive;

 labelling of products such as tobacco, beverage cups and wet wipes and ensuring

the introduction of tethered caps for bottles to prevent littering;

 developing for the first time rules on measuring recycled content in products.

3.5. Textiles 

Textiles are the fourth highest-pressure category for the use of primary raw materials and 

water, after food, housing and transport, and fifth for GHG emissions
30

. It is estimated

that less than 1% of all textiles worldwide are recycled into new textiles
31

. The EU textile

sector, predominantly composed of SMEs, has started to recover after a long period of 

restructuring, while 60% by value of clothing in the EU is produced elsewhere.  

In the light of the complexity of the textile value chain, to respond to these challenges the 

Commission will propose a comprehensive EU Strategy for Textiles, based on input 

from industry and other stakeholders. The strategy will aim at strengthening industrial 

competitiveness and innovation in the sector, boosting the EU market for sustainable and 

circular textiles, including the market for textile reuse, addressing fast fashion and 

driving new business models. This will be achieved by a comprehensive set of measures, 

including: 

 applying the new sustainable product framework as set out in section 2 to

textiles, including developing ecodesign measures to ensure that textile products

are fit for circularity, ensuring the uptake of secondary raw materials, tackling the

presence of hazardous chemicals, and empowering business and private

consumers to choose sustainable textiles and have easy access to re-use and

repair services;

 improving the business and regulatory environment for sustainable and circular

textiles in the EU, in particular by providing incentives and support to product-

as-service models, circular materials and production processes, and

increasing transparency through international cooperation;

 providing guidance to achieve high levels of separate collection of textile waste,

which Member States have to ensure by 2025;

 boosting the sorting, re-use and recycling of textiles, including through

innovation, encouraging industrial applications and regulatory measures

such as extended producer responsibility.

29 Directive (EU) 2019/904 of the European Parliament and of the Council of 5 June 2019 on the reduction of the 

impact of certain plastic products on the environment, OJ L 155, 12.6.2019, p. 1. 
30 EEA Briefing report Nov 2019. 
31 Ellen McArthur Foundation (2017), A new Textiles Economy 
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3.6. Construction and buildings 

The built environment has a significant impact on many sectors of the economy, on local 

jobs and quality of life. It requires vast amounts of resources and accounts for about 50% 

of all extracted material. The construction sector is responsible for over 35% of the EU’s 

total waste generation
32

. Greenhouse gas emissions from material extraction,

manufacturing of construction products, construction and renovation of buildings are 

estimated at 5-12% of total national GHG emissions
33

. Greater material efficiency could

save 80% of those emissions
34

.

To exploit the potential for increasing material efficiency and reducing climate impacts, 

the Commission will launch a new comprehensive Strategy for a Sustainable Built 

Environment. This Strategy will ensure coherence across the relevant policy areas such 

as climate, energy and resource efficiency, management of construction and demolition 

waste, accessibility, digitalisation and skills. It will promote circularity principles 

throughout the lifecycle of buildings by:  

 addressing the sustainability performance of construction products in the context

of the revision of the Construction Product Regulation
35

, including the possible

introduction of recycled content requirements for certain construction products,

taking into account their safety and functionality;

 promoting measures to improve the durability and adaptability of built assets in

line with the circular economy principles for buildings design
36

 and developing

digital logbooks for buildings;

 using Level(s)
37

 to integrate life cycle assessment in public procurement and

the EU sustainable finance framework and exploring the appropriateness of

setting of carbon reduction targets and the potential of carbon storage;

 considering a revision of material recovery targets set in EU legislation for

construction and demolition waste and its material-specific fractions;

 promoting initiatives to reduce soil sealing, rehabilitate abandoned or

contaminated brownfields and increase the safe, sustainable and circular use of

excavated soils.

Furthermore, the ‘Renovation Wave’ initiative announced in the European Green Deal 

to lead to significant improvements in energy efficiency in the EU will be implemented 

in line with circular economy principles, notably optimised lifecycle performance, and 

longer life expectancy of build assets. As part of the revision of the recovery targets for 

construction and demolition waste, the Commission will pay special attention to 

insulation materials, which generate a growing waste stream.    

32 Eurostat data for 2016. 
33 https://www.boverket.se/sv/byggande/hallbart-byggande-och-forvaltning/miljoindikatorer---aktuell-

status/vaxthusgaser/  
34 Hertwich, E., Lifset, R., Pauliuk, S., Heeren, N., IRP, (2020), Resource Efficiency and Climate Change: Material 

Efficiency Strategies for a Low-Carbon Future.  
35 Regulation (EU) No 305/2011 of the European Parliament and of the Council of 9 March 2011 laying down 

harmonised conditions for the marketing of construction products and repealing Council Directive 89/106/EEC, 

OJ L 88, 4.4.2011, p. 5. 
36 https://ec.europa.eu/docsroom/documents/39984  
37 https://ec.europa.eu/environment/eussd/buildings.htm   
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3.7. Food, water and nutrients 

The circular economy can significantly reduce the negative impacts of resource 

extraction and use on the environment and  contribute to restoring biodiversity and 

natural capital in Europe. Biological resources are a key input to the economy of the EU 

and will play an even more important role in the future. The Commission will aim at 

ensuring the sustainability of renewable bio-based materials, including through actions 

following the Bioeconomy Strategy and Action Plan. 

While the food value chain is responsible for significant resource and environmental 

pressures, an estimated 20% of the total food produced is lost or wasted in the EU.  

Therefore, in line with the Sustainable Development Goals and as part of the review of 

Directive 2008/98/EC
38

 referred to in section 4.1, the Commission will propose a target 

on food waste reduction, as a key action under the forthcoming EU Farm-to-Fork 

Strategy, which will address comprehensively the food value chain.  

The Commission will also consider specific measures to increase the sustainability of 

food distribution and consumption. Under the sustainable products initiative, the 

Commission will launch the analytical work to determine the scope of a legislative 

initiative on reuse to substitute single-use packaging, tableware and cutlery by 

reusable products in food services.   

The new Water Reuse Regulation will encourage circular approaches to water reuse in 

agriculture. The Commission will facilitate water reuse and efficiency, including in 

industrial processes. 

Furthermore, the Commission will develop an Integrated Nutrient Management Plan, 

with a view to ensuring more sustainable application of nutrients and stimulating the 

markets for recovered nutrients. The Commission will also consider reviewing 

directives on wastewater treatment and sewage sludge and will assess natural means 

of nutrient removal such as algae. 

 

4. LESS WASTE, MORE VALUE  

4.1. Enhanced waste policy in support of waste prevention and circularity 

Despite efforts at EU and national level, the amount of waste generated is not going 

down. Annual waste generation from all economic activities in the EU amounts to 2.5 

billion tonnes, or 5 tonnes per capita a year, and each citizen produces on average nearly 

half a tonne of municipal waste. The decoupling of waste generation from economic 

growth will require considerable effort across the whole value chain and in every home.  

Rolling out the sustainable product policy and translating it into specific legislation (see 

sections 2 and 3) will be key to making progress on waste prevention. In addition, we 

need to build on, further strengthen and better implement EU waste laws.  

EU waste laws have driven major improvements in waste management since the 1970s, 

supported by EU funds. However, they need to be modernised on an ongoing basis to 

make them fit for the circular economy and the digital age. As explained in section 3, 

revision of EU legislation on batteries, packaging, end-of-life vehicles, and 

hazardous substances in electronic equipment will be proposed with a view to 

                                                 
38  Directive 2008/98/EC of the European Parliament and of the Council of 19 November 2008 on waste and 

repealing certain Directives, OJ L 312, 22.11.2008, p. 3. 

17



13 

preventing waste, increasing recycled content, promoting safer and cleaner waste 

streams, and ensuring high-quality recycling.  

In addition, the Commission will put forward waste reduction targets for specific 

streams as part of a broader set of measures on waste prevention in the context of a 

review of Directive 2008/98/EC. The Commission will also enhance the implementation 

of the recently adopted requirements for extended producer responsibility schemes, 

provide incentives and encourage sharing of information and good practices in waste 

recycling. All this shall serve the objective to significantly reduce total waste generation 

and halve the amount of residual (non-recycled) municipal waste by 2030.  

High quality recycling relies on effective separate collection of waste.  To help citizens, 

businesses and public authorities better separate waste, the Commission will propose to 

harmonise separate waste collection systems. In particular, this proposal will address 

the most effective combinations of separate collection models, the density and 

accessibility of separate collection points, including in public spaces, taking account of 

regional and local conditions ranging from urban to outermost regions. Other aspects that 

facilitate consumer involvement will also be considered, such as common bin colours, 

harmonised symbols for key waste types, product labels, information campaigns and 

economic instruments. It would also seek standardisation and the use of quality 

management systems to assure the quality of the collected waste destined for use in 

products, and in particular as food contact material. 

Additional efforts are necessary to support the Member States in waste management. 

Half of them are at risk of non-compliance with the 2020 target to recycle 50% of 

municipal waste. To drive policy reforms, the Commission will organise high-level 

exchanges on the circular economy and waste and step up cooperation with Member 

States, regions and cities in making the best use of EU funds. Where necessary, the 

Commission will also use its enforcement powers. 

4.2. Enhancing circularity in a toxic-free environment 

EU chemicals policy and legislation, in particular REACH, encourage a shift to ‘safe-by-

design chemicals’ through the progressive substitution of hazardous substances to better 

protect citizens and the environment. However, the safety of secondary raw materials can 

still be compromised, for instance, where banned substances persist in recycled 

feedstock. To increase the confidence in using secondary raw materials, the Commission 

will: 

 support the development of solutions for high-quality sorting and removing

contaminants from waste, including those resulting from incidental

contamination;

 develop methodologies to minimise the presence of substances that pose

problems to heatlh or the environment  in recycled materials and articles

made thereof;

 co-operate with industry to progressively develop harmonised systems to track

and manage information on substances identified as being of very high

concern and other relevant substances, in particular those with chronic effects
39

,

39 As identified under Regulation (EC) 1907/2006 and Regulation (EC) 1272/2008 of the European Parliament and 

of the Council of 16 December 2008 on classification, labelling and packaging of substances and mixtures, 
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and substances posing technical problems for recovery operations present along 

supply chains, and identify those substances in waste, in synergy with measures 

under the sustainable products policy framework and with the ECHA Database 

on articles containing substances of very high concern; 

 propose amending the annexes to the Regulation on Persistent Organic 

Pollutants, in line with scientific and technical progress and the international 

obligations under the Stockholm Convention;   

 improve the classification and management of hazardous waste so as to 

maintain clean recycling streams, including through further alignment with the 

classification of chemical substances and mixtures where necessary. 

The forthcoming Chemicals Strategy for Sustainability will further address the 

interface between chemicals, products and waste legislation and strengthen synergies 

with the circular economy. 

 

4.3. Creating a well-functioning EU market for secondary raw materials 

Secondary raw materials face a number of challenges in competing with primary raw 

materials for reasons not only related to their safety, but also to their performance, 

availability and cost. A number of actions foreseen in this Plan, notably introducing 

requirements for recycled content in products, will contribute to preventing a mismatch 

between supply and demand of secondary raw materials and ensure the smooth 

expansion of the recycling sector in the EU. Furthermore, to establish a well-functioning 

internal market for secondary raw materials the Commission will: 

 assess the scope to develop further EU-wide end-of-waste criteria for certain 

waste streams based on monitoring Member States’ application of the revised 

rules on end-of-waste status and by-products, and support cross-border initiatives 

for cooperation to harmonise national end-of-waste and by-product criteria; 

 enhance the role of standardisation based on the on-going assessment ofexisting 

standardisation work at national, European and international levels;  

 make timely use of the restrictions on the use of substances of very high 

concern in articles for cases where the use of the substance is subject to an 

authorisation requirement, while continuing to improve enforcement at borders; 

 assess the feasibility of establishing a market observatory for key secondary 

materials. 

 

4.4. Addressing waste exports from the EU 

The global market for waste is undergoing considerable changes. In the past decade, 

millions of tonnes of European waste has been exported to non-EU countries, often 

without sufficient consideration of proper waste treatment. In many cases, waste exports 

result both in negative environmental and health impacts in the countries of destination, 

and in loss of resources and economic opportunities for the recycling industry in the EU. 

Recent import restrictions introduced by some third countries have exposed the 

                                                                                                                                                 
amending and repealing Directives 67/548/EEC and 1999/45/EC, and amending Regulation (EC) No 1907/2006, 

OJ L 353, 31.12.2008, p. 1. 
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overdependence of the EU on foreign waste treatment, but they have also mobilised the 

recycling industry to increase its capacity and add value to waste in the EU.  

In the light of these developments, and considering that illegal shipments of waste remain 

a source of concern, the Commission will take action with the aim to ensure that the EU 

does not export its waste challenges to third countries. Actions on product design, 

quality and safety of secondary materials and enhancing their markets will contribute to 

making “recycled in the EU” a benchmark for qualititative secondary materials.  

Facilitating preparing for re-use and recycling of waste in the EU will be enhanced by a 

thorough review of EU rules on waste shipments
40

. The review will also aim at 

restricting exports of waste that have harmful environmental and health impacts in 

third countries or can be treated domestically within the EU by focusing on countries 

of destination, problematic waste streams, types of waste operations that are source of 

concern, and enforcement to counteract illegal shipments. The Commission will also 

support measures at multilateral, regional and bilateral levels to combat environmental 

crime notably in the areas of illegal exports and illicit trafficking, strengthen controls 

of shipments of waste, and improve the sustainable management of waste in these 

countries. 

5. MAKING CIRCULARITY WORK FOR PEOPLE, REGIONS AND CITIES

Between 2012 and 2018 the number of jobs linked to the circular economy in the EU 

grew by 5% to reach around 4 million
41

. Circularity can be expected to have a positive

net effect on job creation provided that workers acquire the skills required by the green 

transition. The potential of the social economy, which is a pioneer in job creation linked 

to the circular economy, will be further leveraged by the mutual benefits of supporting 

the green transition and strengthening social inclusion, notably under the Action Plan to 

implement the European Pillar of Social Rights
42

.   

The Commission will ensure that its instruments in support of skills and job creation 

contribute also to accelerating the transition to a circular economy, including in the 

context of updating its Skills Agenda, launching a Pact for Skills with large-scale multi-

stakeholder partnerships, and the Action Plan for Social Economy. Further investment in 

education and training systems, lifelong learning, and social innovation will be promoted 

under the European Social Fund Plus. 

The Commission will also harness the potential of EU financing instruments and funds to 

support the necessary investments at regional level and ensure that all regions benefit 

from the transition. In addition to awareness-raising, cooperation and capacity-building, 

Cohesion Policy funds will help regions to implement circular economy strategies and 

reinforce their industrial fabric and value chains. Circular economy solutions will be 

tailored to the outermost regions and islands, due to their dependence on resource 

imports, high waste generation fuelled by tourism, and waste exports.  The Just 

Transition Mechanism
43

 proposed as part of the European Green Deal Investment Plan 

and InvestEU will be able to support projects focusing on the circular economy.  

40 Regulation (EC) No 1013/2006 of the European Parliament and of the Council of 14 June 2006 on shipments of 

waste, OJ L 190, 12.7.2006, p. 1. 
41 https://ec.europa.eu/eurostat/tgm/refreshTableAction.do?tab=table&plugin=1&pcode=cei_cie010&language=en   
42 COM(2020) 14 final 
43 https://ec.europa.eu/commission/presscorner/detail/en/fs_20_39  
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The proposed European Urban Initiative, the Intelligent Cities Challenge Initiative, 

and the Circular Cities and Regions Initiative will provide key assistance to cities. 

Circular economy will be among the priority areas of the Green City Accord. 

The European Circular Economy Stakeholder Platform will continue to be the place 

for stakeholders to exchange information. 

 

6. CROSSCUTTING ACTIONS 

6.1. Circularity as a prerequisite for climate neutrality 

In order to achieve climate neutrality, the synergies between circularity and reduction of 

greenhouse gas emissions need to be stepped up. The Commission will:  

 analyse how the impact of circularity on climate change mitigation and 

adaptation can be measured in a systematic way;  

 improve modelling tools to capture the benefits of the circular economy  on 

greenhouse gas emission reduction at EU and national levels; 

 promote strengthening the role of circularity in future revisions of the 

National Energy and Climate Plans and, where appropriate, in other climate 

policies. 

Next to reducing greenhouse gas emissions, achieving climate neutrality will also require 

that carbon is removed from the atmosphere, used in our economy without being 

released, and stored for longer periods of time. Carbon removals can be nature based, 

including through restoration of ecosystems, forest protection, afforestation, sustainable 

forest management and carbon farming sequestration, or based on increased circularity, 

for instance through long term storage in wood construction, re-use and storage of carbon 

in products such as mineralisation in building material.  

To incentivise the uptake of carbon removal and increased circularity of carbon, in 

full respect of the biodiversity objectives, the Commission will explore the development 

of a regulatory framework for certification of carbon removals based on robust and 

transparent carbon accounting to monitor and verify the authenticity of carbon removals.  

 

6.2. Getting the economics right 

Accelerating the green transition requires careful yet decisive measures to steer financing 

towards more sustainable production and consumption patterns. The Commission has 

already taken a series of initiatives in this respect, including integrating the circular 

economy objective under the EU Taxonomy Regulation
44

, and carrying out 

preparatory work on EU Ecolabel criteria for financial products. The Circular 

Economy Finance Support Platform will continue to offer guidance to project 

promoters on circular incentives, capacity building and financial risk management. EU 

financial instruments, such as SME guarantees under the current framework and 

InvestEU as of 2021, mobilise private financing in support of the circular economy. The 

Commission has also proposed a new own resource for the EU budget based on the 

amount of non-recycled plastic packaging waste. In addition, the Commission will:  

                                                 
44   The EU classification system for environmentally sustainable activities:  

 https://eur-lex.europa.eu/legal-content/en/HIS/?uri=CELEX%3A52018PC0353    
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 enhance disclosure of environmental data by companies in the upcoming review

of the non-financial reporting directive;

 support a business led initiative to develop environmental accounting

principles that complement financial data with circular economy performance

data;

 encourage the integration of sustainability criteria into business strategies by

improving the corporate governance framework;

 reflect objectives linked to the circular economy as part of the refocusing of the

European Semester and in the context of the forthcoming revision of the State

Aid Guidelines in the field of the environment and energy;

 continue to encourage the broader application of well-designed economic

instruments, such as environmental taxation, including landfill and

incineration taxes, and enable Member States to use value added tax (VAT)

rates to promote circular economy activities that target final consumers, notably

repair services
45

.

6.3. Driving the transition through research, innovation and digitalisation 

European businesses are frontrunners in circular innovations. The European Regional 

Development Fund, through smart specialisation, LIFE and Horizon Europe will 

complement private innovation funding and support the whole innovation cycle with the 

aim to bring solutions to the market. Horizon Europe will support the development of 

indicators and data, novel materials and products, substitution and elimination of 

hazardous substances based on “safe by design” approach, circular business models, and 

new production and recycling technologies, including exploring the potential of chemical 

recycling, keeping in mind the role of digital tools to achieve circular objectives. Marie 

Sklodowska Curie Actions can in addition support development of skills, training and 

mobility of researchers in this area. 

Digital technologies can track the journeys of products, components and materials and 

make the resulting data securely accessible. The European data space for smart 

circular applications referred to in section 2 will provide the architecture and 

governance system to drive applications and services such as product passports, resource 

mapping and consumer information. 

The European Institute of Innovation and Technology will coordinate innovation 

initiatives on circular economy in collaboration with universities, research organisations,  

industry and SME’s within the Knowledge and Innovation Communities.  

The regime for intellectual property needs to be fit for the digital age and the green 

transition and support EU businesses’ competitiveness. The Commission will propose an 

Intellectual Property Strategy to ensure that intellectual property remains a key 

enabling factor for the circular economy and the emergence of new business models. 

45 Subject to the outcome of the on-going legislative procedure. 
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7. LEADING EFFORTS AT GLOBAL LEVEL 

The EU can only succeed if its efforts drive also the global transition to a just, climate-

neutral, resource-efficient and circular economy. There is a growing need to advance 

discussions on defining a “Safe Operating Space’ whereby the use of various natural 

resources does not exceed certain local, regional or global thresholds and environmental 

impacts remain within planetary boundaries.  

For countries with an EU accession perspective, our closest neighbours in the South and 

the East, emerging economies and key partners across the world, the new sustainable 

models will open up business and employment opportunities, while strengthening the ties 

with European economic actors
46

.  

To support a global shift to a circular economy, the Commission will: 

 building on the European Plastics Strategy, lead efforts at international level to 

reach a global agreement on plastics, and promote the uptake of the EU’s 

circular economy approach on plastics; 

 propose a Global Circular Economy Alliance to identify knowledge and 

governance gaps in advancing a global circular economy and take forward 

partnership initiatives, including with major economies; 

 explore the feasibility of defining a ‘Safe Operating Space’ for natural resource 

use and consider initiating discussions on an international agreement on the 

management of natural resources; 

 build a stronger partnership with Africa to maximise the benefits of the green 

transition and the circular economy;  

 ensure that Free Trade Agreements reflect the enhanced objectives of the 

circular economy; 

 continue promoting the circular economy in the accession process with the 

Western Balkans, and in the context of bilateral, regional and multilateral 

policy dialogues, fora and environmental agreements, as well as of pre-

accession assistance and neighbourhood, development and international 

cooperation programmes, including the International Platform on Sustainable 

Finance;  

 step up outreach activities, including through the European Green Deal 

diplomacy and the Circular Economy missions, and work with EU Member States 

to enhance coordination and joint efforts for a global circular economy.  

 

8. MONITORING PROGRESS  

In line with the European Green Deal and the 2020 Annual Sustainable Growth 

Strategy
47

, the Commission will reinforce the monitoring of national plans and 

measures to accelerate the transition to a circular economy as part of refocusing the 

European Semester process to integrate a stronger sustainability dimension. 

                                                 
46  SWD(2020) 100. 
47  COM (2019) 650 final. 
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The Commission will also update the Monitoring Framework for the Circular 

Economy
48

. Relying on European statistics as much as possible, new indicators will take

account of the focus areas in this action plan and of the interlinkages between circularity, 

climate neutrality and the zero pollution ambition. At the same time, projects under 

Horizon Europe and Copernicus data will improve circularity metrics at various levels 

not yet reflected in official statistics. 

Indicators on resource use, including consumption and material footprints to 

account for material consumption and environmental impacts associated to our 

production and consumption patterns will also be further developed and will be linked to 

monitoring and assessing the progress towards decoupling economic growth from 

resource use and its impacts in the EU and beyond.  

9. CONCLUSION

The transition to the circular economy will be systemic, deep and transformative, in the 

EU and beyond. It will be disruptive at times, so it has to be fair.  It will require an 

alignment and cooperation of all stakeholders at all levels - EU, national, regional and 

local, and international.  

Therefore, the Commission invites EU institutions and bodies to endorse this Action Plan 

and actively contribute to its implementation, and encourages Member States to adopt or 

update their national circular economy strategies, plans and measures in the light of its 

ambition. Furthermore, the Commission will recommend including the circular economy 

among the topics for discussion on the future of Europe and a regular theme of citizens’ 

dialogues.    

48 https://ec.europa.eu/eurostat/web/circular-economy/indicators/monitoring-framework 
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ANNEX

Key actions Date 

A SUSTAINABLE PRODUCT POLICY FRAMEWORK 

Legislative proposal for a sustainable product policy initiative 2021 

Legislative proposal empowering consumers in the green transition 2020 

Legislative and non-legislative measures establishing a new “right to repair” 2021 

Legislative proposal on substantiating green claims 2020 

Mandatory Green Public Procurement (GPP) criteria and targets in 

sectoral legislation and phasing-in mandatory reporting on GPP 

as of 2021 

Review of the Industrial Emissions Directive, including the integration of 

circular economy practices in upcoming Best Available Techniques reference 

documents 

as of 2021 

Launch of an industry-led industrial symbiosis reporting and certification 

system  

2022 

KEY PRODUCT VALUE CHAINS 

Circular Electronics Initiative, common charger solution, and reward 

systems to return old devices 

2020/2021 

Review of the Directive on the restriction of the use of certain hazardous 

substances in electrical and electronic equipment and guidance to clarify  

its links with REACH and Ecodesign requirements 

2021 

Proposal for a new regulatory framework for batteries 2020 

Review of the rules on end-of-life vehicles 2021 

Review of the rules on proper treatment of waste oils 2022 

Review to reinforce the essential requirements for packaging and reduce 

(over)packaging and packaging waste 

2021 

Mandatory requirements on recycled plastic content and plastic waste 

reduction measures for key products such as packaging, construction 

materials and vehicles 

2021/2022 

Restriction of intentionally added microplastics and measures on 

unintentional release of microplastics 

2021 
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Policy framework for bio-based plastics and biodegradable or compostable 

plastics 

2021 

EU Strategy for Textiles 2021 

Strategy for a Sustainable Built Environment 2021 

Initiative to substitute single-use packaging, tableware and cutlery by 

reusable products in food services 

2021 

LESS WASTE, MORE VALUE 

Waste reduction targets for specific streams and other measures on waste 

prevention 

2022 

EU-wide harmonised model for separate collection of waste and labelling 

to facilitate separate collection 

2022 

Methodologies to track and minimise the presence of substances of 

concern in recycled materials and articles made thereof 

2021 

Harmonised information systems for the presence of substances of concern 2021 

Scoping the development of further EU-wide end-of-waste and by-product 

criteria 

2021 

Revision of the rules on waste shipments 2021 

MAKING THE CIRCULAR ECONOMY WORK FOR PEOPLE, REGIONS AND 

CITIES 

Supporting the circular economy transition through the Skills Agenda, the 

forthcoming Action Plan for Social Economy, the Pact for Skills and the 

European Social Fund Plus.  

as of 2020 

Supporting the circular economy transition through Cohesion policy funds, 

the Just Transition Mechanism and urban initiatives  
as of 2020 

CROSSCUTTING ACTIONS 

Improving measurement, modelling and policy tools to capture synergies 

between the circular economy and climate change mitigation and 

adaptation at EU and national level 

as of 2020 

Regulatory framework for the certification of carbon removals 2023 

Reflecting circular economy objectives in  the revision of the guidelines on 

state aid in the field of environment and energy  

2021 
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Mainstreaming circular economy objectives in the context of the rules on 

non-financial reporting, and initiatives on sustainable corporate 

governance and on environmental accounting 

2020/2021 

LEADING EFFORTS AT GLOBAL LEVEL 

Leading efforts towards reaching a global agreement on plastics as of 2020 

Proposing a Global Circular Economy Alliance and initiating discussions on 

an international agreement on the management of natural resources 

as of 2021 

Mainstreaming circular economy objectives in free trade agreements, in 

other bilateral, regional and multilateral processes and agreements, and in 

EU external policy funding instruments 

as of 2020 

MONITORING THE PROGRESS 

Updating the Circular Economy Monitoring Framework to reflect new 

policy priorities and develop further indicators on resource use, including 

consumption and material footprints 

2021 
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Renewables are becoming more and more competitive in the energy 
landscape. The data from the IRENA Renewable Cost Database shows cost 
declines continued in 2020, with the cost of electricity from utility-scale solar 
photovoltaics (PV) falling 7% year-on-year, offshore wind fell by 9%, onshore 
wind by 13% and that of concentrating solar power (CSP) by 16%.

The decade 2010 to 2020 saw dramatic improvement in the competitiveness of 
solar and wind power technologies. Between 2010 and 2020, the cost of electricity 
from utility-scale solar photovoltaics (PV) fell 85%, followed by concentrating 
solar power (CSP; 68%), onshore wind (56%) and offshore wind (48%). The last 
decade has seen CSP, offshore wind and utility-scale solar PV all join onshore wind 
in the cost range for new capacity fired by fossil fuels, when calculated without 
the benefit of financial support. Indeed, the trend is not only one of renewables 
competing with fossil fuels, but significantly undercutting them.

This is not just the case where new generating capacity is required. The 
analysis in this report shines a spotlight on how even existing coal plants 
are increasingly vulnerable to being undercut by new renewables. Indeed, 
our analysis suggests that up to 800 gigawatts (GW) of existing coal-fired 
capacity could be economically replaced by new renewables capacity, 
saving the electricity system up to USD 32 billion per year and reducing 
carbon-dioxide (CO2) emissions by up to 3 gigatonnes (Gt) CO2. This would 
provide 20% of the emissions reduction needed by 2030 for the 1.5°C climate 
pathway outlined in IRENA’s World Energy Transitions Outlook. There is no room 
for these coal assets to be part of the energy future, retrofitting with carbon 
capture and storage would only increase costs. While the flexibility to integrate 
very high shares of renewables will come from other, cheaper sources, with 
IRENA having identified 30 options that can be combined into comprehensive 
solutions in the report Innovation landscape for a renewable powered future. 

IRENA has, for over a decade, highlighted the essential role renewable power 
generation will play in the energy transition, as the opportunities for cost 
reduction were time and again, demonstrated, and then, in many cases, 
exceeded as smart policy and the razor-sharp focus of industry combined to 
unlock better performance and lower costs. The insights from IRENA’s data 
bear witness to the fruits of IRENA’s pluriannual programme of work and its 
focus on providing our Member States with the facts they need to support the 
energy transition at home. With falling renewable power generation costs, 
updates to Nationally Determined Contributions (NDC) need to consider 
the opportunities that have emerged in recent years. Countries can be more 
ambitious, and IRENA is ready to support them in that process.

This report also reinforces one of the key messages of our World Energy 
Transitions Outlook 2021, that very low-cost renewables can not only form 
the backbone of a decarbonised electricity system, but support a radically 
different future energy system where renewable hydrogen – derived from 
very low-cost renewable electricity – and modern biomass provide the last 
key to unlocking an affordable pathway to a 1.5°C future for us all. Now is the 
time to seize that opportunity.

Francesco La Camera

Director-General
International Renewable 

Energy Agency
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RENEWABLE POWER GENERATION COSTS IN 2020

The year 2020 was marked by the global pandemic and the subsequent economic and 
human toll it took as the COVID-19 virus spread. One bright spot, however, was the resilience 
of renewable power generation supply chains and record growth in new deployment. 

There was no disruption to the trend in continued cost declines for solar and wind power, 
either. In 2020, the global weighted-average levelised cost of electricity (LCOE) from new 
capacity additions of onshore wind declined by 13%, compared to 2019. Over the same 
period, the LCOE of offshore wind fell by 9% and that of utility-scale solar photovoltaics 
(PV) by 7% (Figure ES1).

That 13% year-on-year fall in the global weighted-average onshore wind LCOE, from 
USD 0.045/kilowatt hour (kWh) to USD 0.039/kWh,1 was slightly higher than the rate of 
decline in 2019. The decline was driven by a 9% fall in the global weighted-average total 
installed cost, as China – which has lower than average installed costs – connected an 
estimated 69 GW to the grid in 2020, two-thirds of the new capacity deployed that year. 

In 2020, the 7% year-on-year decline in the LCOE of utility-scale solar PV, from 
USD 0.061/kWh to USD 0.057/kWh, was lower than the 13% decline experienced in 2019. 
In 2020, too, the global weighted-average total installed cost of utility-scale solar PV fell 
by 12%, to just USD 883/kW. 

The decline in LCOE terms for utility-scale solar PV was lower than it otherwise might 
have been, as the decline in total installed costs experienced was partially offset by 
a reduction in the global weighted-average capacity factor of new projects in that 
year.2 This was driven by deployment in 2020 that was, on balance, weighted towards 
areas with poorer solar resources than those seeing deployment in 2019.3 Similar to the 
situation for onshore wind, China was the largest market for new capacity, accounting for 
an estimated 45% of the new, utility-scale capacity added in 2020.

EXECUTIVE SUMMARY

1  All financial values presented in this report are real, 2020 values - that is to say, they are adjusted for the impact of inflation on a 2020 
base year. LCOE calculations are made based on the methodology detailed in Annex I and exclude the impact of any financial support 
available.

2  All solar PV capacity factors quoted in this report are alternating current (AC)/direct current (DC) capacity factors, given all installed 
cost data for solar PV is quoted per-watt of direct current, which is an exception, as all other technologies are report in AC terms.

3  This result should be treated with caution, given the increasing importance of bifacial modules and single-axis trackers, where data 
availability lags total installed cost and has a material impact on capacity factors. Revisions to the 2020 capacity factor are possible.
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The 9% year-on-year decline in the global weighted-average LCOE of offshore wind 
in 2020 saw the global weighted-average cost of electricity of new projects fall from 
USD 0.093/kWh to USD 0.084/kWh. This was a sharper decline than that experienced in 
2019, as China – which has lower than average installed costs – increased its share of new 
capacity additions, from around one third in 2019 to around half in 2020. 

The global weighted-average LCOE of new, concentrating solar power (CSP) projects 
commissioned in 2020 fell by 49%, year-on-year. This result is somewhat atypical, 
however, as the global weighted-average LCOE in 2019 was pushed up by two much 
delayed Israeli projects, while 2020 was characterised by the commissioning of just two 
plants, both in China. Looking at the figures between 2018 and 2020 reveals a compound 
annual rate of decline of 16% per year, which is more representative of recent rates of 
cost reduction. 
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Figure ES.1  Global weighted-average LCOE from newly commissioned, utility-scale solar and wind power 
technologies, 2019-2020

Source: IRENA Renewable Cost Database
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RENEWABLE POWER GENERATION COST TRENDS, 2010-2020: 
A DECADE OF FALLING COSTS

The decade 2010 to 2020 represents a remarkable period of cost reduction for solar and 
wind power technologies. The combination of targeted policy support and industry drive 
has seen renewable electricity from solar and wind power go from an expensive niche, 
to head-to-head competition with fossil fuels for new capacity. In the process, it has 
become clear that renewables will become the backbone of the electricity system and 
help decarbonise electricity generation, with costs lower than a business-as-usual future.

The global weighted-average LCOE of utility-scale solar PV for newly commissioned 
projects fell by 85% between 2010 and 2020, from USD 0.381/kWh to USD 0.057/kWh 
(Figure ES.2), as total installed costs fell from USD  4 731/kW to USD  883/kW. This 
occurred as global cumulative installed capacity of all solar PV (utility scale and rooftop) 
increased from 42 GW in 2010 to 714 GW in 2020. This represented a precipitous decline, 
from being more than twice as costly as the most expensive fossil fuel-fired power 
generation option to being at the bottom of the range for new fossil fuel-fired capacity.4 

The LCOE of residential PV systems also declined steeply over the period. The LCOE 
of residential PV systems in Australia, Germany, Italy, Japan and the United States 
declined from between USD  0.304/kWh and USD  0.460/kWh in 2010 to between 
USD 0.055/kWh and USD 0.236/kWh in 2020 – a decline of between 49% and 82%.

For onshore wind projects, the global weighted-average cost of electricity between 2010 
and 2020 fell by 56%, from USD 0.089/kWh to USD 0.039/kWh, as average capacity 
factors rose from 27% to 36% and total installed costs declined from USD 1 971/kW to 
USD 1 355/kW. Cumulative installed capacity grew from 178 GW to 699 GW during this 
period. Compared to solar PV, where electricity cost declines are mainly driven by falling 
total installed costs, onshore wind cost reductions were driven more evenly by both falls 
in turbine prices and balance of plant costs, and higher capacity factors from today’s 
state-of-the-art turbines. 

For offshore wind, the global weighted-average LCOE of newly commissioned projects 
declined from USD 0.162/kWh in 2010 to USD 0.084/kWh in 2020, a reduction of 48% 
in 10 years. This has transformed the outlook for offshore wind, with cumulative installed 
capacity of offshore wind at just 34 GW at the end of 2020, which is around one-twentieth 
of that of onshore wind.

Over the period 2010 to 2020, the global weighted-average cost of electricity from CSP 
fell 68% from USD 0.340/kWh to USD 0.108/kWh. With just two projects commissioned 
in 2020 – both in China – these results, however, reflect the national circumstances of 
that country. Having said that, the 68% decline in the cost of electricity from CSP – 
into the middle of the range of the cost of new capacity from fossil fuels – remains a 
remarkable achievement. For comparison, the global cumulative installed capacity for 
CSP of 6.5 GW at the end of 2020 was slightly less than a hundredth of the capacity of 
solar PV installed. 

4  The fossil fuel-fired power generation cost range for the G20 group by country and fuel type is estimated to be between 
USD 0.055/kWh and USD 0.148/kWh. The lower bound represents new, coal-fired plants in China and is based on IEA, 2020.
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Between 2010 and 2020, 60 GW of new bioenergy for power capacity was added. The 
global weighted-average LCOE of bioenergy for power projects experienced a certain 
degree of volatility during this period, but ended the decade at around the same level 
it began, at USD 0.076/kWh – a figure at the lower end of the cost of electricity from 
new fossil fuel-fired projects. For the same period, hydropower added 715 GW, while the 
global weighted-average LCOE rose by 18%, from USD 0.038/kWh to USD 0.044/kWh. 
This was still lower than the cheapest new fossil fuel-fired electricity option, despite the 
fact that costs increased by 16% in 2020, year-on-year. 

The global weighted-average LCOE of geothermal power has ranged between 
USD  0.071/kWh and USD  0.075/kWh since 2016. The global weighted-average 
LCOE of newly commissioned plants in 2020 was at the lower end of this range, at 
USD 0.071/kWh, having declined 4% year-on-year.
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Figure ES.2 Global LCOEs from newly commissioned, utility-scale renewable power generation technologies, 2010-2020

Source: IRENA Renewable Cost Database
Note: This data is for the year of commissioning. The thick lines are the global weighted-average LCOE value derived from the individual 
plants commissioned in each year. The project-level LCOE is calculated with a real weighted average cost of capital (WACC) of 7.5% for 
OECD countries and China in 2010, declining to 5% in 2020; and 10% in 2010 for the rest of the world, declining to 7.5% in 2020. The single 
band represents the fossil fuel-fired power generation cost range, while the bands for each technology and year represent the 5th and 
95th percentile bands for renewable projects.

The global weighted-average cost of electricity from 
onshore wind fell by 56% between 2010 and 2020, 
from USD 0.089/kWh to USD 0.039/kWh
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RENEWABLE POWER GENERATION IS BECOMING THE DEFAULT 
ECONOMIC CHOICE FOR NEW CAPACITY

The decade 2010 to 2020 saw dramatic improvement in the competitiveness of solar and 
wind power technologies. In that period, CSP, offshore wind and utility-scale solar PV 
all joined onshore wind in the range of costs for new capacity fired by fossil fuels, when 
calculated without the benefit of financial support. Indeed, the trend is not only one of 
renewables competing with fossil fuels, but significantly undercutting them, when new 
electricity generation capacity is required. 

In 2020, a total of 162  GW of the renewable power generation capacity added had 
electricity costs lower than the cheapest source of new fossil fuel-fired capacity. This 
was around 62% of total net capacity additions that year. In emerging economies, where 
electricity demand is growing and new capacity is needed, these renewable power 
generation projects will reduce costs in the electricity sector by at least USD 6 billion 
per year, relative to the cost of adding the same amount of fossil fuel-fired generation.

Since 2010, globally, a cumulative total of 644  GW of renewable power generation 
capacity has been added with estimated costs that have been lower than the cheapest 
fossil fuel-fired option in their respective year.5 Prior to 2016, almost all of this was being 
contributed by hydropower, but since then it has increasingly included onshore wind 
and solar PV. Of the total, over the decade, 534 GW was added in emerging economies 
and could reduce electricity system costs in these by up to USD  32  billion in 2021 
(USD 920 billion, undiscounted, over their economic lifetimes). 

The results of competitive procurement of renewables through auctions or power 
purchase agreements (PPA) confirm the competitiveness of renewables. Data from 
the IRENA Renewable Auction and PPA Database indicate that utility-scale solar PV 
projects that have won recent competitive procurement processes – and that will be 
commissioned in 2022 – could have an average price of USD 0.04/kWh (Figure ES.3). 
This is a 30% reduction compared to the global weighted-average LCOE of solar PV in 
2020 and is around 27% less (USD 0.015/kWh) than the cheapest fossil-fuel competitor, 
namely coal-fired plants. 

The auction and PPA data suggest offshore wind costs will fall within the range of 
USD 0.05/kWh to USD 0.10/kWh in Europe in the period up to 2023, with new markets or 
delayed projects likely to have higher costs. The lower end of this range for offshore wind 
suggests projects will be competitive against wholesale electricity prices in a number of 
European markets. Meanwhile, the market for CSP is thin, but the data that is available 
suggests a continued decline in 2021, as this year sees the large Dubai Electricity and 
Water CSP project come online.

The data from the IRENA Renewable Cost Database and Auction and PPA Database 
therefore highlight the fact that utility-scale solar PV and onshore wind projects are, 
on average, able to produce power for less than the cheapest new fossil fuel-fired cost 
project. For offshore wind and CSP, costs will fall into the lower range for new fossil 
fuel-fired power plants.

5  Assumes the cheapest coal-fired power generation option increased from USD 0.05/kWh in 2010 to USD 0.055/kWh in 2020, 
due notably to average expected lifetime capacity factors falling over this period.

38



17
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The data also suggests that there is an increasing number of projects with very low 
electricity costs, at below USD  0.03/kWh. Indeed, the last 18 months has seen three 
record low bids for solar PV, starting with USD 0.0157/kWh in Qatar, USD 0.0135/kWh 
in the United Arab Emirates and USD 0.0104/kWh in Saudi Arabia. Surprisingly, values 
below USD 0.02/kWh are not impossible, even if they were unthinkable, even a few years 
ago. They do, however, require almost all factors affecting LCOE to be at their ‘best’ 
values. 

These very low solar PV price levels imply 
that low-cost renewable hydrogen may 
already be in reach. The potential levelised 
cost of hydrogen, assuming the low solar 
PV and onshore wind prices from the recent 
auctions in Saudi Arabia, could be as little 
as USD  1.62/kilogramme of hydrogen 
(kg H2). This compares favourably with 
the hypothetical cost of natural gas steam 
methane reforming, with today’s carbon 
capture, utilisation and storage (CCUS) 
costs at between USD  1.45/kg H2 and 
USD 2.4/kg H2.
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Figure ES.3  The global weighted-average LCOE and PPA/auction prices for solar PV, onshore wind, offshore wind 
and CSP, 2010-2023

Source: IRENA Renewable Cost Database
Note: The thick lines are the global weighted average LCOE, or auction values, by year. For the LCOE data, see Figure ES2 note. The band 
that crosses the entire chart represents the fossil fuel-fired power generation cost range.

Globally, since 2010, a 
cumulative total of 644 GW of 
renewable power generation 
capacity has been added with 
estimated costs that have 
been lower than the cheapest 
fossil fuel-fired option
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LOW-COST RENEWABLE POWER IS STRANDING EXISTING 
COAL-FIRED POWER PLANTS

As costs for solar PV and onshore wind have fallen, new renewable capacity is not only 
increasingly cheaper than new fossil fuel-fired capacity, but increasingly undercuts the 
operating costs alone of existing coal-fired power plants.

Indeed, in Europe in 2021, coal-fired power plant operating costs are well above the costs 
of new solar PV and onshore wind (including the cost of CO2 prices). Analysis for Germany 
and Bulgaria shows all the coal-fired plants studied have higher operating costs today 
than new solar PV and onshore wind. In the United States and India, operating costs 
for coal plants are lower, however, due largely – but not completely – to the absence of 
a meaningful price for CO2. Nonetheless, the majority of existing Indian and U.S. coal 
plants have higher costs than solar PV and onshore wind, due to the very competitive 
costs for those two renewable technologies in those two countries.

In the United States, in 2021, between 77% and 91% of the existing coal-fired capacity 
has operating costs that are estimated to be higher than the cost of new solar or wind 
power capacity, while in India, the figure is between 87% and 91%. Adjusted to a levelised 
cost basis, the weighted average price from auction and power purchase agreements for 
solar PV in India for 2021 is USD 0.033/kWh, while for onshore wind it is USD 0.032/kWh. 
In the United States, the respective figures are USD 0.031/kWh and USD 0.037/kWh.

It’s beyond the scope of this analysis, to determine if the value of coal-fired generation is 
higher than its costs. However, given that, between 2015 and 2018, the cost of utility-scale 
battery storage in the United States fell by 71% from USD 2 152/kWh to USD 635/kWh, 
even the value propositions of providing firm and flexible power generation are being 
eroded. The growing gap between new solar and wind power costs and the existing 
operating costs of an increasing number of coal-fired power plants provides an idea of 
the size of the economic opportunity early retirement of unabated coal presents. 

Table ES1  Capacity of uneconomic existing coal-fired power plants and annual savings in coal-fired generation, 
electricity costs and CO2 emissions, 2021

Coal capacity with higher operating costs 
than new solar and wind

Annual savings from 
replacing coal with new 

solar and wind

Annual 
CO2 emissions 

reductions

(GW)
+USD 5/MWh renewable 
integration costs (GW)

(USD billion/year) (Mt CO2/year)

Bulgaria 3.7 3.7 0.7 18

Germany 28 28 3.3 99

India 193 141 6.4 643

United States 188 149 5.6 332

Rest of the world 724 488 16.3 1 881

World 1 137 810 32 2 973

Source:  IRENA analysis based on Carbon Tracker, 2018; Szabó, L., et al., 2020; IEA, 2021; Öko-Institut, 2017; Booz&Co, 2014; 
Energy-charts.de; DIW Berlin, Wuppertal Institut and EcoLogic, 2019; Gimon, et al., 2019; US EIA, 2021; and IRENA Renewable Cost 
Database
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SOLAR AND WIND POWER TECHNOLOGIES HAVE REMARKABLE 
LEARNING RATES

The cost declines experienced from 2010 to 2020 represent a remarkable rate of 
descent. This not only has enormous implications for the competitiveness of renewable 
power generation technologies over the medium-term. It also has implications for other 
technologies that have similar characteristics and are needed in the energy transition. 

Over the period 2010 to 2020 – which included 94% of cumulative installed renewable 
capacity additions – utility-scale solar PV had the highest estimated learning rate6 for 
the global weighted-average total installed cost, at 34%. This technology also had the 
highest LCOE, at 39%. This is a value that exceeds virtually all previous learning rate 
analyses for solar PV based on data for the earlier period of deployment – when learning 
rates might have been expected to be higher than in later periods. 

For onshore wind, the LCOE learning rate for the period 2010 to 2019 was 32% – slightly 
less than twice that for total installed costs. The importance of total installed cost 
reductions to the decline in electricity costs from utility-scale solar PV is clearly evident 
in Table ES2, given the closeness of the learning rates for total installed costs and LCOE. 
For the other technologies, performance improvements that have increased capacity 
factors have played a larger role in falling electricity costs. As a result, the LCOE learning 
rates for CSP, onshore and offshore wind are significantly higher than those for total 
installed costs. 

Table ES2  Learning rates for solar PV, CSP, onshore and offshore wind, 2010-2020 and 2010 to 2021/3

Learning rates

Total installed cost 
2010-2020

LCOE 
2010-2021/23

(%) (%)

Utility-scale solar PV 34 39

CSP 22 36

Onshore wind 17 32

Offshore 9 15

6 The learning rate is the percentage reduction in the price/cost for every doubling of cumulative installed capacity.
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L ATEST COST TRENDS

LATEST COST
TRENDS

INTRODUCTION

The year 2020 was marked by the global pandemic and the subsequent economic and 
human toll it took. One bright spot, however, was the resilience of global renewable 
energy technology supply chains, despite some initial disruption. Another was the 
renewable power sector’s ability to adapt to the constraints created by the spread of the 
COVID-19 virus and continue to prosper. 

Indeed, despite fears that the pandemic would hit project completion rates, 2020 turned 
out to be another record year for renewable power generation capacity deployment. 
As costs continued to fall, renewable power generation remained the mainstay of new 
power sector capacity additions, with renewables increasingly becoming the default 
source of least-cost new power generation. 

Between 2000 and 2020, renewable power generation capacity worldwide increased 
3.7-fold, from 754 gigawatts (GW) to 2 799 GW (IRENA, 2021a). With 261 GW of new 
renewable power generation capacity added in 2020, new renewable generation capacity 
additions were almost 50% higher than the 176 GW added in 2019 (IRENA, 2021a). 

In 2020, solar photovoltaic (PV) was once again the largest contributor to the total, with 
new capacity additions growing by over one-fifth (22%), to 127  GW of new capacity 
commissioned.1 Meanwhile, wind power capacity grew by 111 GW (with 105 GW of this 
growth in onshore wind power), which was almost twice as much as the 59 GW increase 
observed in 2019. Hydropower capacity increased by 20 GW, up from 12 GW added in 
2019, while bioenergy power generation capacity increased by 2 GW, geothermal power 
by 164 MW and concentrating solar power (CSP) by 150 MW.

This growth in new capacity additions was not seen for fossil fuels or nuclear, resulting 
in the share of renewables in total power generation capacity growth reaching 82% 
in 2020 – up from 72% in 2019. Since 2015, renewables have accounted for more than 
half of all new, net capacity additions, while accounting for between 49% and 53% of the 
overall total during the period 2012 to 2014, inclusive.

1  All data in this report, unless expressly indicated, refers to the year a project was commissioned. This is sometimes referred to as the 
‘COD’ or commercial operation date. This is the date at which a project begins supplying electricity to the grid on a commercial basis. 
It therefore comes after any period of plant testing or injection of small quantities of electricity into the grid as part of the 
commissioning process.
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IRENA’s cost analysis programme has been collecting and reporting the cost and 
performance data of renewable power generation technologies since 2012. This year, 
for the first time, the programme’s report also includes a snapshot of IRENA’s cost data 
for behind-the-meter battery storage and solar thermal technologies for industrial heat. 

IRENA believes that having transparent, up-to-date cost and performance data from a 
reliable source is vital in ensuring that the potential of renewable energy is properly taken 
into account by policy makers, energy and climate modellers and other stakeholders. 
This is especially so given the high cost reduction rates and rapid growth in installed 
capacity of renewable energy technologies. The high learning rates2 for renewable 
power technologies mean that data on the associated cost reductions from even one or 
two years ago can be significantly erroneous.

The two core sources of data for the cost and performance metrics contained in this 
report are the IRENA Renewable Cost Database and the IRENA Auctions and Power 
Purchase Agreement (PPA) databases. 

The IRENA Renewable Cost Database has grown to include project-level cost and 
performance data for over 1 900 GW of capacity from around 20 000 projects, either 
installed or in the pipeline for commissioning in the coming years.

The IRENA Auctions and PPA Database contains data on 13 000 projects, or programme 
results, where pricing data is not disclosed for individual winners, totalling around 
582 GW of capacity.3 

These databases contain significant overlap, which creates the possibility of directly 
comparing the projects in each. A later section of this chapter examines how these two 
databases can be used to reverse-engineer weighted average cost of capital (WACC) 
indicators and discusses the uncertainty in these. 

In recent years, IRENA has expanded the range of cost and performance metrics it 
tracks. It now reports regularly on an increasing range of cost and performance metrics 
and has benefitted from the support of the European Commission in expanding this data 
collection process, using these metrics to help track innovation outputs. 

Metrics such as the average size of onshore wind turbines, their hub heights and rotor 
diameters, for instance, can be used to explain the technology trends that have seen 
capacity factors for new projects increase through time. 

This report benefits from this project with the European Commission, although the full 
results of this work will not be published until the second half of 2021.

This report presents a consistent set of core metrics with which to measure the cost and 
performance of renewable power generation technologies, and allows for a meaningful 
understanding in variations between countries and technologies. These variations are 
reported across each technology, with differences arising due to the nature of the 
technologies (e.g., solar PV modules and wind turbines) or due to data availability. Annex I 
discusses in detail the metrics used, the boundary conditions for cost calculations and 
the key assumptions taken.

2  Learning rates represent the average percentage cost reduction experienced for every doubling of cumulative installed capacity.
3  These numbers increase to 587 GW and 26 600 projects, if projects smaller than 1 MW are included.
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The overall goal is to assess the levelised cost of electricity (LCOE)4 and its underlying 
drivers. The LCOE of a given technology is the ratio of lifetime costs to lifetime electricity 
generation, both of which are discounted back to a common year using a discount rate 
that reflects the average cost of capital. The cost and performance metrics common 
to all chapters therefore include total installed costs (including cost breakdowns, when 
available), capacity factors, operations and maintenance costs (O&M) and LCOE.

These varied metrics allow IRENA to not only follow the evolution of the costs of renewable 
power generation technologies, but also to analyse what the underlying drivers are, at a 
global level and in individual countries. These layers of data and the granularity available 
provide deeper insights for policy makers and other stakeholders. 

Yet, although LCOE is a useful metric for a first-order comparison of the competitiveness 
of projects, it is a static indicator that does not take into account interactions between 
generators in the market. The LCOE does not take into account either that the profile of 
generation of a technology may mean that its value is higher or lower than the average 
market price it might receive. As an example, CSP with thermal energy storage has the 
flexibility to target output in high cost periods of the electricity market, irrespective 
of whether the sun is shining. The LCOE also fails to take into account other potential 
sources of revenue or costs. For example, hydropower can earn significant revenue in 
some markets from providing ancillary grid services. 

This is not typically the case for stand-alone variable renewable technologies, but 
improved technology for solar and wind technologies is making these more grid friendly. 
Hybrid power plants, with storage, or other renewable power generation technologies, 
plus the creation of, virtual, power plants that mix generating technologies, can all 
transform the nature of variable renewable technologies. 

Thus, although LCOE is a useful metric as a starting point for deeper comparison, it is 
not a substitute for electricity system simulations that can determine the long-run mix 
of new capacity to minimise overall system costs, while meeting overall demand minute-
by-minute over the year. This should be taken into account when interpretating the data 
presented in this report.

There are a few additional important points to remember when evaluating the results 
presented here:

• All monetary values are in real, 2020 USD, that is to say, taking into account inflation.

• Results for LCOEs are calculated using the assumption of a real cost of capital of 7.5%
in 2010, declining linearly to 5% in 2020 in Organisation of Economic Co-operation and 
Development (OECD) countries and China. In the rest of the world, the assumption
is a real cost of capital of 10% in 2010, declining linearly to 7.5% by 2020, unless
explicitly mentioned.

• All total installed cost data and LCOE calculations exclude the impact of any financial
support available to them.

4  Note that “LCOE” and “cost of electricity” are used interchangeably in this report, as well as the terms “weighted-average LCOE” and 
“weighted-average cost of electricity”, where the weighting is by installed MWs.
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• All data presented here is for the year of commissioning and is for new capacity 
added.5 Lead times are important, with planning, development and construction 
sometimes taking two to three years for solar PV and onshore wind, while it can take 
five years or more for CSP, fossil fuels, hydropower and offshore wind.

• The data, with the exception of residential and commercial solar PV, is for utility-scale 
projects of at least 1 MW. In recent years, only solar PV and hydropower projects in 
the IRENA Renewable Cost Database include any sizeable deployment of projects in 
the 1 to 10 MW range.

• Data for costs and performance for 2020 is preliminary and subject to change.

An important change from last years report is the reduction in the WACC assumptions 
through time to reflect recent changes in the financing conditions facing renewable 
power generation projects. IRENA’s cost analysis work has focused on project-specific 
cost and performance data, in order to account for the very project-specific variation in 
these parameters. It has, however, been almost impossible to get project-specific cost 
data for the WACC. 

IRENA has been aware of this gap in its knowledge. In recent years, IRENA’s analysis has 
highlighted that these WACC assumptions were likely to have become too high and were 
likely to be increasingly overstating the cost of electricity from solar PV and onshore 
wind, in particular (IRENA, 2018; 2020). An increasing body of research has also been 
able to provide evidence that today’s WACC for solar and wind power technologies – at 
least in a number of countries – is often lower than the assumed values of 7.5% and 10% 
(Egli, F. et al., 2018). 

For this edition of Renewable Power Generation Costs, the WACC assumptions have been 
lowered, but this is an interim solution, that still lacks the desired granularity. The 2021 
edition of this report will include country and technology specific WACC assumptions from 
a cost of capital benchmarking exercise, as well as a global survey of renewable power 
generation financing costs that is currently being rolled out as a joint effort between 
IRENA, IEA Wind and ETH Zurich (see Box 1.1 and Annex I for more information). 

SOLAR AND WIND POWER COST TRENDS IN 2020 

For renewable power generation – and solar and wind power technologies in particular – 
the data from the IRENA Renewable Cost Database and capacity statistics bear witness 
to a remarkable decade of change. 

New capacity additions have exceeded almost all expectations, driven by growth in both 
the more established renewable power generation technologies (bioenergy for power, 
geothermal and hydropower) and solar and wind power technologies. The decade 2010 
to 2020 saw solar and wind power technologies add 1 225 GW of new capacity, with wind 
power capacity growing fourfold, to 773 GW, and solar power 17-fold, to 714 GW. 

The continued competitiveness of the most established renewable power generation 
technologies (hydropower, bioenergy and geothermal) has ensured growth where 
unexploited economic resources of what are typically dispatchable, low-cost power 
sources exist. It is the continued improvement in the competitiveness of solar and wind 
power technologies, however, that has really marked the last decade. 

5  No data is presented, for instance, on average fleet capacity factors.
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In 2020, the global weighted-average LCOE of onshore wind fell by 13%, year-on-year, 
(Figure 1.1), from USD 0.045/kilowatt hour (kWh) to USD 0.039/kWh. This was slightly 
higher than the rate of decline in 2019 and was driven by a 9% decline in the global 
weighted-average total installed cost. China connected an estimated 69 GW to the grid 
in 2020, two-thirds of the new capacity deployed in 2020.

In 2020, the global weighted-average LCOE of utility-scale solar PV fell by 7%, year-on-year, 
from USD 0.061/kWh to USD 0.057/kWh. The global weighted-average total installed cost 
of utility-scale solar PV fell by 12% in 2020 to just USD 883/kW. The percentage reduction in 
LCOE was lower than the 13% reduction experienced in 2019, as the decline in total installed 
costs experienced in 2020 was partially offset by a reduction in the global weighted-average 
capacity factor of new projects that year.6 This was driven by the fact that deployment in 
2020 was, on balance, weighted to areas with poorer solar resources than in 2019.7 Similar 
to the situation for onshore wind, China was the largest market for new capacity, accounting 
for an estimated 45% of the new utility-scale solar PV capacity added in 2020.

The offshore wind market, which added 6 GW in 2020, saw the global weighted-average 
cost of electricity of new projects fall by 9%, year-on-year, from USD  0.093/kWh to 
USD 0.084/kWh. This was a sharper decline than experienced in 2019, when China accounted 
for around a third of new capacity additions, with this rising to around half in 2020. That 
year saw a decline in the global weighted-average capacity factor of new projects added. 

The global weighted-average LCOE of new CSP projects commissioned in 2020 fell by 49%, 
year-on-year. This result is somewhat atypical, however, as the global weighted-average 
LCOE in 2019 was pushed up by two much delayed Israeli projects, while 2020 was 
characterised by the commissioning of just two plants, both in China. Looking at the 
figures between 2018 and 2020 reveals a compound annual rate of decline of 16% per 
year, which is more presentative of recent rates of cost reduction. 

6  All solar PV capacity factors quoted in this report are the so-called AC/DC capacity factors, given all installed cost data for solar PV 
is quoted “per-watt direct current”.

7  This result should be treated with caution, given the increasing importance of bifacial modules and single-axis trackers, where data 
availability lags total installed cost and has a material impact on capacity factors.
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Figure 1.1 Global LCOE from newly commissioned utility-scale solar and wind power technologies, 2019-2020

Source: IRENA Renewable Cost Database
Note: The comparison for CSP is the annual compound percentage reduction for 2018-2020, given that the 2019 value was something of 
an anomaly. Comparing against 2019 would see the year-on-year reduction rise to 49%.
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COST TRENDS 2010-2020: A DECADE OF DECLINE

For newly commissioned projects, the global weighted-average LCOE of utility-scale 
solar PV fell by 85% between 2010 and 2020, from USD 0.381/kWh to USD 0.057/kWh 
(Figure 1.2), as global cumulative installed capacity of all solar PV (utility scale and 
rooftop) increased from 40 GW to 707 GW. This represented a precipitous decline, from 
being more than twice as costly as the most expensive fossil fuel-fired power generation 
option to being at the bottom of the range for new fossil fuel-fired capacity.8 

This reduction has been primarily driven by declines in module prices – which have 
fallen by 93% since 2010, as module efficiency has improved and manufacturing has 
increasingly scaled-up and been optimised – and reductions in balance of system costs. 
As a result, the global weighted-average total installed cost of utility-scale solar PV fell 
by 85% between 2010 and 2020. Capacity factors have also risen, but predominantly 
due to the growth in new markets that saw a shift in the share of deployment to regions 
with better solar resources. Technology improvements that have reduced system losses 
have played a small but important role. The recent trend towards an increased use of 
trackers and bifacial modules – which increase yields for a given resource – is also having 
an impact. Unfortunately, the data is less clear on exactly what impact this is having on 
the global weighted-average capacity factor in 2020.9 

The global weighted-average LCOE in 2020 of USD 0.057/kWh is at the lower end of the 
range for new fossil fuel-fired electricity projects, while utility-scale solar PV projects are 
increasingly undercutting even the cheapest options from new fossil fuel-fired power 
plants.

For onshore wind projects, the global weighted-average cost of electricity fell by 
56%, from USD 0.089/kWh to USD 0.039/kWh, between 2010 and 2020. This decline 
occurred as cumulative installed capacity grew from 178 GW to 699 GW. Cost reductions 
for onshore wind were driven by falls in turbine prices and balance of plant costs, as 
well as higher capacity factors from today’s state-of-the-art turbines. Reductions in 
O&M costs have also occurred as a result of increased competition among O&M service 
providers, greater wind farm operational experience, improved preventative maintenance 
programmes. Improvements in technology have also resulted in more reliable turbines, 
with increased availability.

The global weighted-average total installed cost of newly commissioned onshore wind 
projects fell from USD  1 971/kW in 2010 to USD  1 355/kW in 2020. At the same time, 
continued improvements in wind turbine technology, wind farm siting and reliability 
have led to an increase in average capacity factors, with the global weighted average 
increasing from 27% in 2010 to 36% in 2020.10 Technology improvements, such as higher 
hub heights, larger turbines and swept blade areas mean today’s wind turbines can 
achieve higher capacity factors from the same wind site than their smaller predecessors.

8  The fossil fuel-fired power generation cost range by country for the G20 group, and fuel, is estimated to be between USD 0.055/kWh 
and USD 0.148/kWh. The lower bound represents new, coal-fired plants in China and is based on IEA, 2020.

9  Project-level data on the use of trackers and module types is less comprehensive and available with a greater lag than for project costs. 
10  As already noted, the global weighted-average capacity factor for newly commissioned onshore wind projects in 2020 is potentially 

open to revision, given the uncertainty around the geographical distribution of new capacity connected to the grid in China in 2020.
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Over the period 2010 to 2020, the global weighted-average cost of electricity from CSP 
fell from USD 0.340/kWh to USD 0.108/kWh. With just two projects commissioned in 
2020 – both in China – these results, however, reflect only the national circumstances 
of that country. Having said that, the 68% decline in the cost of electricity from CSP – 
into the middle of the range of the cost of new capacity from fossil fuels – remains a 
remarkable achievement. For comparison, the global cumulative installed capacity for 
CSP of 6.5 GW at the end of 2020 was slightly less than a hundredth of the capacity of 
solar PV installed. 

Similarly to solar PV, the decline in cost of electricity from CSP has been driven by 
reductions in total installed costs. Yet, improvements in technology that have seen the 
economic level of storage increase significantly have also played a role in increasing 
capacity factors. The global weighted-average capacity factor of newly added capacity 
in 2010 was 30%, while for plants added in 2020, it was 42%.

For offshore wind, the global weighted-average LCOE of newly commissioned projects 
declined from USD 0.162/kWh in 2010 to USD 0.084/kWh in 2020, a reduction of 48% in 
ten years. The cumulative installed capacity of offshore wind at the end of 2020 reached 
34 GW, which is around 5% of that of onshore wind. 
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Figure 1.2 Global LCOEs from newly commissioned, utility-scale renewable power generation technologies, 2010-2020

Source: IRENA Renewable Cost Database
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Annual values for the global weighted-average total installed costs, capacity factors and 
LCOEs are relatively volatile, given the relatively small number of projects added in some 
years. In recent times, the growth in new markets – both within Europe, where the first 
offshore wind markets developed, and globally have also added – more ‘noise’ to the 
data for any single year-on-year comparison. 

From 2010 to 2020, total installed costs fell by around 32%, while capacity factors 
increased by around one-fifth, from 38% in 2010 to 42% in 2019, before dropping back 
to 40% in 2020. The drop in the global weighted-average capacity factor for plant 
commissioned in 2020 was driven by China dominating new capacity additions. China’s 
offshore wind farms are still predominantly inter-tidal, or near shore, and in addition 
to not using the latest offshore wind turbine designs, these also have to contend with 
poorer-quality wind resources. 

The installed costs and capacity factors of bioenergy for power, geothermal and 
hydropower are highly project specific. As a result, and due to different cost structures 
in different markets, there can be significant year-to-year variability in global 
weighted-average values when deployment is relatively thin and the share of different 
countries/regions in new deployment varies significantly, year-to-year.

Between 2010 and 2020, 60 GW of new bioenergy for power capacity was added. The 
global weighted-average LCOE of bioenergy for power projects experienced a certain 
degree of volatility during this period, but ended the decade at around the same level 
it began, at USD 0.076/kWh – a figure at the lower end of the cost of electricity from 
new fossil fuel-fired projects. For the same period, hydropower added 715 GW, while the 
global weighted-average LCOE rose by 16%, from USD 0.038/kWh to USD 0.044/kWh. 
This was still lower than the cheapest new fossil fuel-fired electricity option, despite the 
fact that costs increased by 10% in 2020, year-on-year. 

The global weighted-average LCOE of geothermal has ranged between USD 0.071/kWh 
and USD  0.075/kWh since 2016. The global weighted-average LCOE of newly 
commissioned plants in 2020 was at the lower end of this range, at USD 0.071/kWh, 
having declined 4% year-on-year.

The decade 2010 to 2020 saw dramatic improvement in the competitiveness of solar and 
wind power technologies. In that period, CSP, offshore wind and utility-scale solar PV 
all joined onshore wind in the range of costs for new capacity fired by fossil fuels, when 
calculated without the benefit of financial support. Indeed, the trend is not only one of 
renewables competing with fossil fuels, but significantly undercutting them, when new 
electricity generation capacity is required. 

The data shows that without financial support, renewables are undercutting fossil fuels 
by a substantial margin in an increasing number of cases. In 2020, around 100 GW of 
the onshore wind projects commissioned that year had electricity costs that were lower 
than the cheapest fossil fuel-fired option, a figure around 58 GW more than in 2019. 
The continued decline in the costs of solar PV also meant that in 2020, 45.5  GW of 
utility-scale solar PV projects commissioned had lower costs than the cheapest fossil 
fuel-fired option, up from 28  GW in 2019. For hydropower, 16.8  GW of the projects 
commissioned had costs that were less than the lowest cost fossil fuel-fired power 
generation option. With around 440  MW of geothermal and bioenergy for power 
plants also having an LCOE lower than the cheapest new fossil fuel-fired capacity 
option, a total of 162  GW of the renewable power generation capacity added in 
2020 had costs lower than the lowest cost source of new fossil fuel-fired capacity. 
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This was around 62% of the total net increase in global renewable power generation 
capacity in 2020. In 2019, 56% of all new capacity added had lower costs than the 
cheapest new fossil fuel-fired option, but with lower deployment in 2019, this means that 
the capacity added in 2020 that was cheaper than fossil fuels doubled, in absolute terms.

In emerging economies, where electricity demand is growing and new capacity is needed, 
these renewable power generation projects will significantly reduce electricity system 
costs over the life of their operation. In 2021, in non-OECD countries, these projects will 
reduce costs in the electricity sector by at least USD 6 billion, relative to the cost of adding 
the same amount of fossil fuel-fired generation. Two-thirds of these savings (a total of 
USD 3.9 billion in 2021) will come from onshore wind. Hydropower, with its higher capacity 
factors, contributes USD 1.3 billion to these savings, with utility-scale solar PV accounting 
for most of the remaining USD 0.7 billion. The cumulative undiscounted savings of the 
above projects, over their economic lives, will reach around USD 156 billion. In addition 
to these direct cost savings, too, the substantial economic benefits of reduced carbon 
dioxide emissions and local air pollutants also need to be factored in when considering 
the total benefits.

Since 2010, globally, around 644 GW of renewable power generation capacity has been 
added that had costs lower than the cheapest fossil fuel-fired option in that year.11 Prior 
to 2016, almost all of this was being contributed by hydropower, but the situation has 
rapidly changed as the costs of onshore wind and solar PV in particular have fallen. 

11  Assumes the cheapest coal-fired power generation option increased from USD 0.05/kWh in 2010 to USD 0.055/kWh in 2020, 
due notably to average expected lifetime capacity factors falling over this period.
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In 2017, 29  GW of new onshore wind capacity was added that had lower costs than 
fossil fuels, exceeding for the first time that added by hydropower (14 GW). The year 
2017 was also the first time that utility-scale solar PV added significant capacity that 
was cheaper than the fossil fuel-fired option. Looking just at non-OECD countries again, 
the annual savings in 2021 of the 534 GW of capacity added between 2010 and 2020 
at a cost lower than the cheapest fossil fuel option are estimated to be in the order of 
USD 32 billion for the year 2021, with hydropower accounting for USD 24 billion of this 
total. Over their economic lifetime, this 534 GW in emerging economies represents a 
reduction in electricity generation costs of more than USD 920 billion. 

Total installed costs by technology: 2010-2020

Figure 1.4 presents the trend in the global weighted-average total installed costs of 
renewable power generation technologies between 2010 and 2020. Two major trends 
stand out in the data. The first, is that the more established renewable technologies 
bioenergy – for power, geothermal and hydropower – have not seen significant cost 
reductions. While the second is the strong reductions in total installed costs for solar and 
wind technologies. 

Between 2010 and 2020, the global weighted-average total installed costs of newly 
commissioned hydropower plants by year increased by around half, from USD 1 269/kW 
in 2010 to USD 1 870/kW for plants commissioned in 2020. Indeed, with the exception of 
declines in 2015 and 2018, the global weighted-average total installed cost of hydropower 
has followed an increasing trend over the past ten years. Most of this increase happened 
in the period 2010 to 2017, however, when the global weighted-average total installed 
cost increased from USD 1 269/kW to USD 1 806/kW – albeit not linearly. The figure has 
been in the approximate range of USD 1 700/kW to USD 1 870/kW ever since. Despite 
this volatility, the new higher average cost level seems to be driven by a shift towards 
the exploitation of sites with more challenging civil engineering conditions, resulting in 
higher costs. For example, the weighted-average total installed cost of hydropower in 
China in the period 2010 to 2015 was USD 1 173/kW, while for the period 2016 to 2020 
(inclusive) it increased by 12% to the still low level of USD 1 314/kW. In the rest of Asia, this 
cost figure rose 15%, from USD 1 507/kW to USD 1 730/kW, over the same two periods.
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For geothermal power plants, the data for recent projects shows that total installed 
costs for most projects have largely fallen within the range USD 2 000/kW to 
USD 6 000/kW, although smaller projects in new markets have experienced higher 
costs. During the period 2014-2019, global weighted-average total installed costs were 
between USD 3 613/kW and USD 3 968/kW, before rising to USD 4 468/kW in 2020. 

For bioenergy projects newly commissioned in 2020, the global weighted average total 
installed cost was USD 2 543/kW. This represented an increase on the 2019 weighted 
average of USD 2 173/kW. Annual global weighted averages for bioenergy are strongly 
influenced by both the technology mix and the geographical location of the plants 
commissioned. For example, technology costs are typically higher in countries that are 
members of the OECD, where emissions regulations are often stricter, but can also vary 
widely given the heterogeneity of bioenergy feedstocks.

The global weighted-average total installed cost of onshore wind farms declined from 
USD 1 971/kW in 2010 to USD 1 355/kW in 2020. The country/region weighted-average 
total installed cost for onshore wind in 2020 ranged from a low of USD 1 038/kW in India, 
to a high of USD 3 189/kW in ‘Other Asia’ (Asia excluding China and India).

When looking at utility-scale solar PV and onshore wind power total installed costs, what 
is noticeable is the more rapid decline in solar PV costs. The global weighted-average 
total installed costs of utility-scale solar PV declined by 81% between 2010 and 2020, 
from USD 4 731/kW in 2010, to just USD  883/kW in 2020. In 2010, utility-scale solar 
PV total installed costs were 2.4 times larger than onshore wind in 2010. By 2017, they 
had fallen below the global weighted-average total installed cost of onshore wind and 
in 2020 the global weighted-average total installed cost of onshore wind was 1.5 times 
higher than that of utility-scale solar PV.
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The global weighted-average total installed costs of CSP and offshore wind remain 
higher than all their renewable counterparts, with the exception that since 2019, offshore 
wind has fallen below the global weighted-average total installed cost of geothermal 
power plants. With a fall of 50% between 2010 and 2020, the global weighted-average 
total installed cost of CSP plants have fallen faster than those of onshore wind. Given the 
global weighted-average total installed cost of CSP in 2010 was USD 9 095/kW, however, 
this reduction was not enough to see their costs drop below those of offshore wind, by 
2020.For offshore wind, between 2010 and 2020, global weighted-average total installed 
costs fell 32%, from USD 4 706/kW to USD 3 185/kW. The global weighted-average total 
installed cost peaked at USD 5 308/kW in 2013, representing a figure 41% higher than its 
2020 value. This cost reduction was sufficient to ensure that the global weighted-average 
total installed cost of offshore wind in 2020 was still around 30% lower than that of CSP.

Capacity factors by technology: 2010 to 2020

Figure 1.5 presents the trends in global weighted-average capacity factors between 2010 
and 2020. Bioenergy for power and geothermal power plants have the highest capacity 
factors. Geothermal projects are typically designed to achieve high lifetime load factors, 
although this necessitates significant investment over their lifetime to re-work production 
wells or drill new ones as the reservoir responds to the extraction and reinjection of 
fluids. The capacity factors of bioenergy plants depend heavily on the availability of 
feedstocks. Plants with steady year-round supplies (e.g., municipal solid waste plants 
and those utilising forestry product residues) can achieve capacity factors to rival those 
of geothermal plants. Those reliant on seasonal supplies of agricultural residues tend to 
have lower capacity factors. 
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The global weighted-average capacity factors of hydropower and offshore wind were 
materially higher than those for CSP, onshore wind and utility-scale solar PV in 2010. 
With technology improvements, however, there is now little to sperate CSP, offshore 
wind and hydropower. Onshore wind remains somewhat below these three and solar PV 
remains the renewable power generation technology with the lowest capacity factor.

The situation is more nuanced when we look at the 5th and 95th percentiles of projects in 
the IRENA Renewable Cost Database, however. The 5th and 95th percentiles of onshore wind 
extend much further than for offshore wind and CSP. For onshore wind, the wide range of 
project-level capacity factors highlights that this technology's deployment is larger and more 
geographically diverse than that of CSP and offshore wind. This means that deployment 
occurs in a very heterogenous set of sites, with widely varying wind resource levels that are 
seeing different turbine technologies being deployed. It also serves to highlight again, the very 
low rates of deployment in CSP in 2020, with a very narrow range based on just two projects.

Figure 1.6 presents the LCOE trends for renewable power generation technologies between 
2010 and 2020. In addition to the dramatic fall in LCOE, the utility-scale solar PV LCOE 
curve declines remarkably smoothly; a function of the steady decline in global weighted-
average total installed costs and capacity factors for this technology. The global weighted-
average LCOE of utility-scale solar PV fell below that of CSP in 2011, that of offshore wind 
in 2014 and that of geothermal and bioenergy in 2019. The global weighted-average LCOE 
of utility-scale solar PV fell into the fossil fuel-fired cost range in 2015 and reached the 
lower end in 2020. The global weighted-average LCOE of onshore wind fell below that 
of geothermal in 2012, that of bioenergy in 2013 and that of hydropower, previously the 
cheapest source of new renewable power generation capacity in 2020. It fell below the 
cheapest new source of fossil fuel-fired electricity in 2018. 
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The global weighted-average LCOE of offshore wind fell into the cost range of new fossil 
fuel-fired capacity briefly in 2012 and then, permanently from 2015. CSP has flirted with 
the upper range of the fossil fuel-fired cost range in 2018, before falling solidly within in 
2020. The global weighted-average LCOE for bioenergy, geothermal and hydropower 
has seen more variation year-to-year, with the exception being CSP. The main trends of 
note have been the rise in hydropower costs and, to a lesser extent, those of geothermal. 

AUCTION AND POWER PURCHASE AGREEMENT PRICE TRENDS

Figure 1.7 present the results of comparing the LCOE data in the IRENA Renewable Cost 
Database with the prices in the IRENA Auction and PPA Database. The auction and PPA 
prices in this figure have been deflated to real values where the contract terms specified 
there was no indexation of award prices. The impact of the Investment Tax Credit (ITC) 
on solar PV and Production Tax Credit (PTC) on onshore wind auction and PPA prices in 
the United States has also been corrected for. In addition, any projects where the auction 
or PPA prices are clearly not comparable to an ‘all-in’ LCOE value have been removed 
from the chart (see Annex I for more details). For both databases, Figure 1.4 shows the 
results for the year of commissioning, not the award year, in the case of the Auction and 
PPA Database. 

The data in Figure 1.7 shows that for onshore wind, the global weighted-average LCOE 
in 2020 was around USD 0.04/KWh. The global weighted-average price for electricity 
from the 25.6 GW of utility-scale onshore wind projects in the IRENA Auction and PPA 
Database expected to be commissioned in 2021, is USD 0.043/kWh. It is also around 
the same level in 2022 for the 33.8  GW of capacity in the database expected to be 
commissioned that year. 

The slightly higher values in the IRENA Auction and PPA database compared to the LCOE 
value for 2020, is largely due to the fact that China dominated deployment in 2020, with 
around two-thirds of capacity, while the share of capacity in the IRENA Auction and PPA 
database is lower for China and higher for the European markets, which are, on average, 
more expensive. A similar dynamic is at play in projects anticipated to be online in 2022. 
In addition, at this time, some important low-cost onshore wind markets are under 
represented in the IRENA Auction and PPA Database. Additional data for PPA results in 
the United States, in particular, will alter this outlook when they become available in the 
coming months. 

The outlook for 2021 and 2022, therefore, is that the global weighted-average cost of 
electricity from onshore wind is likely to be at least USD 0.012/kWh (22%) lower than the 
cheapest source of new fossil-fuel fired capacity. Overall, 44.4 GW of the capacity in the 
IRENA Auction and PPA database for onshore wind that is expected to be commissioned 
in 2021 and 2022 costs less than the cheapest fossil fuel-fired option, or 75% of the total 
projects in the database for those years.

For utility-scale solar PV, the data in the IRENA Auction and PPA Database has a 
weighted-average price for solar PV of USD 0.039/kWh in 2021 and USD 0.04/kWh in 
2022. This is for a total of 18.8 GW of capacity in the database that is expected to be 
commissioned in 2021 and 26.7 GW that is expected to be commissioned in 2022. Of the 
projects in the Auction and PPA database that are expected to be commissioned in 2021 
and 2022, 74% (33.8 GW) will have an award price that is lower than the cheapest fossil 
fuel-fired power generation option. 
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Despite revising the WACC assumptions for this report, there remains a disconnect 
between the project-level LCOE results and the award prices in the IRENA Auction and 
PPA database for utility-scale solar PV. This is partly explained by the fact that while 
the LCOE database covers all new capacity added in 2020, the IRENA Auction and PPA 
database contains a subset of that total. For instance, the IRENA Auctions and PPA 
database contains data for 19 GW of projects that are expected to be commissioned in 
2021 and for 29 GW of projects expected to be commissioned in 2022. This compares to 
the estimated utility-scale market of 77 GW in 2020, which is expected to grow in 2021 
and 2022.

The distribution of projects in the database is therefore different from the total future 
deployment, especially so for projects anticipated to be commissioned in 2021, when the 
projects in the IRENA Auction and PPA is likely to cover less than one-fifth of deployment. 
Another factor is that the average contract length of 20 years means that for many 
low-cost solar PV projects, there is a likely merchant tail of revenues that would raise 
the overall value of the projects by a modest amount. Other factors contributing may 
include: longer economic lives for the projects than assumed in this report for the LCOE 
calculations; lower anticipated lifetime O&M costs; and additional revenue streams not 
captured in the headline award prices. 
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It is clear, however, that utility-scale solar PV, with the right regulatory and institutional 
frameworks in place, well-designed contract terms and appropriate risk sharing, can 
deliver extremely competitive electricity. Indeed, the recent record low auction prices 
for solar PV in Ethiopia, Chile, Mexico, Peru, Saudi Arabia, the United Arab Emirates and 
elsewhere have shown that an LCOE of USD 0.03/kWh is possible in a wide variety of 
national contexts. Expectations are that values below USD  0.02/kWh are potentially 
feasible in the coming years in specific circumstances, given recent auction results in the 
United Arab Emirates, Qatar and Saudi Arabia. 

The last 18 months has seen three record low bids for solar PV. In January 2020, the Qatar 
Electricity and Water Corporation (QEWC) announced it had awarded an 800 MW solar 
PV tender at a price of USD 0.0157/kWh, which was surpassed in April, when the Emirates 
Water and Electricity Company (EWEC) announced 2 GW of solar PV had been awarded 
at a levelised price of USD 0.0135/kWh. This record managed to last out 2020, but was 
then eclipsed by the announcement in April 2021 that Saudi Arabia had awarded the 
600 MW Al Shuaiba PV project at USD 0.0104/kWh. Previously, these very low values 
would have been thought of as unrealistic. Surprisingly, values below USD 0.02/kWh are 
not impossible, even if they were unthinkable, even a few years ago. They do, however, 
require almost all factors affecting LCOE to be at their ‘best’ values (see Box 3.3).

For CSP and offshore wind, deployment is thinner – especially so for CSP, where only 
150 MW was added in 2020, compared to 6 GW for offshore wind. As a result, there is 
significant volatility in the annual global weighted-average values in both the LCOE and 
IRENA Auction and PPA databases for these two technologies. 

For offshore wind, the years 2018 and 2019 saw the announcement of auction and tender 
results with a step change in pricing. Subsidy-free bids in the Netherlands and Germany, 
as well as the French Dunkirk project, were awarded at USD 0.05/kWh, while projects 
in the United Kingdom were awarded at between USD 0.057/kWh and USD 0.06/kWh. 
This highlighted the fact that with experienced developers, robust regional supply chains 
and O&M bases, and an attractive cost of capital, offshore wind can now compete with 
price levels seen in the wholesale electricity market, without financial support. 

Offshore wind has longer lead times than onshore wind and solar PV. As a result, these 
cost reductions take time to appear in annual, newly commissioned cost data. For 
projects being commissioned from 2023 onwards in Europe, however, the majority of 
projects that have been procured in the last two years have costs in the USD 0.05/kWh 
to USD 0.10/kWh range.12 

By building on experience in onshore wind, technology innovations, supply chain 
scale-up and learning-by-doing – all while being driven by a cadre of increasingly 
experienced project developers – Europe’s offshore wind industry has been transformed 
in just 15 years, from one just starting to achieve commercial scale at high costs, to a 
competitive solution without financial support. 

This success is now being exported, with the commissioning of the first round of 
projects in new markets in North America and Asia also likely to make itself felt in the 
coming years. With the lessons from Europe around the importance of regional supply 
chains, installation capability and O&M hubs, we are likely beginning to see how these 

12  There are a number of delayed projects, notably in France, that will come online in the 2021-2024 timeframe that have higher award 
prices. In the French case, these delays led to downward revisions in the strike prices, though they remain more expensive than recent 
procurements.
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new markets can rapidly scale up to achieve similarly competitive pricing. The rate 
at which this happens will be largely driven by the policy ambition that is in place to 
support economies of scale in regional supply chains. In addition, efforts to facilitate 
the necessary infrastructure at ports and installation capabilities will also be key drivers.

Meanwhile, the global market for CSP revived somewhat in 2018 and 2019, but 
disappointed in 2020. The pipeline for CSP projects outside of China remains limited 
(World Bank, IRENA and CIF, 2021), with little procured competitively in recent years. As 
a result, there are only a handful of CSP projects in the IRENA Auction and PPA database 
to be commissioned in 2021, but with a price of electricity of around USD 0.076/kWh, 
this represents a reduction of 78% compared to the global weighted-average project 
LCOE in 2010. 

LEARNING CURVES FOR SOLAR AND WIND POWER 
TECHNOLOGIES 

The cost declines experienced from 2010 to 2020 represent a remarkable rate of 
descent. This not only has enormous implications for the competitiveness of renewable 
power generation technologies over the medium term, but has also made solar and wind 
power technologies the economic backbone of the energy transition. These declines also 
provide important insights into the process of how to successfully deploy the myriad of 
other technologies required for the energy transition that need to be scaled up over the 
coming decade. They also provide insights into the characteristics of technologies that 
are amenable to rapid scale-up and cost reduction13 in order to ensure decarbonisation 
of end-use sectors, from electrolysers to electric vehicles and heat pumps to stationary 
battery storage.

Figure 1.8 shows the global weighted-average total installed cost trends for utility-scale 
solar PV, CSP, onshore and offshore wind from 2010 to 2020, plotted against deployment. 
By placing both these variables on a logarithmic scale (log-log), the line on the charts 
represents the learning rate for these technologies. The learning rate is the average cost 
reduction (in percentage terms) experienced for every doubling of cumulative installed 
capacity. 

Over the period 2010 to 2020, utility-scale solar PV has the highest estimated learning 
rate for the global weighted-average total installed cost, at 34%. This is a value that 
exceeds virtually all previous learning rate analyses based on data for the earlier period 
of deployment (Grubb, et al., 2021) – when learning rates might have been expected 
to be higher than in later periods. This period, 2010 to 2020, saw the deployment of 
94% of global cumulative installed solar PV capacity and virtually all of the utility-scale 
deployment, in capacity terms.

The learning rate for the total installed costs of CSP for the period 2010 to 2019 was 22%, 
with 80% of total cumulative installed CSP capacity added during this period.

The total installed cost learning rate for offshore wind for the period 2010 to 2020 is 
estimated to have been 9.4%, with new capacity additions over this period estimated to 
be 91% of the cumulative installed offshore wind capacity.

13  Future work by IRENA will look at what lessons can be extracted from the data IRENA is collecting in the “Tracking Energy Innovation 
Outputs Framework” in respect to solar and wind, in order to identify the elements of successful deployment that are transferable and 
where more caution is required for different technologies.
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For onshore wind, the total installed cost learning rate for the period 2010 to 2020 is 
estimated to be 16.6%. The decline in wind turbine prices in recent years, as well as 
greater regional supply chain maturity and competitive procurement of projects, 
has contributed to lower costs in recent years. For the total installed cost of onshore 
wind farms, the learning rate for the period 1983 to 2020, is estimated to be 8.5%. 
The difference between the learning rates for the two time periods is significant. It poses 
interesting questions about the relative contribution made by early market research and 
development (R&D) learning – compared to ongoing innovation and industrial scale-up 
– in driving down costs.14

With the highest learning rate for total installed costs, it is not surprising to find that for 
the period 2010-2020, utility-scale solar PV also exhibited the highest LCOE learning 
rate, at 39% (Figure 1.9). Utility-scale solar PV is also the technology to have the highest 
proportion of the LCOE learning rate driven by declines in total installed costs, given 
there is little difference between the LCOE learning rate and the total installed cost 
learning rate of 34%. The LCOE learning rate for CSP for the period 2010 to 2020 was 
significantly higher than the learning rate for total installed costs (which was 22%) and 
is estimated to have been 36%. The main difference when compared to solar PV was the 
significant contribution to lower LCOE values from CSP due to the growth in capacity 
factors – from 30% to 42% – between 2010 and 2020.

14  IRENA has not yet investigated this, but see Elia, A; et al. (2020) for the discussion of a potential methodological approach to 
investigating the relative contribution of different drivers of the learning for wind turbines.
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Figure 1.8  The global weighted-average total installed cost learning curve trends for solar PV, CSP, onshore and 
offshore wind, 2010-2020

Source: IRENA Renewable Cost Database
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For onshore wind, the LCOE learning rate for the period 2010 to 2019 was 32% – slightly 
less than twice that for total installed costs alone. Again, the higher learning rate is due to 
important growth in capacity factors, which rose from a global weighted-average of 27% 
in 2010 to 36% in 2020. Reductions in O&M costs contributed somewhat less compared 
to CSP, while the assumed WACC reduction also played a role. The LCOE learning rate for 
offshore wind for the period 2010 to 2020 reached 15%, influenced heavily by the period 
2010 to 2015, when installed costs were higher than the starting value in 2010. In this 
respect, the learning curve data makes clear how recent and rapid the cost reductions 
have been for offshore wind.

These learning rates represent remarkable rates of cost deflation, with the very low 
absolute levels being achieved increasingly changing the outlook for what is possible 
in the energy transition. Caution should be used in interpreting the LCOE learning 
rates, however, as – at least in part – some of the cost reductions achieved in the last 
ten years will not continue at the same rate. This is clear for WACC reductions, as risk 
premiums for renewables for equity and debt are already very low in mature markets. 
This may also be true for O&M cost reductions. Many of these caveats don’t apply to 
the learning rates for total installed costs. Clearly, year-to-year volatility in deployment 
and equipment prices can have an influence on short-term results, but the learning 
rates for total installed costs give a strong indicator of the likely, near-term (3-5 years), 
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learning rates and can be used to help predict future cost reductions. In addition to this, 
the learning rate analysis here has some important implications for the energy transition. 
The learning rate analysis here and by others, highlights that when scaled, small, modular 
technologies with lower barriers to market entry and relatively simple and replicable 
project development and installation processes can achieve sustained, high rates of 
learning-by-doing. Future work by IRENA will look at using this analysis, and the more 
detailed metrics currently being collected in the Tracking Energy Innovation Framework 
project, to identify the applicability of the lessons from the high learning rates achieved 
by solar and wind technologies to other technologies needed in the energy transition.

Solar PV, onshore and offshore wind cost reductions are increasingly stranding 
coal-fired power plants

As costs for solar PV and onshore wind have fallen, new renewable capacity is not just 
increasingly cheaper than new fossil fuel-fired capacity, but increasingly undercuts 
existing coal-fired power plants’ operating costs. Yet, while the most obvious contributor 
to this dynamic is the continued falling costs of solar and wind power technologies, there 
is also a self-reinforcing dynamic at play when it comes to the declining competitiveness 
of existing fossil fuel-fired power plants. As solar and wind power costs have fallen, 
capacity additions have grown, reducing annual running hours for coal-fired power 
plants in many countries. For instance, between 2010 and 2020, the average capacity 
factor of Indian coal plants dropped from 78% to 53%.15 In the United States, they fell 
from around 65% in 2010 to between 38% and 41% in 2020. This was despite the US coal 
fleet declining by almost a third, from a peak of 318 GW in 2011 to 216 GW at the end of 
2020.16 

Given that coal-fired power plants have significant fixed O&M costs, reduced generation 
starts to significantly raise operating costs, further worsening the competitiveness 
of these coal plants. For instance, over its lifetime, a 1  GW coal plant in the United 
States might expect to average fixed costs of around USD  60/kW/year, with around 
USD 34/kW/year for O&M and USD 26/kW/year for additional major capital expenditure 
(Sargent & Lundy, 2019). At a capacity factor of 10%, fixed costs alone amount to around 
USD 0.068/kWh, while at a 20% capacity factor, they are USD 0.034/kWh and at 40% 
are USD 0.017/kWh. This is before considering fuel and variable O&M costs. 

With new renewables, energy efficiency and, in some regions, natural gas all reducing 
existing coal-fired power plants’ capacity factors, these higher costs look set to be the 
norm. This is against a background where aging coal plants in many countries are facing 
expensive refurbishments to continue reliable operation. Many of these facilities will 
also increasingly face major investment decisions in a climate where future revenues are 
unlikely to justify continued operation.17

15  Based on data from the National Power Portal. See https://npp.gov.in/monthlyGenerationReportsAct (accessed 20 May 2021).
16  See the United States Energy Information Administration Form EIA-860 data and “U.S. coal-fired electricity generation in 2019 

falls to 42-year low” article at www.eia.gov/todayinenergy/detail.php?id=43675# (accessed 20 May 2021). The value of 41% capacity 
factor is based on net summer capacity and the figure of 38% on nameplate capacity. The nameplate capacity is the capacity most 
comparable to the data presented in this report, and the summer capacity for operational system planning. Net winter capacity 
is also reported, given that the United States has states that are either winter or summer peaking. There is only a 
0.4% difference between the winter and summer values.

17  Between 20 and 30 years after initial operation, coal-fired power plants need to replace a wide array of worn out parts in the boiler 
system (e.g., superheater and re-heater headers, feedwater supply piping, coal feeders, mill motors, etc.), the turbine and generator 
(e.g., turbine blades, stop valves, generator stator, etc.) and in the balance of plant (Sargent & Lundy, 2019).
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The current costs of operating existing lignite and hard coal-fired power plants are 
presented in Figure 1.10 for plants in Bulgaria (lignite plants only), Germany, India and the 
United States. To the extent possible, the data for the calculation of operating costs have 
been updated to reflect the plant-level capacity factors in 2020 and the current costs 
of fuel18 (see Annex I for more details).19 The figure also includes the weighted-average 
PPA price for projects to be commissioned in 2021 in each country, or in the case of 
Bulgaria, an estimate of the LCOE of solar and onshore wind – representative for South 
East Europe – based on projects currently in development.20 

None of the large German and Bulgarian hard coal and lignite plants are likely to 
have operating costs in 2021 that are lower than adding new utility-scale solar PV or 
onshore wind, assuming European Emissions Trading Scheme (ETS) permits average 
EUR  50/tonne of CO2 (USD 60/tonne CO2) in 2021. The operating costs for existing 
coal-fired power plants in the United States and India are, on average, lower than in 
Europe, given the absence of meaningful carbon pricing in these markets. However, solar 
PV and onshore wind costs are also lower, meaning that in the United States, 77%-91% of 
the existing coal-fired capacity has operating costs that are higher than the cost of new 
solar or wind power capacity, while in India, the figure is 87%-91%.

18  For mine-mouth coal-fired power plants this reflects mining costs plus infrastructure for conveying coal to the power plant. For other 
plants, it represents the delivered fuel price from distant coalfields or seaborne trade. Landed coal future prices for the second-half 
of 2021 were, at the time of writing, averaging around USD 90/tonne for landed (CIF) thermal coal Amsterdam-Rotterdam-Antwerp, 
which is significantly higher than the average of around USD 50/tonne in 2020 (CME Group, 2021).

19  This analysis is predominantly based on updating the following sources: Carbon Tracker, 2018; Szabó, L., et al., 2020; Öko-Institut, 
2017; DIW Berlin, Wuppertal Institut and EcoLogic, 2019; and Vibrant Clean Energy, 2019. The updates draw on a number of sources, 
including Booz&Co, 2014; Coal India, 2020; Energy-charts.de, 2021; IEA, 2021; NPP, 2021; and US EIA, 2021. 

20  The assumptions for solar PV are EUR 740/kW (USD 830/kW) and a capacity factor of 13%, while for wind, the assumptions are 
EUR 1 500/kW (USD 1 685/kW) and a 36% capacity factor. 
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Figure 1.10  Operating costs only of existing coal-fired power plants in Bulgaria, Germany, India and the United 
States by installed capacity and capacity factor in 2020

Source: Booz&Co, 2014; Carbon Tracker, 2018; Coal India, 2020; DIW Berlin, Wuppertal Institut and EcoLogic, 2019; IEA, 2021; Öko-Institut, 
2017; Energy-charts.de, 2021; Gimon, et al., 2019; NPP, 2021; US EIA, 2021; Szabó, L., et al., 2020 and IRENA Renewable Cost Database.
Note: The totals for the United States include plants that are partially or fully capable of being duel fired on natural gas. Where generation 
on natural gas occurred in 2020, this is added to total generation used for calculating the fixed costs per megawatt hour in this chart, 
to take into account the improved economics of these plants.
Operating costs analysed include: 1) average lifetime fixed and variable O&M costs 2) average lifetime capital expenditures required to 
maintain reliable operation and meet air quality regulations 3) fuel costs for 2020/21 (delivered) 4) CO2, emission costs, where applicable.
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Despite lower operating costs, the competitiveness of existing coal-fired power 
plants in India and the United States remains precarious. With solar resources that are 
good-to-excellent in both countries, the 2021 weighted-average solar PV auction and 
PPA prices are very competitive, at around USD  33/MWh in India and USD  31/MWh 
in the United States. In the latter country, however, much depends on the location 
of deployment, given higher installed costs in California and on the East Coast. Both 
countries onshore wind auction and PPA prices for projects commissioning this year are 
competitive, at around USD 32/MWh in India and USD 37/MWh in the United States. The 
challenge that apportioning high fixed costs over ever-declining generation is brought 
into sharp relief in the United States, where, of the power plants analysed, 73% had 
annual capacity factors of less than 50%. 

The data presented here is indicative of the size of the opportunity that exists to 
accelerate the energy transition by retiring high-cost coal plants and replacing them with 
renewables. Assuming an average cost of USD 5/MWh for integration costs, Table  1.1 
summarises the analysis for the four countries presented for 2021 in detail, as well as the 
results for the rest of the world. 

In total, over 800 GW of existing coal-fired electricity generation may have costs higher 
than new solar PV or onshore wind for commissioning in 2020, including an additional 
USD  5/MWh for integration costs. Retiring these plants would reduce electricity 
generation costs by around USD 32 billion per year and avoid around 3 gigatonnes (GT) 
of CO2 per year. Around 40% of the total capacity and 37% of the generation that has 
costs higher than new renewables (including variable renewable integration costs) is in 
the four countries analysed in more detail in Figure 1.7.

In the United States, 149 GW (61% of the capacity analysed) has higher operating costs 
than new renewable capacity, in India the total is 141  GW (65%). In India, in addition 
to the direct economic benefits, there would be significant benefits from reduced 
outdoor air pollution, which is currently estimated to result in 980 000 premature 
deaths per year in India. Such a reduction in pollution levels might reduce by over half 
the total economic costs of premature deaths, which stands at USD 28.8 billion per year 
(Pandey et al., 2020). 

Table 1.1  Capacity of uneconomic existing coal-fired power plants and annual savings in coal-fired generation, 
electricity costs and CO2 emissions, 2021

Coal capacity 
with higher 

operating costs 
than new solar 

and wind

Capacity with 
higher costs than 

renewables + 
USD 5/MWh 

integration costs

Annual savings 
from replacing 
uncompetitive 
coal with new 
solar and wind

Reduction 
in coal 

generation

Annual 
CO2 emissions 

reductions

(GW) (GW) (USD billion/year) (TWh) (Mt CO2/year)

Bulgaria 3.7 3.7 0.7 18 18

Germany 28 28 3.3 97 99

India 193 141 6.4 676 643

United States 188 149 5.6 338 332

Rest of the world 724 488 16.3 2 222 1 881

World 1 137 810 32 3 351 2 973

Source: IRENA analysis based on Carbon Tracker, 2018; Szabó, L., et al., 2020; IEA, 2021; Öko-Institut, 2017; Booz&Co, 2014; 
Energy-charts.de; DIW Berlin, Wuppertal Institut and EcoLogic, 2019; Gimon, et al., 2019; US EIA, 2021; and IRENA Renewable Cost 
Database
Note: Annual cost savings, reduction in coal generation and avoided CO2 emissions are for retiring the amount of coal that is uneconomic 
including the allowance for USD 5/MWh for integration costs.
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Having more accurate WACC assumptions not only improves the advice IRENA can give its member countries, 
but also fills a gap for the broader energy modelling community. This is in critical need of improved renewable 
energy cost of capital data (Egli, Steffen and Schmidt, 2019). Changes in the cost of capital between countries or 
technologies are not properly accounted for over time can result in significant misrepresentations of the LCOE, 
leading to distorted policy recommendations. 

Today, however, reliable data encompassing multiple world regions, renewable technologies and time periods 
remains sparse (Donovan and Nunez, 2012), due to the proprietary nature of financial data (Steffen, 2019). Existing 
studies can provide useful snapshots for individual countries or technologies, but it can be challenging to extract 
meaningful insights from these, as the majority of studies to date use inconsistent methodologies and may refer to 
different years, countries and technologies.

In November 2019, IRENA conducted a workshop with experts in the field to discuss these issues and current 
WACC assumptions, in order to identify a way to improve data availability. The result of this workshop was a plan 
for IRENA, IEA Wind and ETH Zurich to work together to fill this knowledge gap via a three-pronged approach that 
would develop: 1) a benchmark cost of finance tool, informed by 2) an online survey of stakeholders with knowledge 
financing conditions; and 3) semi-structured interviews with a number of experts. The goal of this work is to arrive 
at detailed country and technology-specific WACC data for solar PV, onshore and offshore wind. 

The benchmark cost of capital tool is designed to identify assumptions for WACC components (e.g., debt cost, 
equity cost, debt-to-equity ratio, etc.) and yield country- and technology-specific WACC values. The benchmark 
tool will be calibrated based on the survey results, but will also be used to fill in gaps in the survey analysis.21 

The left of Figure B1.1 provides a snapshot of financing conditions for an investment decision in 2021 for utility-scale 
solar PV from the benchmark tool as it currently stands, prior to calibration with the survey results. The benchmark 
values for utility-scale solar PV range from a low of around 2% in real terms – in Germany and Australia – to around 
6% in countries such as Brazil.

Leaving aside the accuracy of the benchmark tool approach per se, it is important to note that in markets where 
financing conditions are changing, this rate may not be a good indicator of the financing conditions faced by a plant 
commissioned today, which may have reached financial close a year or more ago. This is where the second part of 
the benchmarking work becomes useful. IRENA and ETH Zurich worked together to match utility-scale solar PV 
projects in the IRENA Renewable Cost Database and IRENA Auctions and PPA Database with project-level total 
installed costs and capacity factors, country O&M values and standardised economic lifetimes. We then arrived at 
a WACC that yielded an LCOE that matched the adjusted PPA/auction price.

Box 1.1 Deriving country- and technology-specific WACC values

21  It is not feasible for survey stakeholders’ project partners to provide real-world WACC components for solar PV, onshore and 
offshore wind in even a majority of the countries of the world. Therefore, the benchmark cost of capital tool will be essential in 
fleshing out gaps in the survey results to provide climate and energy modellers with data for all the countries/regions in their 
models.
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The data for these reverse engineered WACC values for Indian solar PV projects commissioned between 2016 and 
2020 are presented on the right of Figure 1.11. India provides a good example of a major solar PV market, where 
competitive procurement has been extensively used and good project-level cost and performance data is available. 
The values for India align quite well with our previous assumption of 10% WACC, at least for projects commissioned 
in 2017, but are higher for the earliest projects that came online in 2016 and were financed in the first rounds of 
growth in India’s PV deployment in 2014 and earlier. The data for 2020 suggests a figure of 7.5% is not unreasonable, 
as WACC values have clearly trended downwards, over time. In general, the results of this analysis have also yielded 
values that broadly validate the cost of capital benchmark tool if the financing conditions for the 2018/19 (the likely 
years where the 2020 projects were financed) and align with other estimates of country and technology-specific 
WACC (see for instance, Egli F. et al., 2018 and Steffen, 2019).

Next year’s report will benefit from a fully calibrated and reviewed benchmark cost of capital tool and the results 
of the cost of finance survey and semi-structured interviews, to create a database of WACC assumptions that 
is differentiated by country and technology for all countries present in the IRENA Renewable Cost Database 
(a total of 166 countries at this time). 
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Figure B1.1  Benchmark real WACC estimates for utility-scale solar PV projects in the G20, 2021

Source: (Left side) Analysis by ETH Zurich, IEA Wind Task 26 and IRENA (Right side) IRENA Renewable Cost Database and 
Orgland,2021
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LOW-COST RENEWABLE HYDROGEN TODAY: IS IT POSSIBLE? 

In what has been a remarkable decade, the combination of targeted policy support and 
industry drive has seen renewable electricity from solar and wind power go from an 
expensive niche, to head-to-head competition with fossil fuels for new capacity. In the 
process, it has become clear that renewables will become the backbone of the electricity 
system and help decarbonise electricity generation, with costs lower than a business-as-
usual future. 

The last couple of years have also shown that even this achievement might soon be 
surpassed. 

The emergence of exceptionally low cost 
electricity from solar PV in areas with 
excellent solar resources and access to 
low-cost finance, as well as low-cost onshore 
wind, represent a potentially tectonic shift in 
not just the electricity generation sector, but 
the energy system as a whole.

It is the potential to produce competitive, 
renewable hydrogen from very low-cost 
solar PV and onshore wind in the sunbelt 
that has, perhaps, provided the key to 
unlocking the final part of the puzzle of an 
affordable 1.5°C pathway (IRENA, 2021b).

Indeed, with an economic route to decarbonising the electricity sector presented by 
low-cost solar, wind and battery storage, electrification is now one of the key pillars of 
achieving that 1.5°C pathway (IRENA, 2021b). 

It had often been presumed, however, that indirect decarbonisation with electricity 
through renewable hydrogen and synthetic fuels and chemicals would be expensive and 
take some time to drive down costs.

The key barrier to affordable renewable hydrogen had been thought to be a 
combination of two factors: first, the high cost of renewable electricity with low load 
hours on the electrolyser, due to low renewable solar and wind capacity factors; and 
second, the high capital costs of hydrogen electrolysers that would necessitate high 
load hours from renewables in order to generate low-cost hydrogen. These are no 
longer insurmountable hurdles, however. Very low-cost solar PV now appears to 
be feasible. At the same time, low-cost onshore wind is also possible. Saudi Arabia 
awarded EDF and Masdar the contract for the 400 MW Dumat al Jandal wind farm in 
January 2019 at a price of USD 0.0213/kWh, although this fell to USD 0.0199/kWh at 
financial close.22

22  See https://www.edf-renouvelables.com/en/middle-easts-largest-wind-farm-in-the-kingdom-of-saudi-arabia-reaches-halfway-
mark-on-construction/ for details (accessed on 6 June 2021).

Hydrogen could potentially 
be produced for as little 
as USD 1.62/kg H2 in 
Saudi Arabia today, 
given current solar PV 
and onshore wind costs
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Figure 1.11 presents the results of an optimisation for the co-location of a solar PV, 
onshore wind and electrolyser in Saudi Arabia in the vicinity of the Dumat al Jandal 
wind farm, where excellent solar and wind resources combine – although water costs 
will be higher than in less arid areas. In addition to a scenario with today’s electrolyser 
costs, two lower cost scenarios are also examined. Across all scenarios, we examine two 
variants: a stand-alone system that is islanded; and a grid-connected one where the 
facility can potentially sell to the grid (which, to be conservative, is to be at the lower end 
of the two PPA prices), but does not purchase from the grid for hydrogen production.23 

The potential levelised cost of hydrogen (LCOH2) in Saudi Arabia with the cost of solar PV 
and onshore wind available today, could be as little as USD 1.62/kilogramme of hydrogen 
(kg H2), if a hydrogen production facility could sell its surplus electricity into the grid for 
USD 0.0104/kWh – and USD 1.74/kg H2, if it could not. 

23  The economic model solves for the minimum LCOH2 value by varying solar PV, onshore wind and battery storage capacity sizes 
relative to the electrolyser electrical input capacity. It factors in hourly generation profiles at the site for single-axis tracking for solar 
PV and the generation from Vestas V150 4.2 MW wind turbines. The battery capital costs were assumed to be a low, USD 125/kWh, 
but take-up was below the margin of error, so is not discussed in the main body of the text. 
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Figure 1.11  Scenarios for LCOH2 from utility-scale solar PV and onshore wind under different input assumptions 
in Saudi Arabia

Source: IRENA
Note: Wind and system sizes are scaled to the hydrogen electrolyser capacity. So a system size of 1.5 for solar PV and 1.5 for wind 
would mean a 100 MW electrolyser was being fed by 150 MW each of solar PV and onshore wind.
Assumptions: USD 750/kW for an alkaline electrolyser system; 65% efficiency; a 15 year stack life (with a maximum of 80 000 hours 
of operation and stack replacement allowed for); 3% of capital expenditure (CAPEX) for the electrolyser O&M costs; the LCOE values 
from the Al Shuaiba PV and Dumat al Jandal wind farm; and the same implied real WACC of 1.9% from the PV project to amortise 
the electrolyser.
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These figures compare favourably with the hypothetical cost of natural gas steam 
methane reforming, with today’s carbon capture, utilisation and storage (CCUS) costs at 
between USD 1.45/kg H2 and USD 2.4/kg H2 (IEA, 2020).

With electrolyser costs of USD 750/kW, amortising that investment by running the plant 
as much as possible is part of the economic solution. In an islanded system, full load 
hours of around 6 560 are achieved with a close balance between the optimum solar and 
wind capacity, with curtailment of around 12%. The electrolyser is therefore running for 
around 75% of the year at full capacity, despite very low electricity input costs. When 
a grid connection can be factored in, the optimal solution is to ensure the electrolyser 
runs on as much of the cheapest source of electricity as possible. The complementarity 
of solar and wind becomes less important, but is still there – as can be seen by the 
slight increase in wind capacity and full load hours, which rise to 7 020 hours. Solar PV 
capacity jumps dramatically, however, and exports to the grid are slightly higher than 
the electrolyser consumption over the year (e.g., total electricity production is just over 
twice electrolyser consumption).

As can be seen in Figure 1.12, as the electrolyser cost starts to fall, the importance of 
running at very high load hours weakens. With electrolyser costs of USD 550/kW, this 
phenomenon has a limited impact on the islanded system, with full load hours dropping 
from around 6 560 to 6 410 hours, as slightly less wind is used. It is more pronounced, 
however, when over-sizing the cheapest electricity source, solar PV, becomes available 
with a grid connection. In this case, wind input to the electrolyser is reduced to 25%, with 
overall full load hours dropping to around 5 000 hours, as the optimal solution is to use 
more of the cheapest, solar, electricity.

When electrolysers reach a cost of just USD  350/kW, the economic optimum shifts 
significantly. With a low contribution from electrolyser capital costs, maximising the 
source of low-cost electricity becomes the priority. In Saudi Arabia, with excellent solar 
resources, this trend is very pronounced. There, even an islanded system essentially finds 
an economic optimum with 93% solar PV. Curtailment remains a modest 5%, as the PV 
system is oversized by around 43%, with the corresponding reduction in full load hours 
to 3 790 being acceptable. When the option to sell to the grid is added, the sizing of the 
solar PV capacity increases dramatically, as do exports to the grid. The analysis suggests 
that with electrolyser costs of USD 350/kW, costs could fall as low as USD 1.16/kg H2. 
Assuming average efficiency also increases to 72.5% over that time and stack lifetime 
increases from 15 to 17.5, costs would fall below USD 1/kg H2. This does not even take into 
account any possible reduction in the cost of electricity from solar and wind, by the time 
those performance and cost levels for electrolysers are reached.

This analysis demonstrates two important points. First, that competitive renewable 
hydrogen in specific markets could be available even before significant cost reductions 
and performance improvements in electrolysers have materialised. Secondly, low-cost 
hydrogen from solar and wind may initially rely on areas with excellent solar and wind 
resources, given the need to achieve high load hours to amortise the costs of relatively 
expensive electrolysers. In the medium- to long-term, however, cost reductions and 
performance improvements for electrolysers will start to see this dynamic shift to 
prioritising areas with very low-cost electricityand even to solar PV with, its relatively 
low, capacity factor. This has important implications for the extent of the resource base 
for low-cost hydrogen, as areas with excellent resources for either solar or wind are 
much more widely distributed than those that combine both.
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a b s t r a c t

The need for deep decarbonisation in the energy intensive basic materials industry is increasingly rec-
ognised. In light of the vast future potential for renewable electricity the implications of electrifying the
production of basic materials in the European Union is explored in a what-if thought-experiment. Pro-
duction of steel, cement, glass, lime, petrochemicals, chlorine and ammonia required 125 TW-hours of
electricity and 851 TW-hours of fossil fuels for energetic purposes and 671 TW-hours of fossil fuels as
feedstock in 2010. The resulting carbon dioxide emissions were equivalent to 9% of total greenhouse gas
emissions in EU28. A complete shift of the energy demand as well as the resource base of feedstocks to
electricity would result in an electricity demand of 1713 TW-hours about 1200 TW-hours of which would
be for producing hydrogen and hydrocarbons for feedstock and energy purposes. With increased ma-
terial efficiency and some share of bio-based materials and biofuels the electricity demand can be much
lower. Our analysis suggest that electrification of basic materials production is technically possible but
could have major implications on how the industry and the electric systems interact. It also entails
substantial changes in relative prices for electricity and hydrocarbon fuels.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

The EU objective to reduce greenhouse gas emissions by
80e95% by 2050 relative to 1990 includes a suggested industry
sector ambition of 83e87% reduction [1]. The reduction of green-
house gases (GHGs) needs to continue down to zero emission in
2060e2070 if EU is to take its responsibility in meeting the <2 �C
target agreed in Paris [2].

The three main categories of technical options for reducing
carbon dioxide emissions from materials production are (i)
improved material efficiency (ii) improved energy efficiency, and
(iii) less carbon intensive energy supply or carbon capture and
storage (CCS) [3].

The need for energy intensive processing of ores andminerals to
usable materials can be reduced through increased use of recycled
materials and increased material efficiency via e.g., lighter con-
structions, extending the life of products, and design of products
that are easier to maintain, repair, upgrade, remanufacture. Such
measures are central to the circular economy [4] and they are
highlighted as important in the Fifth Assessment Report by the
Intergovernmental Panel on Climate Change (IPCC AR5) but the
resulting mitigation potential is not quantified [3]. However, even
in a resource efficient circular economy there would still be a need
to produce virgin materials to replenish the system and for special
applications that require high quality virgin materials, e.g., food
packaging. There will also be a need to produce new materials as
some are consumed or dissipate (e.g., nitrogen fertiliser for agri-
culture or argon gas for super-insulating windows) and to close the
loop on carbon dioxide through carbon capture and use (CCU).

Energy efficiency through applying best available technology in
industry can reduce the energy intensity by an estimated 25% and
by an additional 20% at the most through innovation before
approaching technological limits in some energy intensive in-
dustries [3]. Ahashi et al. [5] simulate a savings potential of 35% for
industry globally by 2030 vs. frozen 2005 efficiency, a result which
they note is in line with other studies.
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For a deep decarbonisation, material- and energy efficiency will
help but will not be able to deliver the reductions needed. For deep
decarbonisation it is also necessary to focus on the processing of
feedstock to usable materials which includes the reduction of
process related emissions (e.g. from calcination of limestone to
clinker or reduction of iron ore to iron). The main options for deep
decarbonisation of the processing step in materials production are
shifting to low carbon energy supply via either biomass, nuclear
energy, or renewable electricity and/or to use CCS [53].

CCS and bioenergy are the main options that have been assessed
so far for deep decarbonisation of energy intensive industries. In
the four key sub-sectors (cement, steel, chemicals and pulp and
paper) that are assessed in greater detail in IPCC AR5, CCS is
essentially the only option presented that can reduce carbon di-
oxide (CO2) emissions in the range of 70e90% [3]. Results along the
same lines can be found in the IEA Energy Technology Perspective
scenario [6] where most of the 3 GtCO2 equivalent emission re-
ductions when comparing the 4DS and 2DS low demand scenarios
result from increased energy efficiency and CCS. Fuel and feedstock
switching account only for about 10% (300 MtCO2-eq) of the
reduction. Similar assumptions are made in scenario studies for the
EU [1] Italy [8] and the UK [9]. The electrification option is also
largely overlooked in a recent roadmap for renewable energy in
manufacturing up to 2030 [10] which emphasises that “currently,
biomass offers the only renewable energy option to provide high-
temperature heat” needed for industrial processes.

One exception to the reliance on CCS and biomass is a study by
the German Federal Environment Agency (UBA) [11] which ex-
plores more radical technology options. For industry, these miti-
gation options include power-to-gas methane for fuel and
feedstock as well as electrification, assuming 100% renewable
electricity production. Although such options are noted in IPCC AR5
they are not fully included in their analysis since IPCC bases its
findings on reviews of the existing literature, where hydrogen/
electricity-based chemicals and fuels, and using carbon dioxide as
a feedstock, are still relatively unexplored options.

Motivated by this knowledge gap and inspired by the UBA report
the implications of electrifying the energy and feedstock supply for
the production of seven key basic materials in EU28 are explored
assuming a fossil- and nuclear-free future. The analysis is motivated
also by the abundance of solar and wind resource potentials in EU.
Therefore, a quantitative scenario analysis is done of the potential
future electricity demand that would result from a complete elec-
trification of steel, cement, glass, lime, petrochemicals, chlorine and
ammonia (including an electricity-based supply of hydrocarbon and
hydrogen feedstocks for petrochemicals and ammonia production)
and assuming constant production levels in 2050 compared to 2010.
The future technologies needed are described and motivated and
from this scenario, implications on economy, integration, technol-
ogy strategy and other barriers are derived.

The approach and key technology assumptions are described in
the following sections followed by the scenario results.

2. Method and data

The unique timeframe set by climate policy (>2050) is not well
suited for formalenergyeconomicmodelling, seee.g. Ref. [46]. Energy
economic models build on known and reasonably predictable costs
and relationshipswithin the economy that change onlymarginally in
the analyzed timeframe. It is thus easy to understand that CCS is the
favouredandonlyoption for thematerials sector in the few long-term
models assessing deep decarbonisation to 2050 as it assumes no
systemic changes to the energy system (being an “end of pipe” so-
lution). However, both the long time frame and the changes required
in society for attaining deep decarbonisation targets to 2050 could

well be systemic and thus go beyond what conventional models can
assess. Here, a simple but transparent scenario analysis based on
technology assumptions is used instead. The aim of using such an
approach is not to predict what will happen in 2050 but to explore
what the assumed goal (deep decarbonisation via electrification of
industry) would mean for the energy system and the economy.

The scenario is calculated based on three steps: (i) future
physical production level assumptions, (ii) current and future
technology assumptions, and (iii) calculation of resulting energy
demand and CO2-emissions for producing primary and secondary
steel, cement, glass, lime, petrochemicals (the basic products for
most plastics), chlorine and ammonia2.

In the first step physical production data for these products are
derived from most recent production statistics (EUROSTAT [13])
and industry association data for steel, cement and chemicals
[14,15]. 2010 was the last year that had consistent production data
for all sectors. Production and consumption in the EU28 shows a
moderate decline, is stable or is growing slowly for these products.
Production is roughly equal to consumption although there are
considerable exports and imports of some materials. For the pur-
poses of this scenario a simplified assumption that production in
EU28will be stabilised at about current levels (Table 1) is made. The
exception is lime for which consumption and production will
decrease due to less demand from coal power plants and conven-
tional primary steel production. These assumptions are in line with
recent projections by the International Energy Agency for OECD
Europe in 2050 (including Turkey, Norway and some others) [6]
which assume a moderate growth over the whole 40 years of
12e25% for steel, a stabilisation for cement in the lower scenario
and for feedstocks in the high and the low scenario.

In a second step the energy input in total and per physical unit
plus all related CO2 emissions for the production of each product
was estimated. For 2010 an aggregated technology assumption for
each of the materials was used. These assumptions represent
average input values of the various fuels, feedstocks and electricity
as well as the CO2 emissions from the processes itself over all
production sites in the EU. Such a simplification is justified as
production technologies for those basic materials are more or less
uniform compared to the overall process energy and material use
and can thus be reflected by average technology characteristics. For
2050, the energy intensities used for calculating energy were
derived from literature, assuming a complete switch to the most
advanced break-through technologies described below. Together
with these technologies a complete conversion of European elec-
tricity production to low carbon sources was assumed in line with
the targets for the EU [1].

For calculating emissions in the third step the energy demand is
converted to CO2 emissions by applying fuel specific emission
factors (see note to Table 2). For the minerals, CO2 emissions from
limestone have been taken into account based on IPCC guidelines
[17] 3. For 2050 it is assumed that methane and hydrogen are
produced from renewable electricity with typical efficiencies as

2 In Lechtenb€ohmer et al. [12] two of the authors present a more detailed
modelling approach that covers the whole of industry and takes into account the
most important technologies currently in use as well as several technology de-
velopments until 2050. This detailed analysis, however, was limited to the German
State of North Rhine Westphalia.

3 IPCC's 2006 [17] default emission factor for clinker making (tier 1 method) is
0.52 t CO2/t clinker. We assume cement production in 2050 to be 50% “low carbon
cements” with a 50% reduction in CO2 emission factor compared to clinker (based
on [18]). The other half of cement production consists of 85% clinker and 15% other
composites (cp. Section 4.2). The average emission factor for glass production is
0,1 t CO2/t glass, accounting for a mix of flat and container glass. For lime IPCC's
default emission factor according to the tier 1 method is used (0.785 t CO2/t lime).
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given in Table 3 (below). Therefore in 2050 CO2 emissions remain
only from material input into minerals production.

3. Cross-cutting technologies for electrifying basic materials
production

Replacing both the fossil fuel used as energy and as feedstock by
utilising renewable electricity is at the core of the scenario sketched
in this paper. Electricity is a very versatile form of energy and can be
used for heating in industry either directly with various electro-
thermal processes or indirectly with hydrogen as an energy

carrier. It can also, together with CO or CO2, be used to manufacture
hydrocarbons to be used as fuel or as feedstock for plastics. Below,
some key cross-cutting technologies for industrial heating and for
producing hydrocarbon based feedstock needed in the scenario are
briefly described. The detailed technology assumptions for pro-
ducing each basic material are presented in the following chapter.

3.1. Electro-thermal processes for heating

Industrial processes need heating at low (below 100 �C), me-
dium (100e400 �C) and high temperatures (above 400 �C).

Table 1
Global and European production and consumption of seven basic materials and projection for the EU for 2050.

In million tons Global production 2010 EU 28 consumption 2010 EU 28 production

Product 2010 2050

Steel 1431 161 173 180
� Secondary steel from scrap (Electric arc furnace) 420 e 71/71 80
� Primary steel (2010: Blast oxygen furnace; 2050: Electrowinning) 994 e 95/101 100
� Primary steel (open hearth furnace) 16 e 0.7 e

Minerals 253 250
� Cement 3290 185 192 190
� Glass n.a. n.a. 34 34
� Lime 313 26 27 17

Basic chemicals 69 67
� Petrochemicals (HVC)b n.a. 43 42 40
� Hereof: ethylene 138a 20 20 20

� Chlorine n.a. 9 10 10
� Ammonia n.a. 17 17 17

a World capacity in January 2011 of which 24 Mtons (17%) are located in the EU28 [16].
b High value chemicals (HVC) including ethylene, propylene, butadiene and benzene here.

Sources: For 2010: Eurostat COMEXT database [13], World Steel (2014) [14], Cefic (2013) [15]; for 2050: own assumption.

Table 2
Final fuel and feedstock demand of seven basic industrial products in 2010 and projection for 2050 (EU 28).

Energy demand 2010 (TWh) Direct
CO2-emissions
2010 (Mt)a)

CO2 Em. from
electricity
2010 (Mt)c)

Energy demand
2050 (TWhd)

Direct
CO2-emissions
2050 (Mt)a)

Sources [42] Calc. based
on [42,49]

Own
calculations

Calc. based
on [16,17]

Product Electricity Other fuels
and feedstocks

CO2 CO2 Electricity H2 Syngas/FT
naphta

CO2

Steel 52 367 147 17 296 0 0 0
Secondary steel from
crap (electric arc furnace)

37 14 3 12 38 0 0 0

Blast oxygen furnace 14 354 144 5 0 0 0 0
Electrowinning 0 0 0 0 258 0 0 0

Minerals 39 210 164 13 169 0 0 85
Cement 22 122 117 7 122 0 0 67
Glass 15 55 30 5 29 0 0 4
Lime 2 33 16 1 19 0 0 14

Basic chemicals 35 945 70 12 47 85 692 0
Petrochemicals (HVC) 0 198 38 0 0 0 106 0
Chlorine 35 0 0 12 29 0 0 0
Ammonia 0 76 15 0 17 0 0 0

Fuel use as raw material
Petrochemicals (HVC)b) 0 586 – – 0 0 586 –

Ammoniab) 0 85 17 – 0 85 0 –

Total (including feedstock) 125 1522 380 41 512 85 692 85

Energy total (incl. feedstock) 1648 — 1289 —

a Includes non-energy process-related emissions. In italics: fuel not used as energy but as feedstock / raw material.
b CO2 from feedstocks that is temporarily bound in products (base chemicals) amounts to additional 160 Mton of potential CO2 emissions (own calculation based on carbon

content of feedstocks).
c 331 g/kWh [7].
d By 2050 all fuels are assumed to be zero carbon electricity or derived from zero carbon electricity.

Source: EUROSTAT Energy balance [42] and [15,16,49] for 2010, own calculations for 2050.
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Supplying this heat by electricity instead of carbon fuels can be
done in several ways.

Electric furnaces supply heat with normal convection heating
(same as heating with fuels) in all temperature ranges and heat
pumps can supply low- to medium-temperatures at very high
overall efficiency by using low temperature sources (e.g., excess
heat in a paper and pulp factory). There are also more advanced
electro-thermal technologies that include electromagnetic radia-
tion, heating via microwaves, infrared radiation, radio waves, ultra
violet light, induction, electron beams, electric arc and plasma
technologies that can potentially supply heat in all temperatures
(see EPRI [20] for an overview). Electro-thermal technologies such
as infrared and microwave heating are currently used in the food
industry for drying and in the automotive industry for curing
paints; i.e., applications with a specific need for exact and
controlled temperatures and temperature gradients. Paper drying
is another area where the use of electricity in infrared dryers could
increase and replace gas fired dryers and electric impulse drying
could increase overall efficiency [20]. Plasma technology (supplying
heat via an electric arc heated ionised gas) can produce tempera-
tures well above 2000� and is used today for waste treatment and
in several niches within the steel industry [21,22]. Electric arc
technology has since long been used for steel production from
scrap (electric arc furnaces; see e.g. Ref. [23]).

Electro-thermal technologies have the potential of being effi-
cient as they promise a more controlled heating process compared
to traditional and fuel based heating and can thus heat a very
specific area without heating the surrounding material as is the
casewith conventional convection heating.4 These technologies are
presently used where they offer distinct advantages (e.g., primary
energy savings, higher productivity or product quality) or where
there are no viable alternatives (e.g., for electric arc furnaces) but
deployment has been limited since fossil fuels are generally less
expensive than electricity [24].

3.2. Electrolysis

Electrolysis is used for separating chemical elements by
deploying a direct current to a material placed in an electro-
chemical cell. Electrolysis is currently used when transforming
aluminium oxide to aluminium, for separating a saline solution
(sodium chloride and water) into chlorine, sodium hydroxide and
hydrogen as well as for separating water into hydrogen (H2) and
oxygen (O2). In the future electrolysis could potentially be used for
steel making from iron ore, so called electrowinning [25,26].

Using electrolysis to produce hydrogen from water is a key
technology in the scenario. Renewable hydrogen is used in the
scenario to replace fossil derived hydrogen in the ammonia in-
dustry and to produce hydrocarbons such as methane, methanol,

Fischer-Tropsch-naptha (FT-naphta) for replacing the fossil feed-
stock (mainly naphta or ethane) in the petrochemical industry.

Commercial electrolysis technology today is based on alkaline
electrolysers with efficiencies ranging from 48 to 83% [28]. Two
future concepts being developed for electrolysis is polymer elec-
trolyte membrane (PEM) electrolysers and solid-oxid electrolyser
cells (SOEC). SOEC seems to have the highest potential for efficiency
(above 73% power-to-hydrogen), improved investment costs and
production capacity, as well as the potential ability to maintain
efficiency at lower loads (thus being suitable for power-to-gas
concepts with variable electricity supply) [28,29]. SOEC is a high
temperature electrolyser and thus needs steam but this heat de-
mand can be integrated into most processes using surplus heat
from, for example, a methanisation step in power-to-gas produc-
tion. In the scenario an average efficiency of 71% for hydrogen
production has been assumed based on a meta-analysis by
Fischedick et al. [30].

3.3. Producing hydrocarbons from hydrogen, CO2 and syngas

For replacing the fossil feedstock currently used for the pro-
duction of petrochemicals renewable hydrogen and renewable (or
recirculated) carbon are needed. The carbon is derived either from
captured CO2 or as the CO2/CO part of syngas (CO2/CO þ H2). The
hydrogen is supplied either from renewable electricity through
electrolysis or from the hydrogen in syngas produced from biomass
(e.g. waste or woody biomass). Both methane and FT-naphta to
replace fossil feedstock can be produced in well-known processes
from syngas [31,32]. The syngas can be produced by gasification or
pyrolysis of woody biomass, biogenic waste [34] or plastics [35] and
boosted with hydrogen. Biomass gasification is normally divided in
two steps, first a reversed water gas shift reaction for generating a
suitable balance of CO and hydrogen in the syngas, followed by a
methanisation process [36,37]. Future development of supercritical
gasification could produce syngas efficiently from wet biomass
such as household waste streams [38]. Indirect gasification in
smaller to medium size scales can also convert a major share of the
biomass to methane directly [39].

Methane can also be produced using hydrogen and CO2 in the
Sabatier process. With suitable catalysts this process can convert
hydrogen and CO2 to methane in one step. The Sabatier process is
exothermic producing surplus heat that, for example, can be used
for heating the electrolyser used for producing the hydrogen. Pro-
cess integration and co-production is important for energy and
resource efficiency [35].

The carbon used for manufacturing renewable hydrocarbons
can come either from captured CO2 or from biomass. CO2 can be
captured and recycled either from flue gases, from air capture or
even from sea capture in a future scenario [40]. Biomass gasification
has a hydrogen deficit resulting in carbon leaving the process as
CO2 and not as useful hydrocarbons. This carbon can be utilised by
adding hydrogen to the process and thus boost the syngas pro-
duction and hydrocarbon yield [41].

Table 3
Conversion balance of electricity to hydrogen and synthetic fuels for feedstock and energetic use in basic material production, Scenario for 2050.

In TWh Fuel demand 2050 Efficiency Electricity demand

Energy Feedstock

Hydrogen 0 85 71% 119
Syngas/Fischer-Tropsch naphta 106 586 64% 1082
Total 106 671 1201

Source: Own calculations based on a conversion efficiency of 71% for hydrogen generation [30] and assuming high temperature electrolysis (SOEC) with excess heat inte-
gration of the FT process [33].

4 Infrared radiation heats only the surface, microwave and radio frequencies
penetrate the material and heat the volume whereas induction heating limits the
heat to the connected material.
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There are many possible routes for producing petrochemicals
from CO2 and hydrogen. In the scenario described here (see Table 3
below) the FT-naphta route has been assumed based on [33].

4. A scenario on decarbonising basic material production

In 2010 the EU28 produced 495 Mtons of the eight basic ma-
terials discussed here with the bulk being cement and steel, fol-
lowed by petrochemicals and glass (see Table 1). The use of fossil
energy plus significant amounts of non-energy related CO2 emis-
sions from cement, steel and glass making generated 380 Mton of
CO2 in 2010 (see Table 2). Furthermore, electricity consumption
accounted for another 41 Mtons through indirect emissions. In
total, the production of the eight basic materials was responsible
for approximately 421Mton of CO2which is equivalent to almost 9%
of total EU28 GHG emissions [19].

For 2050 it is assumed that the analyzed energy intensive pro-
duction will be based completely on renewable electricity and
hydrogen and syngas/FT-naphta. The specific technology assump-
tions are presented below followed by the results presented in
Tables 2 and 3.

4.1. Iron and steel

Over 90% of the carbon dioxide emissions of steel production
result from the primary steel route. Here the reduction of iron ore
into iron accounts for about 80% of the emissions. Apart from
increasing the percentage of scrap-based production (which is not
assumed here), identification of new reduction agents is the most
important step towards decarbonising the steel industry. Three
alternatives exist; to use hydrogen, to reduce iron ore in electrolysis
or to use bio-char instead of coke. It is assumed here that by shifting
primary steel production from oxygen to electrowinning [25,26],
steel production can be completely electrified. In this way final
energy demand for steel making can be reduced by almost 30%
compared to 2010 levels.

Electrowinning involves two major technical steps for primary
steel production: First, iron ore is either solved or suspended in an
acid or alkaline solution or it is melted in a saline solution for high
temperature electrolysis (above 1600 �C). If the iron is not melted
the electrolysis can be performed at 110 �C. Available studies show
that 2.8e3.2 MWh of electricity per ton of sponge iron is needed for
the electrowinning process [25,26]. If electrowinning in an acid or
alkaline solution, or hydrogen reduction is used, the iron ore is
reduced in solid state, creating sponge iron which must be melted
afterwards for alloying purposes. EPRI [20] suggests using plasma
or induction ovens for smelting. The key benefits besides lower
emissions will be higher thermal efficiency than with the use of
electric arc furnaces and fewer waste products. With electricity for
melting included this would be approximately between 2,6 and
3,7 MWh/ton steel depending on technical development [27,43].

An indirect route to electrificationwould be the use of hydrogen
in a direct-reduced iron (DRI) process which is currently used with
natural gas as a reduction agent. This route could also be utilised as
a means of energy storage or load smoothing in the electricity grid
if implemented in a smart way.

In this scenario it is assumed that 2.6 MWh electricity per ton of
steel is needed in the primary route and that 0.5 MWh/ton is
needed in the secondary route.

4.2. Minerals, cement, glass and lime

Themost relevant products of the mineral industry with regards
to GHG emissions are cement, glass and lime manufacturing. These
industries have in common that they need high temperatures,

usually above 1400 �C for processing mineral feedstock such as
limestone and sand into useful materials such as clinker, glass or
lime. Recycling is an option for glass industry (apart from flat glass
production) and is common already today for economic reasons.
Cement products (concrete) can be reused as building material,
road filling etc. but are seldom reprocessed to new clinker and lime.

Cement: Emissions of greenhouse gases in cement production
are caused by two factors; burning of fossil fuels for heat (40%) and
in the calcination of limestone to chemically reactive calcium oxide
(60%). For cement manufacturing it is theoretically possible to
replace current clinker with other materials. The options of
reducing the share of limestone as feedstock and thus avoiding
process-emissions look promising but are not yet commercial.
Options include magnesium- and clay-based cement or cement
made from sewage sludge [45]. In our scenario we have assumed
that new, low clinker cements achieve a market share of 50%. At the
same time, some clinker substitutes such as fly ash and slag from
blast furnaces for conventional oxygen steel production will be
reduced in a future low carbon scenario. So we assume that the rest
of cement production is supplied by cement clinker (85%) and other
substitutes like limestone and gypsum. High temperature heat
production can be converted from using carbon fuels to using
electricity by e.g. future adaption of plasma technologies to cement
production.

In the scenario electric heating using plasma or another high
temperature electro-thermal process is assumed. The basic heating
demand stays the same apart from normally assumed better inte-
gration of heat use all along the production chain with new and
modern facilities that will be built. Here it is assumed that 0.9 MWh
electricity per ton of clinker is needed which includes a 12% effi-
ciency improvement in thermal demand compared to today.

Melting of glass currently uses mainly natural gas for heating.
This can be replaced either by methane of renewable origin or by
electric furnaces as assumed in our scenario in combination with
the use of scrap glass as input (60% in UBA [11] by 2050). For glass
production electric melters are already in use in certain pro-
ductions on a smaller scale but need to be up-scaled and proven for
all qualities of glass. Current fuel based heating is quite inefficient
compared to what potentially could be achieved with electric
heating. Due to the conversion to electric ovens an overall increase
in final energy efficiency of glass production by about 68% from
approximately current 2.1 MWh/ton down to 0.85 MWh/ton is
assumed here, which is slightly more conservative than the
0.65 MWh/ton used by UBA [11] because their assumption on 100%
waste heat recovery is probably too optimistic.

Lime: The demand for lime will decrease substantially following
the phase out fossil fuels in electrictiy generation and thus the need
for desulphurisation or liming of acidified lakes. For the burning of
limestone the same process with some efficiency improvement
leading to a reduction of final energy demand by 20% but no major
technical breakthroughs are anticipated. The currently preferred
fuels, natural gas and coal, will be changed upstream to high
temperature electro-thermal processes.

4.3. Basic chemicals: chlorine, ammonia and petrochemicals

The production of chlorine and ammonia is a major consumer of
electricity and natural gas today.

Chlorine is produced by electrolysis of sodium chloride solutions
(brine). It is a very energy intensive process consuming large
amounts of electricity. An average EU chlorine production uses
3.6 MWh/ton Chlorine. It is assumed here that this can be reduced
to 3 MWh/ton in 2050 by advanced membrane technology and
partly oxygen consuming cathodes and will be supplied fully by
renewable electricity.
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Ammonia is the basic building block for producing fertilizers. It is
manufactured in the Haber-Bosch process by combining nitrogen
and hydrogen to form ammonia. Today the hydrogen is derived
from reforming natural gas but this can be changed to hydrogen
from electrolysis of water. In the scenario it is assumed that the
hydrogen is produced from electrolysis instead of natural gas
reforming which enables final energy demand reduction of
ammonia production by 36%. CO2 needed to process ammonia
further to urea is not taken from fossil energy sources such as gas or
petroleum but from capture from combustion or air capture and
thereby closing the carbon loop here.

Petrochemicals production will be fed by synthetic gases derived
from zero carbon electricity via hydrogen and carbon sources using
Fischer-Tropsch synthesis. While feedstock use remains stable due
to the assumption of constant production volume process energy
demand will be decreased by almost 50% among others by
modernisation of crackers etc. Persistence of naphtha-fed steam
cracking route to produce hydrocarbons implies that there is a
typical yield structure consisting of high value chemicals (ethylene,
propylene, butadiene and benzene) and (not desired) low value
chemicals which are used energetically in refinery processes.

In the scenario it is assumed that 14.8 MWh FTenaptha per ton
of high value chemicals (HVC) is needed for feedstock5 and another
2.7 MWh per ton for processing. The demand for naptha results in a
total electricity demand of 27 MWh/ton of HVC and that the
roughly 3.1 tons of CO2 needed for the production of each ton of
HVC are captured from e.g. flue gases and readily available based on
[47,48].

4.4. The resulting electricity demand in 2050

The resulting demand for electricity, hydrogen and syngas/FT-
naphta in the scenario is presented in Table 2 together with the
estimated energy demand and CO2 emissions for 2010. For pro-
ducing also the hydrogen and syngas/FT-naptha from electricity
and CO2, further electricity is needed as presented in Table 3. Fig. 1
gives an overview of the changes in energy and feedstock supply as
well as CO2 emissions in 2010 as well as 2050.

In total the above mentioned deep changes in processes would
make for a complete conversion of the final energy mix for pro-
duction of basic materials from 87% fossil fuels (851 TWh) and 13%
electricity (125 TWh) in 2010 to 83% electricity (512 TWh) and 17%
syngas (106 TWh) in 2050 (including energetic use only).

At the same time total energy demand can be reduced by 25%,
from 1648 TWh to 1289 TWh with energy content of feedstock
included. However, these savings in final energy and feedstock use
are compensated for by conversion losses of about 29% and 36%
from producing also the hydrogen and the syngas from electricity.
In total, the hydrogen and syngas production needs 1201 TWh of
primary electricity to produce 671 TWh of feedstock plus 106 TWh
for energetic use (in total 777 TWh) which implies total energy
losses of 424 TWh6 (see Table 3). Thus, the primary energy demand
in 2050 is almost the same as in 2010 if the conversion losses for
electricity production in 2010 are not taken into account.

5. Discussion

The scenario presented in this paper assumes a complete elec-
trification of the production of the most energy intensive materials.
This includes the supply of feedstocks for the main bulk chemicals
from hydrogen and synthetic gases derived from renewable elec-
tricity and CO2. For this scenario, a staggering 1713 TWh of extra
renewable electricity would be needed. This can be compared to
the current total electricity use in the EU of 2780 TWh (the industry
share of which is about 1000 TWh). Below, the implications of this
increasing electricity demand for the energy system are discussed.

5.1. The rationale for electricity as the main future energy carrier in
a decarbonised world

In a decarbonised world, the main options available for deep
emission reduction for the processing of basic materials are the use
of CCS, shifting to biomass and electrification with renewable
electricity. The rationale for assuming electricity is that CCS re-
mains currently in limbo with many opponents and might be a
limited option in the future (see e.g. Ref [50]) and that sustainable
harvested biomass is also limited with potentially strong compe-
tition for this resource in the future.

Primary electricity from either solar, wind, geothermal or other
renewables seems currently be the option with least resource re-
strictions in the long-term. Electricity is also a carbon free and
versatile energy carrier. Other sectors also look at renewable elec-
tricity as a key energy carrier in a decarbonised future. A meta-
analysis of five decarbonisation scenarios on the EU 27 energy
system shows that the transport sector is expected to consume
between 372 and 1628 TWh of electricity in 2050, compared to
68 TWh in 2010. In addition, between 57 and 700 TWh of electricity
may be used for heat pumps in residential, commercial and in-
dustry buildings [44].

The potentially large electricity demand increase raises the
question of availability. However, the perception of the potential for
renewable electricity production in Europe has changed dramati-
cally in the last years and is orders of magnitude greater than this.
Hoefnagels et al. [51] calculated an EU27-potential of 2000 TWh
only for onshore wind, realisable in 2050. For Europe and North
Africa a potential of 47 000 TWh available at 5 euro-cents per kWh
in 2050 has been modelled and the technical potential amounts to
105 000 TWh [52].

In the real world, and in a circular economywith increased focus
on material efficiency and the concurrent development of bio-
based materials, electricity demand will be lower than calculated
above. The scenario results therefore represent an extreme case.
But, even if electricity based virgin material production was only
half or a third of what has been calculated here, the resulting
electricity demand is still substantial.

5.2. Relative prices between energy carriers and overall costs of an
electrification scenario

Increased use of electricity is limited today for economic reasons
as the cost of electricity as an energy carrier is higher compared to
using e.g. natural gas or biomass. The scenario presented here as-
sumes that this logic is reversed as available renewable hydrocar-
bons (biomass) will become substantially higher priced due to
strong competition in a decarbonised world. An economy based on
renewable electricity as the “primary fuel”will thus have a different
energy price logic compared to the current fossil fuel based econ-
omy. Today, two or three units of fuel are used to produce one unit
of electricity, which is reflected in relative prices between energy
carriers. With renewable electricity as the primary energy source it

5 Feedstock demand is defined here as the energetic value of all products of
naphtha steam cracking consisting of high value chemicals with an energy content
of 13.9 MWh/t HVC and low value chemicals (1.9 MWh/t HVC) minus endothermic
energy demand of processing (1.0 MWh/t HVC) which is allocated to fuel demand.
Fuel demand is the sum of endothermic energy demand and energy losses. Energy
credit of low value chemicals is not regarded.

6 The fact that the losses for hydrogen and synfuel production overcompensate
energy efficiency gains do not lead to higher primary energy use for industry, as the
losses for fossil electricity generation in 2010 (which can roughly be estimated to
about 200 TWh) have not been accounted for in this paper.
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will take two units of electricity to produce one unit of fuel. Thus,
relative average prices for electricity and hydrogen or hydrocarbons
will change.

Even if the potentials for renewable energy are realised, elec-
trification would still involve substantially higher production costs
for materials. Åhman et al. [53] indicates that the production cost of
basic materials such as steel and cement may typically increase
between 20 and 100% assuming a carbon price of 100 EUR/ton CO2.
Producing ethylene and polyethylene from renewable electricity/

hydrogen and CO2 may be two to three times more expensive than
today's fossil based production [35]. Such production cost in-
creases, with rather small or sometimes no co-benefits, makes
decarbonisation a challenge from an implementation point of view,
especially in a world without universal climate policies. It is,
however, not likely to be a problem for the economy as a whole
since basic materials account only for a small share. They were
found to account for about 4% of all consumption and investment in
some EU member states [56]. Also, the basic material cost share of

Fig. 1. Energy input (TWh), production levels (Mt) and CO2 emissions (Mt) for basic materials in 2010 and a scenario for 2050 with complete electrification of production processes
(see Tables 2 and 3 for data).
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most products is very small. For example, a doubling of cement
prices will only increase the cost of a normal residential building
with <1% [54]. The basic materials cost for a car is about 5% of the
final price and the cost of steel beams accounts for about 4% of the
cost of a steel-frame commercial building [55].

5.3. How can an electrified industry co-evolve with the electricity
system?

An electricity system based on variable renewables in the scale
envisioned in our scenario will function in a completely different
way compared to the existing system based on dispatchable ther-
mal power plants and the concept of “base load” in the power
system [57]. Geographical, temporal and consumer flexibility are
here three necessary building blocks in a future power system that
can accommodate the large amounts of variable renewable elec-
tricity supply assumed here. Consumer flexibility can be enhanced
with increased integration and significant studies have been made
focussing on integration of the heat [58] and transport sectors
[59,60] but less focus has been on integrating industry with the
notable exceptions of [61,62]. With renewable electricity as the
least cost primary energy source in a future without fossil fuels and
nuclear power, it is plausible that future energy intensive pro-
cessing industries become flexible “swing consumers” that convert
electricity into materials (power-to-products) rather than spilling
“surplus” solar and wind. Swing production of hydrogen for ni-
trogen fertiliser, plastics, and steel production, or for increasing
yields in bio-based processes, could be a very large flexible load in
the future power system.

Such significant changes in economic rationalities would also
have consequences for the location of energy intensive industries.
Historically the basic material industries have located close to raw
material feedstock or energy (e.g., the Ruhr area). In the hypo-
thetical future as sketched here, industry might move closer to
renewable electricity sources but it is uncertainwhether this rather
would mean a shift towards hydro/wind-production at northern
latitudes or a much more geographically dispersed location around
PV-based electricity production in sun-rich regions. Alternatively,
assumed electricity will be available in large quantities in many
places, this could also result in a shift of material intensive in-
dustries closer to the resource supply, e.g. to big ports that offer
transport cost advantages as discussed for German steel industry in
Ref. [63].

5.4. How big are the technical challenges?

Another important issue is the availability of the technologies
assumed in the scenario. However, much of the electro-thermal,
electrolysis and power-to-gas technologies already exist. Electro-
thermal processes were perceived as an important technology in
the 1980's post oil-crisis when nuclear optimismwas high. Wemay
now have a situation where they become crucial again as renew-
able electricity is increasingly replacing fossil fuels and at least
theoretically capable of supplying huge amounts of additional
electricity. Electro-thermal technologies are already extensively
used in applications where they offer advantages (e.g., process
control, product quality and lower energy cost) e.g. in induction
heating, UV-curing and microwave drying. In the scenario sketched
here these would need to expand to further applications, particu-
larly high temperature heat generation, e.g. via plasma technology.
Electrolysis is another key technology in our scenario. It is needed
for hydrogen production and would have to be developed further
for increasing overall system efficiency and reducing costs. To make
it applicable also for electric primary steel making, however, needs
ramping up the technology from lab-scale to industrial scale.

Power-to-gas concepts are already being demonstrated and pro-
cessing methane or FT-naphta from renewable electricity would
not be different from processing fossil feedstocks.

A major barrier to the further expansion of electricity based
technologies is the price of electricity compared to the price of fossil
hydrocarbons. But, as noted, relative prices between electricity and
hydrocarbons will be different in a zero-emissions world. A deca-
rbonised society will still use carbon in many materials and closing
the loops on CO2 is another important component of such a
scenario.

6. Conclusions

The potentials for renewable electricity production are enor-
mous and electrification is one of several options to decarbonise the
energy intensive basic materials industry but it is still a relatively
unexplored option. The “what-if” analysis presented here shows
that an entirely electricity based production of basic materials in
EU28 will be possible in the future from a renewable energy
resource and technology point of view. With stable production
volumes it implies a large increase in industrial electricity demand
emore than 1500 TWh in 2050 on top of the 1000 TWh used today,
but the number could be much lower with improved materials
efficiency and biomass feedstock. The implications of such a sce-
nario are several. The relative prices between using electricity
compared to sustainable biomass or CCS need to change for making
electrification a competitive option. This implies a need for very
high carbon prices, or other policies with similar effects, which
currently presents a large barrier to implementation. Many of the
basic electro-thermal technologies already exist but in order to
scale up, some new key technology building blocks were identified
such as electrolysis, the Sabatier process and electrowinning. The
future integration and co-evolution with a 100% renewable elec-
tricity system is an area with currently several knowledge gaps
where the potential for industry to act as swing producers requires
more knowledge concerning various technology and system op-
tions as well as potential barriers.
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Abstract
The decarbonisation of industry is a bottleneck for the EU’s 2050 target of climate neutrality.
Replacing fossil fuels with low-carbon electricity is at the core of this challenge; however, the
aggregate electrification potential and resulting system-wide CO2 reductions for diverse industrial
processes are unknown. Here, we present the results from a comprehensive bottom-up analysis of
the energy use in 11 industrial sectors (accounting for 92% of Europe’s industry CO2 emissions),
and estimate the technological potential for industry electrification in three stages. Seventy-eight
per cent of the energy demand is electrifiable with technologies that are already established, while
99% electrification can be achieved with the addition of technologies currently under
development. Such a deep electrification reduces CO2 emissions already based on the carbon
intensity of today’s electricity (∼300 gCO2 kWhel−1). With an increasing decarbonisation of the
power sector IEA: 12 gCO2 kWhel−1 in 2050), electrification could cut CO2 emissions by 78%, and
almost entirely abate the energy-related CO2 emissions, reducing the industry bottleneck to only
residual process emissions. Despite its decarbonisation potential, the extent to which direct
electrification will be deployed in industry remains uncertain and depends on the relative cost of
electric technologies compared to other low-carbon options.

Acronyms and abbreviations

2DS 2 ◦C scenario
◦C Degree Celsius
CCS/U Carbon capture and

storage/utilisation
CO2 Carbon dioxide
COP Coefficient of performance
EAF Electric arc furnace
Efuels Synthetic electricity-based fuels
EJ Exajoule
EPRI Electric Power Research

Institute
ETP Energy Technology Perspective
ETS Emissions Trading System
EU European Union

FE Final energy

g Grams
Gt Gigatonne
IEA International Energy Agency

IPCC Intergovernmental Panel on Climate
Change

kWhel Kilowatt hour electricity

MVR Mechanical vapour recompression
MW Megawatt
R&D Research and development
St1,2,3 Stage1,2,3 of electrification
TWh Terawatt hour
UE Useful energy
UK United Kingdom
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1. Introduction

In 2015, industry5 generated 15% (0.5 GtCO2 yr−1)
of the European CO2 emissions from fuels com-
bustion, and was responsible for circa 30%
(1 GtCO2 yr−1) of the end-sectors emissions, when
process and indirect CO2 emissions from electricity
and central heat use were included [1, 2]. Fuels com-
bustion provided 70% of the final energy consumed
in industry (feedstocks excluded), mostly to supply
heat [1, 2]. The remaining 30% was from electricity,
which is primarily used for cooling and supplying
mechanical power while it plays a minor role in deliv-
ering industrial heat [1–3].

Industry is characterised by long-lived capital
stocks [4], thus a clear perspective on viable low-
carbon options is crucial to avoid further lock-
ins into emission intensive infrastructures [5]. In
some European countries, coke ovens, blast furnaces,
and steam crackers will reach the end of their life-
time or require new investments within the next
10–15 yr [6, 7].

Replacing fossil fuels with low-carbon electri-
city has become the core climate change mitigation
strategy (referred to as electrification, sector coupling,
power-to-X or power-to-heat), as supported bymany
climate change mitigation scenarios [8]. The carbon
intensity of electricity has continuously declined in
the past decades, at a much faster rate than any other
energy carrier [9]. The global renewable energy gen-
eration capacity has steadily increased and tapping
into this vast energy source would help avoiding the
caveats and risks of other options such as carbon cap-
ture and storage/utilisation (CCS/U) [10, 11], or car-
bon dioxide removal [10]. Indirect electrification via
synthetic electricity-based fuels (efuels) suffers from
low electricity-to-fuel conversion efficiencies, and the
requirements of sourcing carbon for the synthesis of
hydrocarbons [3, 12]. Although, synthetic fuels are an
important complementary low-carbon option when
electricity cannot substitute fossil fuels (e.g. chemical
feedstocks).

This paper focuses on direct electrification, which
makes a more efficient use of electricity as a dir-
ect input in electrolytic processes or to supply heat
based largely on already mature technologies (e.g.
heat pumps, electric boilers and furnaces).

The IPCC [13] lists electrification among the key
decarbonisation options for industry, and highlights
the lack of robust literature to evaluate its economic,
environmental and technological feasibility [13]. Pre-
vious studies conducted on the European industry
[14–16] estimated the thermal energy demand at

5 In the Introduction, industry includes manufacturing sectors,
mining, construction, coke ovens and blast furnaces [2], while in
the following sections, unless otherwise noted, industry refers to
the selected sectors analysed in this study (see supplementary sec-
tion A.1 Methods).

different temperature levels and end-uses. While
these investigations provide an accurate bottom-
up analysis of the heat consumption in industry,
they do not focus on electrification. Lechtenböh-
mer et al [17] investigated the complete electrific-
ation of seven manufacturing processes. The study
analyses the impact of such scenario on electricity
demand, production cost, and emissions reduction
in Europe, but it does not provide a complete over-
view on the viability of power-to-heat in industry.
Other studies have discussed electrification of heat
from a cross-sectoral perspective [18] or country level
[19, 20]. Beyond the European context, Philibert [3]
provided a detailed overviewof electrification options
for industry [3], while Lord [21] presented a series
of electrification guides for different manufacturing
processes. The EPR [22] used a top-down modelling
approach to estimate the potential for industry elec-
trification in the United States. By 2050, nearly 50%
of industry’s final energy could be electrified when a
stringent carbon price is adopted [22]. Mai et al [23]
obtained comparable results, i.e. circa 40% electrific-
ation by 2050. Khanna et al [24] estimated the CO2-
abatement potential of electrification in China, but
analysed only four industry sectors and provided res-
ults for the aggregated end-use sectors [24].

Thus far, a comprehensive bottom-up analysis
of industry energy demand aimed at identifying
the achievable level of electrification and its climate
change mitigation potential is missing, as well as a
clear assessment of the transformations needed at sec-
toral level.We aim to close these gaps with the present
study.

We look at the industry sector in Europe, as
here the greenhouse gas emissions regulation is at
an advanced stage, and Europe aspires to be a global
leader in low carbon technologies. We combine a
bottom-up analysis of the energy demand from 11
industry sectors (covering 88% of Europe’s industry
final energy consumption and 92% of its CO2 emis-
sions) with the assessment of a portfolio of electric
technologies implementable in industrial processes.
We present three electrification stages, which out-
line the progressive penetration of electrification in
industry, and provide the respective CO2 emissions
mitigation potential at different carbon intensities of
electricity.

2. Mapping out today’s industrial energy
use

Figure 1 shows the distribution of the UE demand
in the selected manufacturing industries examined
in this study for 27 EU member states and the
United Kingdom (EU27/UK) in 2015 [2] (see sup-
plementary section A.1 Methods (available online at
https://stacks.iop.org/ERL/15/124004/mmedia)). FE
is the energy available to the end-users (e.g. electricity
input for an electric boiler), while UE is the energy
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output available after the conversion of the FE input
through an appliance (e.g. heat output of an elec-
tric boiler). While FE is directly measurable, UE is
based on sometimes-arbitrary assumptions on effi-
ciency and energy losses. In the present study, the FE-
to-UE conversion accounts for all the energy losses
occurred within the plant, e.g. steam distribution
losses, unrecovered waste heat from processes [25].

The electricity demand was divided into (1) elec-
tricity to supply heating or cooling, i.e. electricity
thermal, and (2) electricity used in mechanical power
and lighting, i.e. electricity other. Mechanical power
was assumed 100% electric. The energy from com-
bustible fuels was divided into non-process energy
(e.g. space heating), steam, and thermal energy; the
latter was distributed across the temperature spec-
trum (<100 ◦C, 100 ◦C–400 ◦C, 400 ◦C–1000 ◦C,
>1000 ◦C). The non-electric thermal cooling was
allocated below 100 ◦C.

The total UE was 8.7 EJ, which compared to the
FE consumption of 13.2 EJ indicates that about one
third of the energy input is lost due to inefficiencies
and energy losses within the plant. The highest energy
consumption is observed in chemicals, primary steel
and paper industries, which combined account for
70% of the total UE demand (6.1 EJ). Chemical feed-
stocks, i.e. fossil fuels used as raw materials, amount
to 36% of the total UE (according to their energy
content, 3.2 EJ). Nineteen per cent of UE is con-
sumed as electricity (1.6 EJ) and 45% (3.9 EJ) as
heat (6% at temperatures below 100 ◦C, 17%between
100 ◦C–400 ◦C, 4% between 400 ◦C–1000 ◦C, and
18% above 1000 ◦C), which leaves great potential for
the electrification of industrial processes (see supple-
mentary section A.1 Methods and table A.2).

3. Portfolio of available electrification
technologies

Table 1 presents a portfolio of technologies that
can substitute the traditional fired-systems for elec-
trifying industrial heat and cooling demand. These
technologies lay the foundation for the three elec-
trification stages discussed in the following section
and are classified based on technological maturity,
achievable temperatures, applications and efficiency
[3, 18, 21, 26–28]. The supplementary section A.3
provides a technical description of these technologies
and their applications.

Electrically powered technologies can cover the
whole temperature spectrum relevant to industrial
thermal processes (up to 20 000 ◦C [53]), and are
already established in industry. The applications at
low and medium temperature are not sector-specific,
consequently electric boilers and heat pumps could be
implemented transversally across industry to supply
cooling and heat. On the other hand, high temper-
ature processes are highly heterogeneous and require
different heating systems, e.g. induction, resistance.

The substitution of fired systems with electrically
powered technologies can lead to lower energy con-
sumption as the latter operate with higher or compar-
able efficiencies [3, 18, 21]. For instance, compression
heat pumps use less energy per unit of heat output
than any type of boiler and can transfer energy from
external heat sources or waste heat, reaching COP
above 2 [18, 28].

Despite the many advantages, the extent to which
direct electrification will be deployed in industry
remains uncertain and depends on the relative cost of
electric technologies compared to other low-carbon
options [54]. To the best knowledge of the authors, a
comprehensive cost analysis of industrial electrifica-
tion technologies is not available in the open literat-
ure. Material Economics [6] analysed the CO2 abate-
ment cost for industry decarbonisation pathways, but
aggregated the cost of direct electrification with that
of other low-carbon measures, which makes it diffi-
cult to put a price tag on a specific technology [6].
An accurate estimate of the electrification costs for
industry is particularly challenging due to the het-
erogeneity of the technologies and processes in use.
In many cases, costs are not disclosed by manufac-
turers, or not available for technologies that are still
under development. When investment and opera-
tion & maintenance costs are available, they are often
applicable to a limited range of heating capacities
lower than those used in industry. An exception to
this trend is represented by boilers and heat pumps,
for which detailed cost analyses have been performed,
mostly in the context of residential heating electri-
fication [55]. The overall cost of boilers and heat
pumps is driven by the fuel/electricity price [55–59].
Since the price of electricity is three times higher
than that of natural gas, the application of electrically
powered technologies is often limited to small pro-
duction volumes [3, 17, 23, 26].

4. Three stages for industry electrification

Here we present three electrification stages and
aggregate the resulting electrification potential of
the European industry. The three stages constitute
the potential advancement of industry electrification
from status-quo to full electrification, based on the
level of complexity of the processes and maturity of
the technologies involved. The results are shown in
figure 2.

St1 includes thermal processes that are common
to all industries and are therefore considered potential
entry points for electrification, as the broad imple-
mentation of electric technologies will benefit from
the transfer of experience and know-how across the
sectors.

St2 corresponds to the more technologically
advanced phase of electrification, in which a diverse
range of processes and sector-specific technologies are
involved. The technologies implemented in St2 vary
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Figure 1. Distribution of industry UE demand for the year 2015 in the EU27/UK. See supplementary figure A.1 for a variant of
figure 1 without chemical feedstocks and figures A.2 and A.3 for a visualisation of the energy distribution at FE level.

in heating systems and technical properties depend-
ing on products and applications. For this reason, it is
expected that electrificationwill be slower and require
a more substantial technological upgrade than in St1.

St1 and St2 involve technologies that are already
fully developed and established in industry. On the
other side, St3 explores the maximum achievable
electrification potential if also technologies that have
higher uncertainties and lower technological matur-
ity are included.

In the interest of conceptual clarity, we assume
scale and sectoral shares in industrial UE constant at
2015 levels.

4.1. Stage 1—Entry points for industry
electrification with mature technologies
The aggregated electrification potential of St1 (blue
bars in figure 2) amounts to 42% of the industrial
UE demand (3.6 EJ), and 66% if the energy con-
tent in chemical feedstocks is not accounted for.
The electricity demand from industry doubles when
low and medium temperature processes are fully
electrified.

At this stage, the energy demand for cooling,
space heating, steam generation, and drying, i.e.
processes operated at low and medium temperature,
is fully electrifiable with compression heat pumps,
chillers, MVR, electric boilers, infrared, microwave,
and radiofrequency heaters. Such technologies are
fully developed and have sufficient capacities for

industrial applications (see supplementary section
A.3).

Excluding chemicals, cement, and steel, the
remaining sectors, which together account for 35% of
the industry’s UE demand and 40% of its CO2 emis-
sions, can be fully or extensively electrified in St1.
Food, wood and textiles are 100% electrified as they
mostly require heat below 400 ◦C [31, 40, 60, 61].
Similarly, paper requires 97% heat below 400 ◦C
[33, 60], while the remaining 3% is consumed in
limekilns for limestone calcination during the pulp-
ing process (see St2) [33, 60].

Chemicals, steel and cement, which are also the
most CO2-intensive sectors, are not easily electri-
fied in St1. Among these, the chemical sector has
the largest electrification potential as it primarily
consumes energy for cooling and steam. The latter
in particular is largely used in steam cracking and
reforming, which also require the combustion of fuels
for heat supply (see St3) [32, 34].

4.2. Stage 2—Amore technologically advanced
phase of industry electrification
Overall, the electrified energy in St2 (purple bars in
figure 2) is estimated at 50% of the UE demand, i.e.
4.3 EJ (including the 42% fromSt1), and at 78%when
feedstocks are excluded.

St2 involves technologies that are already estab-
lished in industry and can supply heat above 400 ◦C.
The electrification at this stage mostly relies on
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Table 1. Electrically powered technologies for industry electrification. Efficiency is the ratio between UE output and FE input of an
appliance. The COP measures the heat output (for heat pumps) or the heat absorbed (for chillers) per unit of work input [18–52].

electric furnaces with various heating systems and
designs. Resistance heating is used for firing ceram-
ics, glass melting, annealing and tempering [37, 62].
Induction, resistance, and arc furnaces are already
used for melting, smelting, and refining various
metals [26, 48]. Metals used for the production of
machinery and transport equipment are also sub-
ject to thermal treatments that can be electrically
powered [26, 38]. Electric kilns can also be used
for calcination, although fired rotary calciners are
normally used in industry [63] (see supplementary
section A.3).

In St2, paper, ceramics & glass, machinery and
transport equipment industries are 100% electrified.
Non-ferrous metals and secondary steel have an elec-
trification potential of 97% and 98% of the UE

demand, respectively. The remaining energy share
represents the usage of carbon-bearing reducing
agents used for metallurgical purposes, e.g. smelting
and refining [48].

Similarly to what observed in St1, chemicals,
primary steel, and cement cannot be extensively elec-
trified with currently available technologies in St2.
Chemicals maintain the same electrification of St1,
while only re-heating and annealing are electrified
in primary steel (see St3). Cement has an electrifica-
tion potential of 36% of the UE demand that includes
the calcination of limestone, whereas the energy for
clinker burning is excluded (see St3). Electrolysis of
limestone could substitute fired or electric furnaces
for calcination, but it is not discussed here due its
early stage of development [64].
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Figure 2. Electrification potential of the European industry; yellow bars: current electricity use; blue bars: incremental electricity
use from St1 electrification; purple bars: incremental electricity use from St2 electrification; red bars: incremental electricity use
from St3 electrification. Figure 2(A) shows the absolute values of electricity use in EJ, while figure 2(b) the electricity share over
UE demand in percentages. See also supplementary figures A.4, A.5, and A.6 for the electrification maps at each stage, and figure
A.7 for a variant of figure 2 without the chemical feedstocks.

St1 and St2 rely on technologies that are
already used in industry, thus these stages could

be implemented simultaneously, potentially accel-
erating industry electrification. For instance, it may
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be possible to implement electric boilers for steam
production (St1) in parallel with the electrification
of metals melting (St2). While all the industry sec-
tors consume steam and could benefit from the
installation of electric boilers, metals melting is a
more complex process that is operated in selected
industries and requires different heating systems,
operating conditions etc (see supplementary sec-
tion A.3). The technical improvement, scaling-up,
and integration of electric technologies in St2 is con-
sidered more technically challenging than in St1, yet
St2 should not be considered a follow-up to St1, nor
is the complete electrification in St1 a pre-requisite
for electrification in St2.

4.3. Stage 3—Maximum potential of industry
electrification with high technological uncertainty
When including technologies with low technological
maturity and high uncertainty in chemicals, cement,
and steel, the maximum electrification potential
increases to 60% of the UE demand (4.7 EJ) in St3
(red bars in figure 2). The remaining 40% cannot be
supplied directly with electricity because fossil fuels
are used for metallurgical purposes in non-ferrous
metals and EAFs, and as chemical feedstocks. When
feedstocks are excluded, 99% of the cooling and heat
demand from industry can be electrified.

Around 3% of the UE demand from the chem-
ical sector is required to supply heat during steam
cracking and reforming. Electric steam crackers and
reformers are not established in chemicals production
and are considered to have a high uncertainty because
they are still at the R&D stage [65, 66]. If these tech-
nologies were to be implemented, the total electrific-
ation potential of the chemical sector would corres-
pond to 23% of the UE demand, i.e. 20% in St1 plus
3% in St3.

Clinker burning is responsible for 64% of the UE
demand from the cement sector and is operated at
1450 ◦C in large rotary kilnswith production volumes
of 3000–10 000 tonnes day−1 [63]. TheCemZero pro-
ject is investigating the electrification of cement via
thermal plasma. Despite being still at R&D stage, the
first results have shown that the process is technic-
ally feasible and the investors are looking at building a
pilot plant [3, 67]. Existing plasma generators operate
at low heating capacity (maximum 7MW [6]), there-
fore their scalability to the levels required for cement
production (up to 100 MW and above [63]) is highly
uncertain.

There are currently three possible electrification
routes for the steel industry. (1) Hydrogen can be
used as reducing agent for iron, which—to the extent
that hydrogen is produced via electrolysis (green
hydrogen)—constitutes an indirect form of electri-
fication [3]. This technology has been successfully
proven but to date it counts on a single commer-
cial application [21]. Since this study focuses on dir-
ect electrification, we exclude hydrogen reduction

from our analysis. (2) The electrolytic reduction of
iron (electrowinning) could be an option for the
electrification of primary steel although it has been
demonstrated only at pilot scale [3]. (3) The man-
ufacture of secondary steel via EAF is already well-
established and accounts for 40% of the European
steel production [68]. On top of the high techno-
logical maturity, secondary steel demands from a
quarter to a fifth of the energy needed in blast furnaces
coupled with basic oxygen furnaces [69]. For these
reasons, in St3 we consider the entire substitution
of primary steel with secondary steel (EAF + 100%
scrap) [69]. This leads to a reduction of primary steel
UE demand by 76% (i.e. from 1.1 to 0.3 EJ) compared
to St1 and St2, and an electrification potential of 98%.
The remaining UE is for coke or coal added formetal-
lurgical purposes [49].

The electrification of primary steel via
EAF + 100% scrap is included in St3 due to the high
uncertainty of scaling-up the production to current
consumption levels, which may be challenging since
scrap has already high recycling rates (∼85%) [6].
Higher scrap availability could be achieved with a
better management of the accumulated in-use steel
stocks, e.g. maximising the recycling rate, increasing
the products lifetime or decreasing steel consumption
in transport and construction sectors [6, 70]. Some
studies have shown that under the saturation of per
capita steel stocks in Europe, sufficient scrap would
be accessible to meet the total steel demand by the
2050s [6].

Despite the great decarbonisation potential
provided by a fully circular steel cycle, the trans-
ition from primary to secondary steel is likely to hap-
pen gradually. It is fundamental to identify viable
low-carbon options for primary steel that can be
implemented in the next 10–20 yr to complement the
increasing production of secondary steel. The electri-
fication of blast furnaces would provide only a partial
reduction of CO2 emissions, since large amounts of
coke are required for smelting iron ores [49]. Thus,
investments should foster the technical development
and industrial application of iron reduction via elec-
trowinning or green hydrogen.

5. The CO2 reduction potential of industry
electrification

Figure 3 shows the mitigation potential of the aggreg-
ated industry sector based on a low-carbonpower sec-
tor transition within the next 10–20 yr. For each elec-
trification stage, the CO2 emissions from industry are
shown for decreasing electricity carbon intensities:
300 gCO2 kWhel−1 is the European electricity carbon
intensity in 2015, while 108 and 12 gCO2 kWhel−1

correspond to the IEA 2 ◦C scenario (2DS) in 2030
and 2050, respectively [1, 71].

The substitution of fired systems with electric
technologies is associated with an efficiency gain,
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Figure 3. CO2 reduction potential of industry electrification in 2015 under St1, St2, St3, calculated at the following carbon
intensities of electricity: 300, 108 and 12 gCO2 kWhel−1. See also supplementary figure A.8 for a variant of figure 3 without
process emissions.

which corresponds to a decrease of the FE input by
20% in St3 (i.e. from 13.2 to 10.6 EJ). The major
energy saving is observed in primary steel, where the
FE input is reduced by 79% (i.e. from 2.0 to 0.4 EJ)
(see A.1 Methods).

In 2015, the selected industry sectors accoun-
ted for 864 MtCO2, of which 50% are direct emis-
sions from fuels combustion, 28% indirect emis-
sions from electricity generation, and 22% process
emissions generated by the chemical transforma-
tion of raw materials consumed for non-energy use
(e.g. limestone calcination in cement manufacturing)
[17]. These figures show that the reduction of dir-
ect emissions could be the real game changer for the
decarbonisation of industry.

In absence of further decarbonisation of power
supply, electrifying industry can lead to an increase
of CO2 emissions. In St1, the CO2 emissions increase
by 10% (950 MtCO2) with 2015 electricity car-
bon intensity, whereas a deep electrification in St3
would slightly reduce emissions by 9% (784 MtCO2).
This is mostly due to the significant reduction
of FE consumption from steel in St3, and shows

that substituting primary with secondary steel could
lower the emissions from this sector already with
an unchanged electricity mix. While our electri-
fication stages are largely based on the maturity
of electric technologies, these data suggest another
approach to industry electrification, which priorit-
ises technologies and sectors with large decarbon-
isation potential despite a higher uncertainty of
viability.

In St1 and St2, which are partially electrified
and characterised by a higher FE input than St3,
CO2 mitigation via electrification is achieved with
breakeven carbon intensities of electricity of 246
and 255 gCO2 kWhel−1, respectively. Between 2000
and 2015, the carbon intensity of electricity in the
EU27/UK has seen a steady decrease and if the rate
remains constant, ∼230 gCO2 kWhel−1 electricity
could be achieved by 2030 [72]. This is significantly
less ambitious than the IEA2DS (108 gCO2 kWhel−1),
and suggests that in the next 10 yr a partially
electrified industry could be decarbonised even
without the implementation of stringent climate
policies.
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Figure 4. Residual and avoided CO2 emissions of the disaggregated industry sector at 108 gCO2 kWhel−1 (figure 4(a)) and
12 gCO2 kWhel−1 (figure 4(b)). The blue, purple and red bars represent the CO2 emissions avoided via electrification in St1, St2
and St3, respectively. The grey bars indicate the remaining process (dark grey) and indirect emissions (light grey). In St3, the only
combustible fuels consumed in industry are for metallurgical purposes, thus their CO2 is part of the process emissions. See also
supplementary figure A.9 for a variant of figure 4 without process emissions.

If the power sector is transformed as well (IEA
2DS in 2050: 12 gCO2 kWhel−1), electrification along
the three stages increasingly reduces CO2 emissions
by up to 78% in St3 (194 MtCO2).

Our analysis implicitly assumes the usage of grid
electricity, although industry electrification could
also stimulate the expansion of onsite renewable
electricity generation. A decentralised renewable
energy supply system would not only guarantee

greater energy autonomy for industrial plants, but
it could also reduce indirect CO2 emissions from
electrification [73].

Figure 4 shows the residual and avoided CO2

emissions at sectoral level under a transformed power
sector.

At carbon intensity of 108 gCO2 kWhel−1

(figure 4(a)), a partial electrification (St1) reduces
emissions by 26% (643 MtCO2). The CO2 emissions
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Figure 5. Industry FE consumption (figure 5(a)) and CO2 emissions (figure 5(b)) before and after electrification in St1, St2 and
St3, at electricity carbon intensity of 12 gCO2 kWhel−1. The percentages of FE consumption and CO2 emissions from industry in
the EU27/UK are calculated over the FE and CO2 from the other end-use sectors (transport, residential, services, agriculture and
forestry), and from the industry sectors that are not included in our analysis [2]. The CO2 emissions include those from the
generation of electricity in the power sector, which are allocated to each end-use sector based on the respective electricity
consumption [2].

from less carbon intensive sectors like food, tex-
tiles, machinery, and transport equipment are
halved or even more extensively reduced. Advan-
cing electrification (St2) reduces emissions by an
additional 7% (584 MtCO2).

The CO2 mitigation in cement, steel and
chemicals in St2 is limited by their reduced
electrification potential and the large share
of process CO2. A deep electrification in St3
significantly lowers the emissions from these sec-
tors, particularly those from primary steel, and
halves the overall industry emissions by 55%
(391 MtCO2).

At 12 gCO2 kWhel−1 (figure 4(b)), the avoided
CO2 emissions further increase from 43% in
St1 (489 MtCO2), to 78% in St3 (194 MtCO2).
Considering that 87% of the remaining emis-
sions (170 MtCO2) are process related, mostly
from cement (48%, 94 MtCO2) and chemic-
als (26%, 51 MtCO2), electrification alone could
almost entirely abate the carbon emissions from
cooling and heat demand in industry by 2050
(i.e. 63% of FE).

Power-to-heat cannot mitigate process emissions
as they are non-energy related and require a differ-
ent abatement strategy. This adds another layer of
complexity in the development of a CO2 mitigation
plan for industry.

6. Industry electrification and the
European Green Deal

Reaching carbon neutrality by 2050, as proposed by
the European Commission [74] translates into deep
CO2 emissions reduction in industry. Re-investing
in long-lived fossil-based technologies might lead
to carbon lock-in with significant CO2 costs (e.g.
through the EUEmissions Trading System (EU-ETS))
or stranded assets, jeopardising the EU climate tar-
gets [5]. Industry stakeholders and policy makers
should implement a transformation strategy where
new investments are directed towards viable techno-
logies with a CO2 mitigation potential.

Based on a comprehensive bottom-up analysis of
11 industrial sectors, we analysed the technical poten-
tial for industry electrification and show that elec-
trification could almost entirely abate the energy-
related CO2 emissions from industry. Seventy eight
per cent of the energy demand is electrifiable with
technologies that are already established (St2), while
99% electrification can be achieved with techno-
logies currently under development (St3). Such a
deep electrification reduces final energy consump-
tion by 20% (figure 5(a)) and reduces CO2 emis-
sions by 9% already based on today’s electricity mix
(∼300 gCO2 kWhel−1). With an increasing decar-
bonisation of power supply (IEA: 12 gCO2 kWhel−1

10 90



Environ. Res. Lett. 15 (2020) 124004 S Madeddu et al

in 2050), 78% electrification could halve industrial
CO2 emissions (figure 5(b)), while a deeper electri-
fication in St3 could cut emissions by 78%, redu-
cing the industry bottleneck to residual process CO2,
mostly from cement and chemicals. These findings
are based on a technological assessment of elec-
tric technologies, however a detailed cost analysis is
needed to prove the economic viability of industry
electrification.

The less CO2-intensive sectors (e.g. paper, wood,
textiles etc), which combined account for 40% of
Europe’s industrial emissions, can be nearly entirely
electrified in St2 reducing by 36% industrial emis-
sions. These sectors mostly use low andmedium tem-
perature processes, which constitute potential entry
points for electrification with established technolo-
gies such as electric boilers and heat pumps. These
technologies allow for a gradual transformation since
existing machines can be retrofitted, or hybrid sys-
tems can be installed, e.g. gas/electric boiler [75]. In
this way, operators can get used to new technologies
maintaining a stable production. Moreover, hybrid
systems could ensure a smooth phase-in of electri-
city benefitting from (1) low electricity price hours,
and (2) reduced risks associated with fuels price
fluctuations and increasing CO2 prices [3]. These
drivers are likely to eventually shift hybrid operations
towards all-electric systems.

The analysis shows that the most CO2-intensive
sectors, i.e. primary steel, chemicals and cement, are
the most challenging to electrify.

The energy demand from the cement sector could
be fully electrified via power-to-heat, nevertheless
the scalability of new technologies remains a critical
aspect. In this sector, the CO2 abatement potential of
electrification (31%) is limited due to the large share
of process CO2 (68%), which can be reduced via CCS,
or with alternative raw materials [76].

The heat and cooling demand from the chemical
industry can be 100% electrified, although when the
energy contained in feedstocks is accounted for, the
electrification potential reduces to 23%. This electri-
fication level can cut 62% of the sector CO2 emis-
sions, however end-of-life emissions are not com-
prised in the calculation. Indirect electrification is
likely to play a complementary role to direct electri-
fication in the reduction of CO2 emissions from the
chemical industry. High production volume chem-
icals can be synthesised with green hydrogen from
electrolysis [3]. However, the synthesis of hydrocar-
bons relies on the implementation of CO2 capture
or other methodologies to source non-fossil carbon
(e.g. direct air capture or biomass) [3, 77]. Synthetic
fuels like bio-naphtha can also be produced from
biomass [6, 78, 79].

The electrification of steel via EAF + 100%
scrap feed could reduce the energy consumption
from this sector by 70% and the CO2 emissions by
74%. Electrowinning and hydrogen-based reduction

of iron are the most advanced routes for electrifying
primary steel, and could prevent the usage of coke and
CCS/U [3].

The complete electrification of industry requires
two to three times more electricity (1786–2313 TWh)
than the sector currently uses. In 2017, the renew-
able energy production capacity in Europe was nearly
1000 TWh [54], i.e. circa half of that required to
meet the demand from industry electrification in
St3. The generation capacity will have to increase
by 40 TWh per yr until 2050 to meet the electri-
city demand in St3 [54]. An ongoing expansion of
carbon-free power is a prerequisite for reducing emis-
sions via electrification. This includes overcoming
the economic and technical challenges of integrating
high shares of renewables with distribution and trans-
mission grid enhancements and storage technologies.
Many modelling studies show that 100% renewables
based energy systems can be technically and econom-
ically viable [80–84], however the expansion rate and
the large upfront capital expenditures required for
such disruptive transformation constitute significant
barriers [85, 86].

An extensive electrification of industry will
intensify the electricity peak demand and affect
the energy costs since electricity prices tend to be
higher in peak hours. Industry will have to max-
imise its demand flexibility and develop new smart
approaches to peak-load management. Load shifting
can be achieved by implementing storage technolo-
gies (e.g. batteries and renewable-gas storage), or by
installing hybrid technologies, which allow switch-
ing from electricity to gas depending on the prices,
and integrating renewable electricity from wind and
solar power when available [87]. Another option is
to increase onsite electricity generation that would
provide greater autonomy and lower risks due to
price volatility [73]. Circa 40% of the electricity con-
sumed in industry is self-generated, of which only one
fourth is produced from renewables [73]. Electrific-
ation could stimulate the expansion of decentralised
energy supply systems as well as the integration of
larger shares of renewable power.

The electrification of industry implies signific-
ant changes in production processes and is often
met by industry stakeholders with scepticism. In
most European countries, powering industrial sys-
tems with electricity would lead to an increase of the
production cost since electricity is on average three
times more expensive than natural gas [88]. An evid-
ent case concerns electric furnaces or heat pumps that
have been narrowly adopted despite their technolo-
gicalmaturity. In turn, the limited number of demon-
strative applications as well as the lack of proven sys-
tems at large scale, hinders the further development of
electrically powered technologies and the progress via
learning-by-doing. Industry investments in electrific-
ation, not only monetary but also for the acquisition
of technical expertise will probably stall until a clear
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scenario is presented where electricity is going to be
cost-competitive.

Transformative investment decisions require eco-
nomic incentives and appropriate policies; here we
identified three pillars to support the electrification
of industry. First, the reduction of electricity taxa-
tion and levies to create a level playing field across
energy carriers and a competitive electricity price.
The results of such action can be observed in Sweden,
where the difference between electricity and gas price
is almost half than the European average [88], and
industry is leading very ambitious projects to elec-
trify steel and cement [3]. Second, the reduction of
investment uncertainties by creating a clear carbon
price signal for industry possible by complement-
ing the EU-ETS with a minimum price, while redu-
cing the carbon leakage risk for those sectors that
face non-EU competition [89]. Third, the establish-
ment of complementing policies such as technology
support schemes and market introduction programs
where carbon price fails to incentivise investments
[89]. Catalysed by an advancing policy environment,
industry can make efficient use of low-carbon elec-
tricity. Technologies available today provide entry
points towards a deep electrification and first moving
companies can benefit from emerging markets for
low-carbon products.
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8 COKING COAL 

8.1 Overview  

Figure 103: Simplified value chain for coking coal71 

Coking coal (or metallurgical coal) is a bituminous coal with a suitable quality that allows 
the production of metallurgical coke, or simply named coke. Coking coal has a higher 
carbon content than steam coal, as well as a lower level of sulphur, phosphorous and 
alkalis (World Coal Institute 2009). Coke is the main product of the high-temperature 
carbonisation of coking coal. Coke is an essential input material in steelmaking as it is 
used to produce pig iron in blast furnaces acting as the reducing agent of iron ore and as 
the support of the furnace charge. By-products of coke production such as tar, benzole, 
ammonia sulphate and sulphur are used for the manufacture of chemicals, as well a coke 
oven gas used for heat and power generation. 

In this assessment, coking coal is analysed in terms of mine production and coke 
production. The relevant trade code for the extraction stage used is CN code 27011210 
“Coking Coal, whether or not pulverised, but not agglomerated”.  

Figure 104: End uses of coking coal (average 2013-2017) (SCRREEN workshop 
2019) and EU consumption of coking coal and coke (average 2012-2016) 

(ESTAT Comext 2019) 

71 JRC elaboration on multiple sources (see next sections) 
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For the processing stage the trade codes CN 27040010 ‘Coke and semi-coke of coal, 
whether or not agglomerated’, CN 27040011 ‘Coke and semi-coke of coal, whether or not 
agglomerated, for the manufacture of electrodes’, and CN 27040019 ‘Coke and semi-coke 
of coal, whether or not agglomerated (excl. For the manufacture of electrodes)’ were used. 
Quantities are expressed in tonnes of coking coal and coke and refer to average values for 
the period 2012-2016 unless otherwise specified. 

The world production of coking coal in 2017 was 1,039,005 kt, with an estimated value of 
EUR 151 billion. Global import demand is expected to rise by an average annual growth 
rate of 2.3% (7.5 Mt) from 2017 to 2030. China and Australia are the top coking coal 
producer and exporter, respectively. The coking coal market is directly associated with 
iron ore and steel demand. There is a sizeable market in terms of volume, with world 
exports of coking coal at 327,000 kt in 2017, representing 24% of global hard coal trade. 

Coking coal price boomed in 2016. The considerable price volatility in the period 2016-
2019 reveals that the coking coal market has become extremely susceptible to supply 
chain disruptions. In the first semester of 2019, the price of Australian premium hard 
coking coal was relatively stable at around USD 200/tonne. 

Figure 105: EU sourcing of coking coal and coke. 

In the period 2012-2016, the EU consumption of coking coal was around 53,548 kt. 
Domestic production took place in Poland, Czechia and Germany. The production in 
Germany ended in 2018. Imports came mostly from Australia (39% of EU imports) and 
the United States (33% of EU imports). Import reliance for coking coal was 62%. The 
annual EU production of coke was around 36,506 kt, and Poland and Germany were the 
leading producers. The EU was a net exporter of coke.  

Iron and steel industry is the primary consumer of coking coal. More than 70% ofworld 
steel production is made in blast furnaces fired with coking coal previously processed in 
coking plants to form coke. In the EU, 90% of the coking coal demand is converted to coke 
to be used in blast furnaces of the integrated steel processing route. Several chemical 
products can be produced from the by-products of coke ovens. There is no other 
satisfactory material available which can replace completely metallurgical coke in the blast 
furnace charge. Pulverised coal (PCI) is an alternative material for coking coal (coke) up 
to a certain level, but the industry has already reached the technical limits of replacement. 

No information is available for coking coal’s resources and reserves. Figures reported for 
bituminous coal provide a rough indication of coal suitable for coking coal production. US, 
China, India, Russia and Australia hold the most extensive reserves worldwide for 
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bituminous coal. Around 22 billion tonnes of bituminous coal reserves are located in the 
EU, and Poland holds by far the largest amount of reserves (93%) (BP 2018). 

More than one billion tonnes of coking coal is produced globally. China dominates the world 
production of coking coal with more than half of the world output (55%), followed by 
Australia (16% of the world total). Chinese production is subject to export tax (OECD 
2019a). The annual European output of coking coal is around 20,597 kt (WMD 2019) 
However, since 2019 only Poland and Czechia contribute to European production, as hard 
coal mining in Germany ended at the end of 2018. Given the type of applications, coking 
coal is not recyclable (BIO Intelligence Service 2015).  

In the context of the EU policy to reduce greenhouse gas emissions72, the transition to a 
lower-carbon economy is challenging to coal-related industries. The European steel 
industry accounted in 2016 for about 7% of the verified greenhouse gas emissions of all 
stationary installations of the European Union. Process related CO2 emissions in the steel 
industry are a natural result of the oxidisation of coke in the iron-making process. 
Breakthrough innovative technologies are under development to decarbonise steel 
production; some are aiming to altogether bypass the use of coal for the production of 
primary steel (European Commission 2018). Steel, the main end-use of coking coal, is 
present in all industry sectors, including the construction of wind turbines. Some products 
derived from the by-products of the coking process such as carbon fibres are associated 
with innovative low-carbon technologies.  

8.2 Market analysis, trade and price 

 Global market  

The worldwide production of coking coal in 2017 was 1,079,497 kt accounting for about 
17% of the total hard coal production worldwide (WMD, 2019). China is the largest 
producer of coking coal, with more than half of the global supply (52% in 2017). Chinese 
production increased by more than three times since 2000 to peak at about 620,000 kt in 
2014 but subsequently dropped to 540,000 kt in 2017 (IEA 2018) (WMD, 2019). Other 
significant producers are Australia (18%), Russia (8%) and the USA (6%). Since 2010, 
world production of coking coal has been relatively stable at levels of between 900,000 
and 1,100,000 kt (WMD, 2019). The rise of hard coal prices on the world market since the 
summer of 2016 ended the wave of mine closures worldwide with high production costs 
that had continued over several years (BGR 2017). The value of coking coal production 
was roughly estimated at EUR 151 billion73 in 2017. 

Coking coal trade reflects the demand for iron ore, pig iron and crude steel (Euracoal 
2017). There has been a substantial increase in coking coal consumption during the last 
40 years, driven primarily by growing steel production in China as infrastructure has been 
expanded (IEA 2018).  

According to (IEA 2018), in 2017 the global trade (exports) of coking coal was estimated 
at 327 million tonnes, equal to 24% of total hard coal trade (1,370,000 kt), of which 275 
million tonnes represent seaborne trade (Euracoal 2018). Australia is the largest exporter 
in the global coking coal market, with a share of about 54% (177,000 kt) of total exports 
in 2017 (IEA 2018). Other important exporting countries are the USA, Canada, Mongolia, 
and Russia (see Figure 106). China, the world's largest producer, does not export coking 
coal as it is consumed domestically. Moreover, China imports significant amounts of high-

72 https://ec.europa.eu/clima/policies/strategies/2050_en  
73 Estimation based on an average price of EUR 145 per tonne in 2017 (Australian hard coking coal) and the 
reported global production. 
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quality coking coal. In fact, the selection of coal types depends both on the desired coke 
quality and the final metal product quality. Also, coking coal produced in India has in some 
cases undesired quality for use in ironmaking (Sundqvist Ökvist et al. 2018). China does 
however export metallurgical coke, being the top exporter in the world (data for HS 
270400 from (UN Comtrade 2019)). The value of coking coal traded globally was roughly 
estimated at EUR 47 billion74 in 2017. 

According to 2017 data (Euracoal 2018) (IEA 2018), the seaborne coking coal accounts 
for around one-quarter of the total world market with the remaining three-quarters 
consumed within domestic markets, e.g. China and India, and it best represents the 
international market for coking coal (Eurofer 2019b). The seaborne coking coal market is 
characterised by the smaller number of supplying countries in comparison to the steam 
coal market (Euracoal 2019). 

Figure 106: Major coking coal exporters worldwide in 2017. Data from (IEA 
2018) 

It has to be noted that the coking coal supply chain has high exposure to disruptions such 
as adverse weather conditions and accidents due to the concentrated supply structure, i.e. 
number and geographical location of mining areas, capacity and location of ports and 
railways dedicated to exports (WorldSteel 2019b). 

China’s production of coking coal was subject to an export tax of 3% (decreased from 10% 
in 2015) as listed by the OECD Inventory for the year 2017 and the code HS 270112 
“Bituminous coal, whether/not pulverised but not agglomerated” (OECD 2019a). A 3% 
fiscal tax on exports is imposed by Mongolia for coking coal concentrates, and a captive 
mining restriction by India. The above countries accounted for 60% of the global 
production of coking coal in 2017. Severe trade-restrictive measures (i.e. export taxes, 
export quotas, export prohibition) do not apply for coke in 2017 (OECD 2019a). 

 Outlook for supply and demand 

The future worldwide demand for steel drives the market outlook for coking coal demand. 
A recent report (Commodity Insights 2018) prepared for the Minerals Council of Australia 
forecasts that the global import demand of metallurgical coal will grow by a rate of 2.3% 
from 2017 to 2030, representing an annual average growth of 7,5 Mt, mainly driven by 
strong demand for steel in India (60% increase of import demand) and China (39% 

74 Estimation based on an average price of EUR 145 per tonne in 2017 (Australian hard coking coal). 
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increase of import demand). The global demand for steel is expected to rise for many 
years (OECD 2019b), and primary steel production through the BF/BOF route will continue 
to play an important role in the future (EUROFER 2015). 

On the supply side, China is expected to maintain its dominance in the producers’ market, 
with coking coal production increasing from 540,000 kt in 2017 to 551,000 kt by 2028 
(IEA 2018). S&P Global estimated an increase of Australian production 182,000 kt in 2018 
to 214,000 kt by 2025 due to incoming new supply (S&P Global Market Intelligence 2018). 
Apart from the significant expansions in the already dominant market players, strong 
growth potential is reported for Mozambique and Mongolia (Euracoal 2019). Mining supply 
in the EU will decrease, as hard coal mining in Germany ended at the end of 2018. In 
2017, Germany produced 2.3 million tonnes of coking coal (WMD 2019). 

Available reserves of coking coal can strongly modify the future supply conditions as 
increasing quality and cost-benefit aspects may reduce the available volumes of the coking 
coal (HCC and Premium HCC qualities) necessary for maintaining high environmental 
performance and market competitiveness. Not all identified and potential deposits of coal 
can deliver high-quality coking coal. As with all mineral resources, the geographical 
location of currently active mines and the accessibility of known deposits influences the 
final cost of the extracted raw material, periodically making the exploitation of marginal 
deposits unfeasible (Eurofer 2019b).  

Table 44: Qualitative forecast of supply and demand of coking coal 

Material 

Criticality of the 
material in 2020 Demand forecast Supply forecast 

Yes No 5 
years 

10 
years 

20 
years 

5 
years 

10 
years 

20 
years 

Coking 
coal X + + + + + ?

 EU trade 

The EU has historically been a net importer of coking coal because demand from the steel 
industry exceeds domestic supply (European Commission 2017). Imports have remained 
relatively steady throughout 2012-2016 at around 33,216 kt per year on average, with a 
moderate increase to 33,854 kt in 2014, and a modest decrease to 31,121 kt in 2016 
(Figure 107). The former can be linked to an increased domestic steel output in the Blast 
Furnace (BF)/Basic Oxygen Furnace (BOF) route in 2014 by about 3%. The latter is coupled 
with a decreased domestic production of about 2,100 kt in 2016 in comparison to 2015, 
as well as with increased coke exports (see Figure 109); The EU crude steel output from 
the BF/BOF route was stable in 2016 compared to 2015 (Worldsteel 2018). Most of the 
coking coal imported to the EU originates from Australia and the US (Figure 108). As an 
average in 2012-2016, the United States and Australia exported into the EU the 72% of 
all imported coking coal. Therefore, the EU relies on highly concentrated deposits for its 
imports of coking coal. In the same period, exports of coking coal remained minor at the 
level of a few hundreds of tonnes, representing around 1% of imports by volume.  
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Figure 107: EU trade flows for coking coal (ESTAT Comext 2019) 

Figure 108: EU imports of coking coal, average 2012-2016 (ESTAT Comext 
2019) 

The EU is a net exporter of coke (Figure 109), exporting on average over the 2012-2016 
period 2,214 kt and importing 1,261 kt annualy (ESTAT Comext 2019). Imports of coke 
to the EU come mainly from Russia (see Figure 110).
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Figure 109: EU trade flows for coke (ESTAT Comext 2019) 

Figure 110: EU imports of coke, average 2012-2016 (ESTAT Comext 2019) 

In 2017, countries exporting coking coal or coke to the EU did not apply restrictive export 
measures, i.e. export taxes, export quotas or export prohibitions (OECD 2019a). Free 
Trade Agreements exist with Canada, Colombia, Ukraine, United States and Bosnia and 
Herzegovina (European Commission 2019)  

 Prices and price volatility 

Coking coal is traded both through contracts and in the spot market. Coal spot prices can 
fluctuate based on-short term market conditions, but contract prices tend to be more 
stable (US EIA 2019). Coking coal varies in quality, with hard coking coal representing the 
highest grade, which attracts a premium price. Semi-soft or high-volatile coking coal is of 
lower quality and as such, is sold at a lower price. Other essential price factors are freight, 
insurance, and whether the price refers to contracted coal or spot price (CRM Alliance 
2018). Coking coal is more expensive than steam coal used in power plants due to the 
requirement of more thorough cleaning and low impurity level (US EIA 2019). Coke prices 
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are correlated with coking coal prices, though higher at a level estimated roughly of 1.5 
to 2 times (data from (JSW 2019b)). 

The pricing of coking coal after a long period of substantial stability and low prices ranging 
from USD 40/tonne to 60/tonne on a yearly basis, started to sharply increase after 2003 
due to the growing demand from emerging economies. In particular, the strong demand 
for steel from China due to large infrastructure projects supported and continues to 
support high prices for coking coal (Eurofer 2019b). The time series in Figure 111 reveals 
the sharp rise of the annual coking coal prices from USD 42/tonne in 2003 to USD 
230/tonne in 2011, as well as the difference with steam coal prices. 

Figure 111: Developments in annual prices of steam coal and coking coal. Data 
from (BP 2019) 

Following the global recession in 2011, coking coal prices had a declining trajectory for 
many years. In summer of 2016, there has been a sharp rise in prices, which climbed to 
record highs at the end of 2016. While the monthly average spot price for Australian 
premium coking coal was still at USD 92/tonne in July 2016, it rose sharply to USD 
309/tonne in November 2016 (see Figure 112). In 2017 and 2018, coking coal prices 
remained very volatile with several drops and spikes but remained at a relatively high 
average level. On a year-over-year basis, the annual average of the industry benchmark 
price (high-quality Australian hard coking coal tracked by the Steel Index) increased 65% 
in 2016, 28% in 2017 and 7% in 2018; in the first semester of 2019 the benchmark spot 
price is averaging over USD 200/tonne for (S&P Global Market Intelligence, 2019a). 
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Figure 112: Coking coal spot prices (The Steel Index), FOB Australia East Coast, 
monthly average (EUR/tonne). Data from (S&P Global Market Intelligence 

2019a) 

The significant volatility in the 2017-2018 period can be attributed to higher demand from 
China and India, as well as by short-term increase of demand in other markets, but mostly 
to supply-side factors, e.g. severe supply bottlenecks in Australia caused by floods and 
cyclones which restricted shipments due to low train availability (Euracoal 2018) (Deloitte 
2018) (CRU 2018)(S&P Global Market Intelligence 2019b). Similar weather-related supply 
disruption events influencing the pricing of coking coal occurred in the Australian mining 
region of Queensland in 2009 and 2011 (Eurofer 2019b).  
The higher coal prices since 2016 mark the end of the previous period of oversupply (BGR 
2017). A large degree of volatility is expected to be maintained in the short term, due to 
the rise in global demand and the relatively low amount of investment in exploration and 
the development of new coal projects (BGR 2019a). 

Figure 113 presents the evolution of unit value for imports of coking coal and coke in the 
EU. After a five-year decline, in 2016 the annual average unit value for imports of coking 
coal was EUR 96/tonne, and EUR 117/tonne for imports of coke and semi-coke of coal. In 
2017, the annual average unit value for imported coking coal rose by around 80% at EUR 
171/tonne, and remained at high levels in 2018. The annual average unit value for 
imported coke and semi-coke of coal increased by about 60% in 2017 to EUR 186/tonne, 
and in 2018 by 15% on a year-on-year basis at EUR 213/tonne. 
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Figure 113: Unit value75 of EU imports of coking coal and coke/semi-coke of 
coal, yearly average (EUR/tonne). Data from (ESTAT Comext 2019) 

8.3 EU demand 

 EU consumption 

The EU apparent consumption of coking coal is calculated at approximately 53,548 kt in 
volume as an average for the period 2012-2016. Of this, about 20,332 kt per year came 
from within the EU (calculated as EU production – exports to non-EU countries) and 33,216 
kt were imported. Based on these figures, the net import reliance is 62%. The annual EU 
apparent consumption of coke is calculated at 35,553 kt for the same period. The EU is 
not import reliant as it is a net exporter of coke.   

The EU apparent consumption of coking coal declined by 10% from 2012 to 2016, from 
54,152 kt in 2012 to 48,915 kt in 2016, mainly due to declining domestic production from 
22,393 kt in 2012 to 18,102 kt in 2016 (ESTAT Comext 2019)(WMD 2019). In the same 
period, the EU coke consumption was relatively stable, ranging from 35,800 to 34,800 kt. 

It has to be noted that the aforementioned consumption levels of coking coal and coke 
include the use of PCI in the blast furnace (see Section 8.3.3), and PCI injection has 
already reached its technical limits in the EU industry (Eurofer 2019a). 

 Uses and end-uses of coking coal in the EU 

The use of coking coal in the steel making process is the most significant application. 90% 
of coke is used in the iron making process (blast furnace) for generating the necessary 

75 For coking coal, the imports unit value is calculated for the trade code CN 27011210 “Coking Coal, whether or 
not pulverised, but not agglomerated”. For coke/semi-coke of coal, the imports unit value is considered for the 
combined quantity and value for trade codes: CN 27040010 ‘Coke and semi-coke of coal, whether or not 
agglomerated’, CN 27040011 ‘Coke and semi-coke of coal, whether or not agglomerated, for the manufacture 
of electrodes’, and CN 27040019 ‘Coke and semi-coke of coal, whether or not agglomerated (excl. For the 
manufacture of electrodes). Semi-coke is a different product from coke formed by incomplete carbonisation of 
coke. However, trade data for coke and semi-coke are aggregated 
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process heat, as a reduction medium of iron ores, carburisation of the hot metal, 
supporting the furnace charge, and providing permeability inside the furnace. More than 
70% of world steel production is made by the integrated steelmaking route which is based 
on the blast furnace (BF) and basic oxygen furnace (BOF) processes, and therefore, relies 
on coking coal (World Coal Association 2019)(World Coal Institute 2009). In the EU, 60% 
of steel production, which requires coking coal, is produced via the blast furnace route 
(European Commission 2018). The average production of one tonne of steel in the 
integrated steelmaking process requires the use of 630 kilograms of coke, and therefore 
780 kilograms of coking coal (WorldSteel 2019a) (World Coal Institute 2009). 

Figure 114: EU end uses of coking coal (average 2013-2017) (IChPW 2019) and 
EU consumption of coking coal and coke (average 2012-2016) (Eurostat 

Comext 2019)(WMD 2019) 

According to data from (BIO Intelligence Service 2015) 1% of coking coal is used in the 
manufacture of electrodes generally intended for the metallurgical industry, and tar is an 
essential source material. Coking coal is also used in the production of foundry coke 
employed in foundry melting furnaces by some producers of base metals and ferroalloys 
(FeMn and FeCr). Other minor users of metallurgical coke are producers of non-metallic 
minerals such as phosphates, calcium carbide, soda ash and stone wool, or as a household 
heating fuel.  

Several products can be produced from by-products (coke oven gas, benzole, coal tar, 
ammonia sulphate and sulphur) of coke ovens. Ammonia gas recovered from coke ovens 
is used to manufacture ammonia salts, nitric acid and agricultural fertilisers, while refined 
coal tar is employed in the manufacture of chemicals (e.g. creosote oil, naphthalene, 
phenol, and benzene) as well as in carbon fibres (World Coal Association 2019) (Remus et 
al. 2013) (Ozon 2018) (Dıez, Alvarez, and Barriocanal 2002) (JSW 2019a). Benzole 
(benzene, toluene, xylene) is also used in the chemical industry, whereas coke oven gas 
can be used for heat and power generation as it contains almost 55% of hydrogen (IChPW 
2019). 

Relevant industry sectors are described using the NACE sector codes (Eurostat 2019). The 
calculation of economic importance is based on the use of the NACE 2-digit codes and the 
value added at factor cost for the identified sectors (Table 45). The value-added data 
correspond to average 2012-2016 figures. 
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Table 45: Coking coal applications, 2-digit and examples of associated 4-digit 
NACE sectors, and value-added per sector (IChPW 2019)(SCRREEN workshops 

2019)(Eurostat 2019)  

Applications 2-digit NACE 
sector

Value-added of the 
sector (millions EUR) 

Examples of 4-digit NACE 
sector(s) 

Coke for 
steel 

production 

C24 – Manufacture 
of basic metals 

55,426 
C24.10 - Manufacture of 

basic iron and steel and of 
ferro-alloys 

Coke for 
other 

applications 

C23 - Manufacture 
of other non-metallic 

mineral products 

57,255 C2399 – Manufacture of 
other non-metallic mineral 

products n.e.c 

Other uses 
(tar, benzole, 

electricity 
and heat) 

C20 - Manufacture 
of chemicals and 
chemical products 

105,514 

C20.14 – Manufacture of 
other organic basic 

chemicals –Distillation of 
coal tar 

C20.15 – Manufacture of 
fertilizers and nitrogen 
compoundsammonia 

 Substitution 

Currently, there are no technologically feasible and economically reasonable alternatives 
to completely replace coking coal in the production of steel from iron ore (Eurofer 2019b). 
The main reason is that metallurgical coke in the blast furnace charge supports the iron 
ore burden and provides a permeable matrix necessary for slag and metal to pass down 
into the hearth and hot gases to move upwards into the stack (European Commission 
2017)(SCRREEN workshops 2019).  

Coking coal (coke) can be replaced by pulverised coal (PCI) up to a certain level, which 
then requires the remaining hard coking coal to be of higher quality, mainly premium hard 
coking coal, otherwise the performance of steel production process can be strongly lowered 
(Eurofer 2019b). About 30% of coal can be saved by injecting fine coal particles into the 
blast furnace as one tonne of PCI coal used for steel production can replace about 1.4 
tonnes of coking coal by reducing the amount of coke required. Coals used for pulverised 
coal injection into blast furnaces have more narrowly defined qualities than steam coal 
(WorldSteel 2019a). PCI coal is mainly used to achieve cost benefits by replacing coke, 
thus skipping the costly coke-making stage. Pulverised coal injection is a technique widely 
applied in the EU (Addendum in Pardo, Moya and Vatopoulos, 2015), and the industry has 
already reached the technical limits for coke substitution (Eurofer 2019a). For this reason, 
PCI does not affect the substitution index of coking coal in the criticality assesment. A 30% 
substitution of coking coal with PCI was assumed in the EU MSA study of coking coal 
(background data from (BIO Intelligence Service 2015)). 

In addition, for some production processes, natural gas may substitute for as much as 
10% of coking coal (Eurofer 2019b). Natural gas is a reducing agent in the production of 
Direct Reduced Iron (DRI) from iron ore, an alternative production route for crude 
steel.Hhowever, this technology is not common in Europe (Pardo, Moya, and Vatopoulos 
2015). In the EU, only 700 kt of DRI was produced in 2017 (Worldsteel 2018), 
corresponding to less than 1% of the EU total iron production, as the technology is not 
commercially viable due to the high cost of gas (Eurofer 2019a).  

Different methods have been explored to enable the use of coals with lower quality in the 
coking process without undermining coke quality. These are for example: the stamp 
charging technology with oil additives, the “Scope 21” coke-making process in Japan using 
high blending ratio (over 50%) of non- or slightly-coking coal, the use of hypercoal as 
additive to coking coal blend (Tercero et al. 2018) (Sundqvist Ökvist et al. 2018). The cost 
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for hypercoal is higher, but it enables the use of some thermal coals (CRM experts 2019). 
Waste plastics in coking coal blend is also an alternative that can replace the use of 1-2% 
of coking coal (Tercero et al. 2018). However, as less suitable coking materials significantly 
influence coke quality, it is possible to use only low amounts of secondary materials in the 
coking process (Sundqvist Ökvist et al. 2018). It is estimated that economically favourable 
alternatives (such as hypercoal and waste plastics) can be used to substitute 5-10% of 
coking coal for metallurgical applications (Tercero et al. 2018). 

Other materials, such as hydrogen and natural gas potentially used in the blast furnace 
are not substitutes of coking coal per se as they do not provide mechanical support to the 
charge of the blast furnace nor the necessary carbon monoxide (CO) for reducing the iron 
ore, but perform only the function of delivering heat (CRM experts 2019). However, in the 
future, specific processes may substitute coking coal with natural gas, hydrogen and 
biomass, e.g. Hisarna process (Pardo, Moya, and Vatopoulos 2015). 

Fines of coke (coke breezes), which are used in the sintering of iron fines, can be 
substituted by ultra-grade anthracite. Also, part of the coke can be replaced in the blast 
furnace by anthracite as a heat source (CRM experts 2019).  

For the production of electrodes, natural graphite and synthetic graphite can replace 
effectively coking coal (Tercero et al. 2018)(Sundqvist Ökvist et al. 2018). 

8.4 Supply 

 EU supply chain  

Figure 115 shows the coking coal flows (in C content) through the EU economy. 

Figure 115: Simplified MSA of coking coal flows in the EU. 2013. (BIO 
Intelligence Service 2015) 

8.4.1.1  EU sourcing of coking coal 

EU sourcing of coking coal amounts to 53,813 kt (domestic production + imports). The 
annual average EU production of coking coal over 2012-2016 was 20,597 kt. Over the 
same period, coking coal was produced in Poland, Czechia and Germany. The EU 
production declined by 20% from 2012 to 2016, mainly due to decreased production from 
Czechia and Germany;(WMD 2019);  in Germany, production ended in 2018. EU domestic 
production covered 38% of its needs. 
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In 2017, around 25% of the active hard coal mines in the EU produced metallurgical coal 
(and anthracite). In particular: 
 In Poland, 18 hard coal mines were active in the Silesia (Śląskie) region, with 27% of 

coal produced in this region classified as coking coal;  
 In Czechia, hard coal is mined at two underground mines located in the Moravskoslezsko 

region (Karviná and Darkov, ČSM), in which the extracted coal is graded as coking coal or 
steam coal based on its quality parameters. In the same region, the Paskov mine, with 
89% of coal produced classified as coking coal, terminated its production in 2017; 
 In Germany, two remaining underground hard coal mines produced steam coal and 

coking coal in 2016, the Prosper-Haniel mine, and the Ibbenbüren mine located in the 
Münster region (P. Alves Dias et al. 2018)(Euracoal 2017). Those mines were active only 
till the end of 2018. Therefore, Germany does not any longer contribute to the EU coking 
coal supply side.  

In total, the share of coking coal in the overall EU hard coal production was on average 
21% for the period 2012–2016. In Poland, coking coal accounted for 17% of hard coal 
production, while the share of coking coal in the overall hard coal production in Czechia 
and Germany 2017 was 50% and 56% respectively (WMD 2019). 

Despite domestic production, the EU remains dependent on imports of coking coal, with 
net import reliance of 62%. The majority of coking coal imported to the EU comes from 
the USA and Australia, which cover 24% and 21% of the total EU supply respectively (see 
Figure 116). Due to the closure of mines in Germany, the EU import reliance will increase 
from 2019 onwards. In case the annual average production of 4,060 kt from Germany in 
the reference period 2012-2016 is replaced entirely by imports, and assuming that the 
apparent consumption remains constant, then the EU net import reliance would increase 
to 69%.  

Figure 116: EU sourcing of coking coal. Average 2012-2016 (WMD 2019) 
(ESTAT Comext 2019) 

8.4.1.2  EU sourcing of coke 

EU sourcing (domestic production + imports) of coke amounts to 37,660 kt. The annual 
average EU production of coke over 2012-2016 was 36,506 kt (VDKI 2017). Coke is 
produced in 13 Member States. EU production covers 100% of domestic consumption. 

In 2017, around 60 % of the EU crude steel production took place in integrated 
steelmaking plants (Blast furnace/Basic Oxygen furnace process), in which coke oven 
plants are typically an operational unit. Coking coal can also be converted into coke in 
individual coking plants before marketing to the iron industry. For example in Poland, the 
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major producer of coking coal in the EU, coke is produced at the Przyjaźń and Zabrze 
coking plants operated by the mining company JSW (JSW 2019a).  

Figure 117: EU sourcing of coke. Average 2012-2016 (VDKI 2017) (ESTAT 
Comext 2019) 

 Supply from primary materials 

8.4.2.1  Geology, resources and reserves of coking coal 

Geological occurrence: Coal is a combustible, carbonaceous sedimentary rock, which is 
composed of fossilised plant remains, minerals and water. Coal is formed as accumulated 
dead plant materials in swamp ecosystems are buried beneath layers of younger 
sediments and altered by the combined effects of pressure and heat over millions of years 
to form individual carbon-rich coal layers, known as seams. The characteristics of coals 
are determined by the coalification process (e.g. varying types of buried vegetation, 
depths of burial, temperature and pressure at those depths, time of coal deposit 
formation). The composition and the amount of impurities (e.g. sulphur and phosphorous), 
the content of volatile matter and ash strongly condition the possible uses of the coal. For 
that reason, different groups and sub-groups of coal are identified, and each of them is 
used for specific purposes only. The most common classification of coals is based on rank, 
which represents the degree of coalification that has occurred. Classification of coals by 
rank ranges progressively from brown coals, which include lignite and sub-bituminous coal, 
to black or hard coals that comprise bituminous coal, semi-anthracite and anthracite. 
Anthracite (most carbonaceous) is classified as high-rank while lignite (least 
carbonaceous) is classified as low-rank. Coal types can be differentiated in the ranking 
sequence by several properties, e.g. elemental composition, volatile matter content, fixed 
carbon content, calorific value, water content, etc.; many different classification systems 
have been developed on a national and international level. Coking coal is classified as 
medium-rank bituminous coal which contains more carbon, less moisture and ash than 
low-rank coals. Coking coals usually have a volatile matter yield between 20% and 30% 
(dry, ash-free basis) (BGS 2010)(World Coal Association 2019)(World Coal Institute 
2009)(Eurofer 2019b) (European Commission 2012). 

The properties of coking coal have to be more tightly controlled than steam coal used in 
power stations and other uses, given the major impact of coke on blast furnace operation 
and pig iron composition. The required properties for coking coal to be suitable for 
steelmaking are low ash, sulphur and phosphorus content, as well as the ability to soften, 
swell and then solidify into a porous material of high strength when heated to a sufficiently 
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high temperature in the absence of air (caking ability). A coal's caking properties are the 
primary determinant of its suitability for coke production (BGS 2010)(World Coal 
Association 2019)(World Coal Institute 2009). 

Global resources and reserves: Many different national and international definitions 
and classifications exist to subdivide coal resources into different classes, e.g. hard coal, 
brown coal, steam coal, coking coal, etc. These subdivisions are either based on scientific 
(physical, chemical, petrographic), technical (heating value, plasticity, swelling index), 
commercial, or combined parameters. As different definitions and cut-off values are used 
to subdivide the volumes of coal resources and reserves, e.g. into brown coal and hard 
coal, the resulting figures are not comparable (European Commission 2012). There are no 
resource and reserve data on coking coal at the national/regional level reported using the 
United Nations Framework Classification (UNFC)(European Commission 2017). 

However, bituminous coal reserves can be a rough indication of raw materials suitable for 
extracting coking coal. The known reserves of anthracite and bituminous coal were 
approximately 718 billion tonnes at the end of 2017 (BP 2018), sufficient to meet the 
demand for centuries. The United States has the world’s largest reserves, followed by 
China and India (Table 46).  

Table 46: Global proved reserves76 of anthracite and bituminous coal at the end 
of 2017 (Data from (BP 2018)) 

Country 
Bituminous coal and 

anthracite reserves (billion 
tonnes) 

Percentage of the 
total (%) 

US 220.8 30.7% 
China 130.8 18.2% 
India 92.8 12.9% 

Russian Federation 69.6 9.7% 
Australia 68.3 9.5% 
Ukraine 32.0 4.5% 

Kazakhstan 25.6 3.6% 
Poland 19.8 2.8% 

Indonesia 15.1 2.1% 
South Africa 9.9 1.4% 

Others 33.5 4.7% 
Total world 718.3 100% 

EU resources and reserves77: There are no published data on coking coal resources and 
reserves using the United Nations Framework Classification (UNFC). Reserves of 22 billion 
tonnes of anthracite and bituminous coal are reported in the EU, the majority of them is 
located in Poland (see Table 47) mostly in the Upper Silesian basin (79% of the total hard 
coal reserves in Poland) where 27% of the hard coal reserves consists of coking coal 
(Eurocoal 2017). Other than the resource estimation reported in Minerals4EU website, 
deposit of antimony was reported in Rockliden, Sweden at 10 Mt with 0.18% Sb, (also 
contains 4.03% Zn, 1.82% Cu, 52 ppm Ag, 0.06 ppm Au) (Depaux, G., 2019).  

76 Generally taken to be those quantities that geological and engineering information indicates with reasonable 
certainty can be recovered in the future from known reservoirs under existing economic and operating 
conditions. The data series for total proved coal reserves does not necessarily meet the definitions, guidelines 
and practices used for determining proved reserves at the company level. 
77 The Minerals4EU project is the only repository of some mineral resource and reserve data. However, there 
are no data for coking coal in the Mineral4EU website, for both resources and reserves in Europe. 
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Table 47: EU total proved reserves78 of anthracite and bituminous coal at the 
end of 2018 (Data from (BP 2019)) 

Country Bituminous coal and anthracite 
reserves (billion tonnes) 

Poland 20,542 
Spain 868 

Hungary 276 
Bulgaria 192 
Czechia 110 
Romania 11 
Germany 3 
Total EU 22,002 

Exploration and new mine development projects in the EU: In Poland, there are two 
ongoing new mine development projects in progress (Prairie Mining 2019): 

 The Jan Karski project in the Lublin coal basin. The project has a potential to produce 
thermal and semi-soft coking coal. JORC-compliant total resources amount to 728 Mt of 
in-situ coal and probable ore reserves are estimated at 139.1 Mt of marketable coal, and 
the annual production can yield 6.3 Mt of marketable coal. The results of a pre-feasibility 
study were announced in March 2016. 
 The Debiensko project in Upper Silesian coal basin. The project aims to produce premium 

hard coking coal (mid-vol and low-vol HCC). Resources reported under the JORC code 
comprise a total resource of 301 Mt of in-situ coal, and annual production is projected at 
68 Mt of saleable coal over a 26 year period. A scoping study was published in March 2017. 

8.4.2.2  Production of coking coal 

Coal is mined by open-pit or underground methods, depending on the morphology of the 
coal deposit. Surface mining is applied when the coal seam is near the land surface (BGS 
2010). Before marketing, Run-of-mine coal is upgraded in preparation plants where the 
extracted hard coal is graded as coking coal or steam coal, based on certain quality 
parameters. Preparation may include washing, crushing, sieving, and gravity 
concentration to satisfy size and purity specifications of the intended use. 

The use of coking coal for metallurgical applications, i.e. steel production, require that 
certain physical and chemical properties are tested in advance in order to check the 
complete compatibility of the raw material with the production process (i.e. CSR index – 
coke strength after reaction). Moreover, also the content on impurities like sulphur and 
phosphorus, and not only, impose in which industrial processes the coking coal can be 
used. For this reason the coking coal is subdivided in different products: Premium Hard 
Coking Coal (PHCC), Hard Coking Coal (HCC), High-Volatile HCC (Semi-HCC), Semi-soft 
coking coal (SSCC), Low Vol PCI, each of them identified by different properties and 
performance when employed in the industrial processes. In general, the EU steel 
production should be fed using Premium HCC and HCC for maintaining the high 
environmental performance of the installations (i.e. higher quality HCC means the use of 
less raw materials and lower emissions). In particular, the European integrated steel 
process routes uses the most advanced technologies using PHCC and HCC only, in 

78 Generally taken to be those quantities that geological and engineering information indicates with reasonable 
certainty can be recovered in the future from known reservoirs under existing economic and operating 
conditions. The data series for total proved coal reserves does not necessarily meet the definitions, guidelines 
and practices used for determining proved reserves at the company level. 

114



192 

compliance with European environmental laws. Any substantial substitution of these high-
quality coking coals will surely increase the whole environmental impact (Eurofer 2019b). 

Figure 118: Coking coal products (European Commission 2014) 

8.4.2.3 World and EU mine production of coking coal 

The annual world supply of coking coal was about 1,079,497 kt as an average between 
2012 and 2016. As can be seen in Figure 119, China was by far the biggest producer of 
coking coal globally, producing 55% of the world’s total. Other significant producers are 
Australia (16%), Russia (7%) and the United States (6%). The overall EU production of 
coking coal accounted for 2% of world production. The European production of coal was 
about 20.597 kt. 60% of the EU output was mined in Poland, whereas Germany and the 
Czech Republic contributed to 20% each over the years 2012-2016.  

Figure 119: Global and EU mine production of coking coal. Average for the years 
2012-2016. (WMD 2019)  

 Processing of coking coal 

Coking coal is converted into coke, semi-coke and coke by-products in coke ovens. Coke 
making, or carbonisation, entails heating the coal to high temperatures (1,150 to 1,350 
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OC) in the absence of oxygen to drive off gases and impurities and concentrate the carbon 
content (Remus et al. 2013). Semi-coke is formed by incomplete carbonisation of coal, 
with a reduced air supply, at a temperature of between 450 and 700 OC.

Before coke making, selected bituminous coal grades are usually blended and pulverised 
to control the size and quality of the feed. During heating, the physical properties of coking 
coal allow the coal particles to pass through softening, fusing, and solidification into hard 
and porous coke lumps. They are are then quenched with either water or air before storage 
or direct transfer to the blast furnace. Exhaust gases are collected and processed to 
recover combustible gases for heat production and other by-products (Remus et al. 
2013)(Dıez, Alvarez, and Barriocanal 2002). The coke yield varies from 700 kg to 800 kg 
of dry coke per tonne dry coal (approximately 1250-1400 kg coking coal is needed for the 
production of 1 tonne of coke depending on the volatile content), and the coke oven gas 
production ranges from 140 kg to 200 kg per tonne dry coal. The yield of tar and benzole 
(benzene, toluene, xylene) is reported to be 50 kg per tonne dry coal (IChPW 2019). 

8.4.3.1 World and EU production of coke 

The annual EU production of coke was around 36,506 kt as an average from 2012 to 2016. 
13 Member States are listed as coke producers (VDKI 2017). Poland and Germany, with 
25% and 24% respectively, have the highest share of EU production.  

Figure 120: World and EU coke production. Average for the years 2012-2016. 
Data from (VDKI 2017) 

 Supply from secondary materials/recycling 

Recycling is not applicable as coke is entirely dissipated after its use as it is oxidised to 
CO2 (BIO Intelligence Service 2015). Therefore, the EOL-RIR is 0%. 

Table 48: Material flows relevant to the EOL-RIR of coking coal in 201379. Data 
from (BIO Intelligence Service 2015a) 

MSA Flow Value (tonnes) 
B.1.1 Production of primary material as the main product in EU sent to processing in EU 18,117 

79 EOL-RIR=(G.1.1+G.1.2)/(B.1.1+B.1.2+C.1.3+D.1.3+C.1.4+G.1.1+G.1.2)  
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B.1.2 Production of primary material as by-product in EU sent to processing in EU 0 
C.1.3 Imports to EU of primary material 0 
C.1.4 Imports to EU of secondary material 0 
D.1.3 Imports to EU of processed material 30,181 
E.1.6 Products at end of life in EU collected for treatment 0 
F.1.1 Exports from EU of manufactured products at end-of-life 0 
F.1.2 Imports to EU of manufactured products at end-of-life 0 
G.1.1 Production of secondary material from post-consumer functional recycling in EU
sent to processing in EU 0 
G.1.2 Production of secondary material from post-consumer functional recycling in EU
sent to manufacture in EU 0 

8.5 Other considerations 

 Environmental and health and safety issues 

As an energy-intensive industry, the European steel industry accounted in 2016 for about 
7% of the verified greenhouse gas emissions of all stationary installations of the European 
Union and around 22% of industrial emissions excluding combustion. Most of the emissions 
come from the iron ore reduction process, in which the carbon provided by the coke acts 
as the reductant. Reducing the carbon intensity of the blast furnace steelmaking route is, 
therefore, one of the two methods - the other is the increased share of the electric furnace 
steelmaking route- to decarbonise the steel industry. Among the novel technologies to 
achieve emissions reduction are carbon capture and storage, carbon capture and 
utilisation, hydrogen-based steelmaking, iron ore electrolysis. Currently, there are several 
innovative low carbon projects under development in the European iron and steel industry, 
with market entry forecasted within the next decade. Such breakthrough innovations will 
constitute an entirely new production system that would replace production processes that 
have been used and optimised for many decades. As an example, the hydrogen-based 
direct reduction process aims using hydrogen to completely bypass the use of coal for the 
production of primary steel (European Commission 2018). However, they are not going to 
be available in the next decade (IChPW 2019).  

Imported coking coal to the EU has a higher carbon footprint. It is reported that EU-based 
production has lower carbon emissions by 1.5-3 times compared to coking coal imported 
from Australia due to maritime emissions (JSW 2019b) (IChPW 2019). 

EU OSH requirements exist to protect workers’ health and safety, employers need to 
identify which hazardous substances they use at the workplace, carry out a risk 
assessment and introduce appropriate, proportionate and effective risk management 
measures to eliminate or control exposure, to consult with the workers who should receive 
training and, as appropriate, health surveillance80. 

 Contribution to low-carbon technologies 

By definition, the contribution of coking coal to low-carbon technologies is not applicable. 
Nevertheless, coking coal is an essential ingredient in steel production, and the importance 
of steel in all industrial sectors is beyond doubt. Steel is necessary for low-carbon 
technologies in the broad areas of transport (e.g. tower structures and associated concrete 
infrastructure, generators), wind power (e.g. for specific magnetic properties, and 
essential structural elements within wind turbines), solar power etc. (Euromines 2019). 
More information is available in the Iron Ore factsheet. 

80 https://ec.europa.eu/social/main.jsp?catId=148 
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Also, noteworthy is the use of products derived from the by-products of coke production 
in some innovative technologies. For example, carbon fibres produced from coal tar are 
used in aviation and automotive industry where they offer a great lightweight potential 
with benefits in fuel consumption but also for hydrogen storage tanks, where they provide 
the container to be hermetic, tight and meet all safety standards for hydrogen storage. 
While tanks are produced in Europe, carbon fibers are mostly imported from Asia. 
Moreover, in the case that hydrogen separation from coke oven gas is achieved, it can be 
used in fuel cells for zero-emission power generation and transport. JSW reports that the 
amount of hydrogen circulating in its coking plants is almost 75 kt annually which could 
fuel about 600 hydrogen-fuelled buses or over 4,000 hydrogen-fuelled cars. Another 
technology is carbon materials used in aviation, defence and electronics for their 
lightweight and durability, as well as in small amounts (1-3%) in graphite anodes of Li-ion 
batteries which are produced from needle coke (JSW 2019b). 

Compared to the conventional oil-based needle coke, the coal-based needle coke has 
certain distinguishing characteristics, such as high heat durability and world's lowest 
thermal expansion rate (Mitsubishi Chemical Corporation 2019). Currently there are only 
four companies globally that produce this product of a high technology, mostly Japanese81. 
JSW estimates that its own capacity production of needle coke (own coal tar processing) 
would provide 10% of European demand for this processed material (JSW). Taking into 
account the proximity of other coal tar suppliers it would be possible for JSW to produce 
up to 60.000 tonnes of needle coke annually. Electrode applications are projected to grow 
at a high CAGR of 7.3% by 2025 and therefore global demand for needle coke is also 
estimated to grow over 5% annually in next 5 years (Grand View research, 2019). 
Meanwhile local production of coal tar is decreasing together with a decrease of coke 
production. This will cause not only a total dependence from import of coke for steel 
industry but also of those processed materials used for carbon fibers and in battery value 
chain. 

 Socio-economic issues 

Coking coal faces political, technical and financial challenges in the transition to a lower-
carbon economy (CRM Alliance 2018). The decline in coal-related activities might also 
affect the iron and steel sector. Hard coal mines capable of producing this type of coal 
could continue to operate purely by serving this sector, as long as coking coal prices are 
sufficient enough to sustain mining operations (P. Alves Dias et al. 2018). 

The level of governance of countries supplying coking coal to the EU is medium to high, 
except the Russian Federation providing 6% if the total EU sourcing. At the global level, 
more than half of the supply (55%) derives from a country with low governance, i.e. China. 
In this country, governance is deficient in the area of “Voice and accountability” (World 
Bank 2018).  

The importance of coking coal mining in Europe is analysed in the report of the European 
Commission EU coal regions: opportunities and challenges ahead (2018) by the Joint 
Research Centre (JRC)(P. Alves Dias et al. 2018).  

8.6 Comparison with previous EU assessments 

The assessment has been conducted using the same methodology as for the 2017 list. The 
calculations of the Supply Risk (SR) for 2014 and 2017 lists have been performed for the 

81 https://www.televisory.com/blogs/-/blogs/can-lithium-ion-anode-demand-for-needle-coke-reduce-
availability-for-electrode-players- 
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mine stage (coking coal). In the current assessment, the supply risk has been analysed at 
both the mine and the processing stage (coke). The results of the current and earlier 
assessments are shown in Table 49.  

Table 49: Economic importance and supply risk results for coking coal in the 
assessments of 2011, 2014, 2017, 2020. (European Commission 

2011);(European Commission 2014); (European Commission 2017) 

Assessment 2011 2014 2017 2020 
Indicator EI SR EI SR EI SR EI SR 
Coking coal not 

assesed 
not 

assesed 8.9 1.2 2.3 1.0 3.0 1.2 

Coking coal was not assessed in 2011, and it was identified as critical in the 2014 
assessment. The sharp decline of the economic importance results in the 2017 assessment 
is the result by the change in methodology, i.e. base metal was isolated from metal 
products on NACE 2-digit level, and the mega sector approach was discarded. This resulted 
in a lower overall value-added and thereby impacted the Economic Importance score for 
coking coal. In the 2017 assessment, although coking coal missed the economic 
importance threshold, for the sake of caution, it was kept on the list of critical raw materials 
for the EU82.  

In the current assessment, the Supply Risk (SR) was calculated using both the HHI for 
global supply and EU supply as prescribed in the revised methodology. The results show 
that the supply risk is higher at the extraction stage (SR=1.19) than the processing stage 
(SR=0.34). The stage with the highest score has been considered as representing the 
overall supply risk for coking coal, i.e. SR=1.19 (rounded to 1.2). The SR appears 
increased in comparison to the 2017 assessment due to two reasons. Firstly, different 
substitute materials were considered for the substitution index in the current assessment 
in relation to the 2017 exercise. In particular, the use of PCI does not contribute to the 
substitutability of coking coal, as it is a widely applied technique by the EU steel industry 
which has already reached its technical limits. In the previous assessment the factor for 
PCI introduced in the calculation of the substitution index was 30%. Secondly, in the 2017 
assessment, an erroneous allocation of EU production in the calculation formulas of the EU 
supply risk component resulted in lower supply risk by 0.1 (i.e. SR=1.0 instead of SR=1.1). 

The Economic Importance (EI) indicator has increased due to the introduction in the 
calculation of the NACE 2-digit sector “C20 - Manufacture of chemicals and chemical 
products” of high value-added, and a lower share allocated to the NACE 2-digit sector “C24 
– Manufacture of basic metals” of lower value-added.

8.7 Data sources 

Production data of coking coal were sourced from ‘World Mining Data’ published by the 
Austrian Ministry for Sustainability and Tourism and the International Organising 
Committee for the World Mining Congress Austrian Ministry of Science, Technology and 
Commerce. The source of data for the production of coke was the German Coal Importers 
Association (VDKi). Eurostat (Comext) provided the data for EU trade flows for coking coal 
and coke. The end-uses of refined products of coking coal were provided by the Institute 
of Chemical Processing of Coal (IChPW). 

82 Commission's Communication 'on the 2017 list of Critical Raw Materials for the EU’ (COM(2017) 490 final) 
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EXECUTIVE SUMMARY 

Context 

Pressure on resources will increase - due to increasing global population, 
industrialisation, digitalisation, increasing demand from developing countries and the 
transition to climate neutrality with metals, minerals and biotic materials used in low-
emission technologies and products. OECD forecasts that global materials demand will 
more than double from 79 billion tonnes today to 167 billion tonnes in 2060. Global 
competition for resources will become fierce in the coming decade. Dependence of critical 
raw materials may soon replace today's dependence on oil. 

The EU Green Deal Communication1 adopted on 11 December 2019 recognizes access to 
resources as a strategic security question to fulfil its ambition towards 2050 climate 
neutrality and increasing our climate ambition for 2030.  

Secure and sustainable supply of both primary and secondary raw materials, in particular 
of critical raw materials, for key technologies and strategic sectors as renewable energy, 
e-mobility, digital, space and defence is one of the pre-requisites to achieve climate
neutrality. The new Industrial Strategy for the EU2 addresses the security and
sustainability challenge and calls for an Action Plan on Critical Raw Materials and for
industry-driven raw materials alliances.

This continues the work of the Commission to address the growing concern of securing 
valuable raw materials for the EU economy. Already in 2008, the European Commission 
launched the Raw Materials Initiative (RMI)3. This EU policy pursues a diversification 
strategy for securing non-energy raw materials for EU industrial value chains and societal 
well-being. Diversification of supply concerns reducing dependencies in all dimensions – 
by sourcing of primary raw materials from the EU and third countries, increasing 
secondary raw materials supply through resource efficiency and circularity, and finding 
alternatives to scarce raw materials.  

One of the priority actions of the RMI was to establish a list of critical raw materials at EU 
level. The first list was published in 2011 and it is updated every three years to regularly 
assess the criticality of raw materials for the EU. Critical raw materials are considered to 
be those that have high economic importance for the EU and a high supply risk. 

The present study is the fourth technical assessment of critical raw materials for the EU, 
based on the methodology4 developed by the European Commission in cooperation with 
the Ad hoc Working Group on Defining Critical Raw Materials (AHWG)5 in 2017.  

The first assessment (2011) identified 14 critical raw materials (CRMs) out of the 41 non-
energy, non-agricultural candidate raw materials. In the 2014 exercise, 20 raw materials 
were identified as critical out of 54 candidates. In 2017, 27 CRMs were identified among 
78 candidates. 

Novelties of the 2020 assessment 

The 2020 assessment covers a larger number of materials: 83 individual materials or 66 
candidate raw materials comprising 63 individual and 3 grouped materials (ten individual 
heavy rare earth elements (REEs), five light REEs, and five platinum-group metals 
(PGMs)). Five new materials (arsenic, cadmium, strontium, zirconium and hydrogen) 
have been assessed.  

1 COM(2019) 640 final 
2 COM(2020) 102 final 
3 https://ec.europa.eu/growth/sectors/raw-materials/policy-strategy_en  
4 Methodology for establishing the EU List of Critical Raw Materials, 2017, ISBN 978-92-79-68051-9 
5 The AHWG on Defining Critical Raw Materials is a sub-group of the Raw Materials Supply Group expert group. 127
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Industrial and 
construction 
minerals 

aggregates, baryte, bentonite, borates, diatomite, feldspar, 
fluorspar, gypsum, kaolin clay, limestone, magnesite, natural 
graphite, perlite, phosphate rock, phosphorus, potash, silica 
sand, sulphur, talc 

Iron and ferro-
alloy metals 

chromium, cobalt, manganese, molybdenum, nickel, niobium, 
tantalum, titanium, tungsten, vanadium 

Precious metals 
gold, silver, and Platinum Group Metals (iridium, palladium, 
platinum, rhodium, ruthenium) 

Rare earths 

Heavy rare earths (dysprosium, erbium, europium, gadolinium, 
holmium, lutetium, terbium, thulium, ytterbium, yttrium); Light 
rare earths (cerium, lanthanum, neodymium, praseodymium 
and samarium); and scandium 

Other non-ferrous 
metals 

aluminium, antimony, arsenic, beryllium, bismuth, cadmium, 
copper, gallium, germanium, gold, hafnium, indium, lead, 
lithium, magnesium, rhenium, selenium, silicon metal, silver, 
strontium, tellurium, tin, zinc, zirconium 

Bio and other 
materials 

natural cork, natural rubber, natural teak wood, sapele wood, 
coking coal, hydrogen and helium 

For comparison, 41 candidate materials have been screened in 2011, 54 in 2014 and 61 
in 2017. 

Results 

Of the 83 individual (66 candidate) raw materials assessed, the following 30 were 
identified as critical in this assessment: 

2020 Critical Raw Materials (30) 
Antimony Fluorspar Magnesium Silicon Metal 
Baryte Gallium Natural Graphite Tantalum 
Bauxite Germanium Natural Rubber Titanium 
Beryllium Hafnium Niobium Vanadium 
Bismuth HREEs PGMs Tungsten 
Borates Indium Phosphate rock Strontium 
Cobalt Lithium Phosphorus 
Coking Coal LREEs Scandium 

The overall results of the 2020 criticality assessment are presented in Figure A. Critical 
raw materials (CRMs) are highlighted by red dots and are located within the criticality 
zone (SR ≥ 1 and EI ≥ 2.8) of the graph. Blue dots represent the non-critical raw 
materials. 
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1. INTRODUCTION

1.1. CONTENT AND PURPOSE OF THIS REPORT 

This joint GROW and JRC report ‘Study on the review of the list of Critical Raw Materials’ 
serves as the background document in support of the 2020 list of CRMs for the EU.  

The present report is the result of intense cooperation with the Ad hoc Working Group on 
Defining Critical Raw Materials (AHWG12), consultants and key industry and scientific 
experts identified through the H2020 SCRREEN13 project. 

This report includes information on the criticality assessments carried out on the 
materials covered for this 2020 exercise. Further information is presented in the 
materials factsheets14, for both critical and non-critical materials. These factsheets are 
provided as separate documents and are available in the EC's Raw Materials Information 
System (RMIS)15. 

The present report is divided into the following chapters and annexes: 

 Chapter 1 – Introduction to the report: objectives and context of critical raw 
materials in Europe; 

 Chapter 2 – Criticality assessment approach: scope of the criticality assessments, 
application of the EC criticality methodology, data sources used and stakeholder 
consultation;  

 Chapter 3 – Criticality assessment outcome: results and key findings, comparison 
with previous assessments and limitations of the assessment results, conclusions 
and recommendations; and 

 Annexes – Additional supporting information on the methodology, international 
developments, quantitative assessment and related data, stakeholder consultations 

1.2. OBJECTIVES OF THIS REPORT 

This report presents the results of the assessment of the criticality of 83 raw materials 
for the EU based on the revised methodology developed by the European Commission 
(DG GROW and DG JRC)16. The report builds upon the work carried out in the previous 
assessments (201117, 201418 and 201719). The report takes into account feedback 
gathered from the previous and 2020 exercises, and in doing so, establishes the basis for 
the updated list of critical raw materials for the EU.  

12 The AHWG on Defining Critical Raw Materials is a sub-group of the Raw Materials Supply Group expert group. 
The list of its members and observers is available here: 
http://ec.europa.eu/transparency/regexpert/index.cfm?do=groupDetail.groupDetail&groupID=1353 

13 http://scrreen.eu/the-project/ 
14 The factsheets for critical and non-critical materials are provided as separate documents and are available 

through the RMIS. A total of 68 factsheets, corresponding to the 83 candidates (including both individual 
materials and groups) are included. The breakdown of the 68 factsheets are as follows: 

 64 individual material factsheets 
 1 individual factsheet for Aluminium (metal and bauxite) 
 1 individual factsheet for Phosphorus (phosphorus and phosphate rock) 
 1 grouped factsheet for the REEs (with sections dedicated to single elements) 
 1 grouped factsheet for the PGMs 

15 https://rmis.jrc.ec.europa.eu/  
16 Methodology for establishing the EU List of Critical Raw Materials, 2017, ISBN 978-92-79-68051-9 
17 2011 assessment refers to the study on Critical Raw Materials for the EU published in 2010 and the 

Commission's Communication COM(2011)25 adopted in 2011. 
18 2014 assessment refers to the study on Critical Raw Materials at EU level published in 2013 and the 

Commission's Communication COM(2014)297 adopted in 2014. 
19  2017 assessment refers to the study on Critical Raw Materials at EU level published in 2016 and the 

Commission’s Communication COM(2017)0490 final adopted in 2017. 
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The operational objectives of this study were to: 

 Assess the criticality of a selection of raw materials based on the EC criticality 
methodology. 

 Analyse the production, key trends, trade flows and barriers of the raw 
materials with the aim to identify potential bottlenecks20 and supply risks 
throughout the value chain. To the extent possible, data and projections are 
based on the reference period of the last 5 years in terms of data availability. 

 Produce qualitative factsheets for all the raw materials assessed. 
 Produce full datasets, calculation sheets and comprehensive list of data 

sources in an excel-compatible format. 
 Continue to improve the quality and availability of data. 
 Cooperate with both EU and non-EU experts (where relevant) to improve the 

findings of the study. 
 Collaborate with the expert group 'Ad hoc Working Group on Defining Critical 

Raw Materials'21 and with the SCRREEN22 expert group. 

In particular, the 2020 assessment incorporates the following aspects: 

 Analysis of a wider range of raw materials (5 new candidates); 
 Introduces a systematic two-stage supply chain assessment of the supply risk 

(mining/extracting and processing/refining stages); 
 Updated factsheets for each of the materials assessed to include information 

on the supply chain, the criticality assessment and future trends;  
 Optimise data quality and transparency, in respect to the hierarchy of data 

sources identified in the EC methodology, both in the assessments and 
factsheets; and 

 Better coordination with parallel efforts to develop further Material System 
Analyses23, as the priority data source for e.g. recycling data (EOL-RIR). 

1.3. THE PURPOSE OF THE LIST OF CRITICAL RAW MATERIALS FOR THE EU 

The assessment and the list of critical raw materials are intended to flag the supply risks 
of important materials for the EU economy. They contribute to securing the 
competitiveness of the EU industrial value chains starting with raw materials in line with 
the EU industrial policy. This should increase the overall competitiveness of the EU 
economy, in line with the Commission´s priorities. It should also help incentivise the 
European production of critical raw materials and facilitate the launching of new mining 
and recycling activities. The list is also being used to help prioritise needs and actions. 
For example, it serves as a supporting element when negotiating trade agreements, 
challenging trade distortion measures or promoting research and innovation actions.  

It is also worth emphasising that all raw materials, even if not classed as critical, are 
important for the European economy and that a given raw material and its availability to 
the European economy should therefore not be neglected just because it is not classed as 
critical.  

20 A bottleneck is considered to be the point in the value chain for a specific material where the supply risk is 
highest, i.e. the stage (either extraction/harvesting or processing/refining), that has the highest numerical 
criticality score for the Supply Risk. 

21 The consultants have provided scientific and technical support to the Commission throughout the course of 
the study, incorporated relevant comments and feedback, provided updates on the advancement of the work, 
and presented the findings of the assessment in the final report of the study on "Critical Raw Materials for the 
EU" and the publication of the new list of Critical Raw Materials. 

22 http://scrreen.eu/the-project/  
23 As part of a broader project, JRC and GROW are current delevoping or updating the MSA of 14 raw materials 
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1.4. THE IMPORTANCE OF RAW MATERIALS IN EUROPE 

In the last decade the growing challenge of securing access to metals and minerals 
needed for economic production has received increased attention from the public, 
economic actors and from politicians. Raw materials are not only essential for the 
production of a broad range of goods and services used in everyday life, but also for the 
development of emerging innovations, which are notably necessary for more eco-efficient 
technologies and globally competitive products.  

The importance of metals and minerals to sustain businesses and the economy is 
particularly true for the EU, where about 30 million jobs24 are directly reliant on access to 
raw materials. 

The importance of critical raw materials for the EU: 

 Industrial value chains - non-energy raw materials are linked to all industries 
across all supply chain stages. 

 Strategic technologies - technological progress and quality of life rely on 
access to a growing number of raw materials. For example, a smartphone might 
contain up to 50 different kinds of metals, all of which contribute to its small 
size, light weight and functionality. 

 Climate, energy and environment – raw materials are closely linked to clean 
technologies essential to reach carbon neutrality targets by 2050. They are 
irreplaceable in solar panels, wind turbines, electric vehicles, and energy 
efficient lighting.25 

In Europe, the manufacturing industry (i.e. the production of end products and 
applications) and the refining industry (metallurgy, etc.) are often regarded as more 
important than the extractive industry (e.g. mining activities). Moreover, the value chain 
of raw materials is not fully and homogeneously covered by the European industry, with 
a pronounced imbalance between the upstream steps (extraction / harvesting) and the 
downstream steps (manufacturing and use). Nevertheless, the need for primary 
materials, such as ores and concentrates, and also for processed and refined materials is 
crucial for the wealth - even the survival - of the European industries and their 
associated jobs and economy. 

Actually, very little extraction of non-energy raw materials occurs within European 
Member States, with e.g. the majority of ore and concentrates or refined materials or 
metals being sourced from non-European countries. 

The following figure represents the main global producers of all candidate critical raw 
materials (in terms of number of raw materials, not in terms of tonnage). China clearly 
dominates, with 59% of the raw materials assessed26 being mainly extracted in China. 
South Africa and USA are also the principal producer of the raw materials assessed. 

24 https://ec.europa.eu/growth/sectors/raw-materials/specific-interest/critical_pl 
25 https://ec.europa.eu/growth/sectors/raw-materials/specific-interest/critical_pl 
26 Figures are based on the assessment results of individual candidate materials, with the exclusion of sapele 

wood. Sapele wood was excluded from the analysis of primary global supply because it was not clear from 
available public EU trade data, which country(s) is the major global supplier. Several producing countries of 
sapele wood were identified such as Cameroon, Democratic Republic of Congo (Kinshasa), the Republic of 
Congo (Brazzaville), the Central African Republic, Ivory coast and Gabon, however without a clear indication 
of the overall shares coming from these producing countries. 
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Figure 1: Main global suppliers of all candidate critical raw materials assessed, 
(based on number of raw materials supplied, average from 2012-2016)27 

 

 

For many raw materials, the EU is absent from the upstream steps of the value chain, 
with no extraction of e.g. antimony, beryllium, bismuth, borates, molybdenum, niobium, 
PGMs, rare earths, tantalum, titanium, vanadium and zirconium. This may be due either 
to the absence of mineral deposits in the EU, or more often the limited knowledge of the 
availability of those materials in the EU, or to economic and societal factors that 
negatively affect exploration (for deposit discovery and characterisation, estimation of 
resources and reserves) or extraction, (closure of existing mines, reluctance to open new 
mines, etc.). The biotic materials natural rubber, sapele and natural teak wood come 
from tropical plants. Their production therefore also lies entirely outside the EU.  To 
access these raw materials, the European Member States have no other choice than to 
import them, either unprocessed or refined, from other countries to feed their industries 
and markets. 

The only few raw materials for which an EU Member State is the main global producer 
are hafnium (France), strontium (Spain), natural cork (Portugal) and perlite (Greece). 
For some raw materials such as e.g. aggregates, feldspar, gypsum, hafnium, indium, 
kaolin clay, limestone (high purity), magnesite, natural cork, perlite, silica sand, sulphur, 
the Member States produce enough primary materials to avoid significant extra-European 

                                                 
27 Figures are based on the assessment results of 78 individual materials, rather than 80 due to the exclusion of 

sapele wood and limestone. Sapele wood was excluded from the analysis of primary global supply because it 
was not clear from available public EU trade data, which country(s) is the major global supplier. Several 
producing countries of sapele wood were identified such as Cameroon, Democratic Republic of Congo 
(Kinshasa), the Republic of Congo (Brazzaville), the Central African Republic, Ivory Coast and Gabon, 
however without a clear indication of the overall shares coming from these producing countries.  Also 
Aggregates and Hydrogen are excluded because global production is not available. 
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imports. However, this situation is fairly uncommon, with the EU being dependent on 
foreign imports for more than 80% of the raw materials needed for its industry and 
economy. 

1.5. THE CHALLENGE OF CRITICAL RAW MATERIALS IN EUROPE 

The dynamic technological changes and the rapid growth of emerging economies have 
led to an increasing, though sometimes volatile, demand for several metals and minerals. 
Securing access to a stable supply of such critical raw materials has become a major 
challenge for national and regional economies with limited indigenous natural resources, 
such as the EU economy, which is heavily dependent on imported supplies of many 
minerals and metals needed by industry.  

Many of these materials are currently only extracted in a few countries, with China being 
the leading supplier as well as consumer of several important raw materials e.g. 
antimony, bismuth, magnesium, REEs, etc. This increases the risk of supply shortages 
and supply vulnerability along the value chain. 

The likelihood of supply disruption is further increased by the fact that processing, 
smelting and refining of many metals are also concentrated in a small number of 
countries. On top of high concentration, some producing countries strictly control and 
limit the export of raw materials, intermediates and/or metals in order to safeguard them 
for their national industries, by imposing a number of export restriction measures that 
are often considered as distortive to free markets.  

Supply restrictions can bring negative consequences to all the actors of the supply chain, 
as they have an influence on the supply conditions and price volatility. Mine production of 
minerals and metals often relies on large scale investment projects, which can take many 
years to implement, and, therefore, cannot react quickly to short term changes in 
demand, or are vulnerable to market manipulations by established suppliers trying to 
hamper emerging mining operations. 

These factors together lead to a risk of supply shortages for various metals and minerals 
in the EU. The resources known to exist in the EU are not used well to provide adequate 
and timely supplies of these materials to meet domestic demand. The impact of raw 
materials supply disruption could therefore be loss of competitive economic activity in the 
EU and in some specific cases reduced availability of certain (strategic) final products. 

1.6. ADDRESSING CRITICAL RAW MATERIAL CHALLENGES 

The Raw Materials Initiative and the Identification of Critical Raw Materials 

To address the growing concern of securing valuable raw materials for the EU economy, 
the European Commission launched the European Raw Materials Initiative28 in 2008. It is 
an integrated strategy that establishes targeted measures to secure and improve access 
to raw materials for the EU: 

 Fair and sustainable supply of raw materials from international markets; 
 Fostering sustainable supply within the EU; and 
 Boosting resource efficiency and promoting recycling. 

For the successful implementation of EU policies in the field of raw materials, there is a 
need to know the key raw materials for the European economy, understand their stocks 
and flows and the market and to identify the supply bottlenecks. 

One of the priority actions of the European Raw Materials Initiative was to establish a list 
of critical non-energy raw materials (CRMs) at EU level.  

CRMs combine a high economic importance to the EU with a high risk of supply 
disruptions. In this context, the European Commission established an Ad Hoc Working 

28 https://ec.europa.eu/growth/sectors/raw-materials/policy-strategy_en 
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Group on Defining Critical Raw Materials (AHWG) in 2009 as support and advisory group 
in identifying the non-energy raw materials considered as critical for the EU. The first 
report of this group, published in 2010, ‘Critical raw materials for the EU’, among its 
many valuable conclusions, suggested that the list of critical raw materials should be 
updated every three years. Accordingly, in its Communication 'Tackling the challenges in 
commodity markets and on raw materials' (COM(2011)25), the Commission committed 
to undertake a regular update of the list at least every three years. Regular revisions of 
the first assessment were carried out and resulted in the 2014 and 2017 list. The 2020 
assessment addresses the fourth list of critical raw materials for the EU. 

The methodology to identify CRMs 

The identification of critical raw materials for the EU is based on the methodology
developed and updated by the European Commission, in cooperation with the Ad hoc 
Working Group on Defining Critical Raw Materials (AHWG). Based on the methodology 
used in the assessments carried out in 2011 and 2014, the EC's Directorate-General for 
Internal Market, Industry, Entrepreneurship and SMEs (DG GROW) established an 
internal Administrative Arrangement with the EC's DG Joint Research Centre (DG JRC) in 
2015 to undertake a study on improving the assessment methodology used to define 
critical raw materials for the EU. This study resulted in a refined methodology for 
assessing the criticality of raw materials, which was applied in the 2017 and this 2020 
assessment. The revised EC methodology introduced some targeted methodological 
improvements while keeping maximum possible comparability of the results with the 
previous assessments. The two main high-level components of criticality were retained: 

 Economic Importance (EI) - calculated based on the importance of a given 
material in the EU for end-use applications and on the performance of its 
substitutes in these applications. 

 Supply Risk (SR) - calculated based on factors that measure the risk of 
disruptions in supply of a given material (e.g. supply concentration, import 
reliance, governance performance measured by the World Governance 
Indicators, trade restrictions and agreements, existence and criticality of 
substitutes) 
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3.4 KEY FINDINGS OF THE CRITICALITY ASSESSMENTS 

This section highlights the key findings of the criticality assessment results, with 
emphasis on changes since 2017, newly assessed candidate CRMs and battery raw 
materials. Additional details are provided in the Annexes and in the individual material 
factsheets. 

3.4.1 Summary of main results 

A general decrease of supply risk and general increase of the economic importance have 
been observed, though with exceptions. Regarding the economic importance increase, 
this is mainly due to two reasons: i) there were sectors that grew in comparison with the 
previous assessment and had a higher value-added; ii) the final result is influenced by a 
scaling step, as the value-added of the largest manufacturing sector is now lower, 
corresponding to 27 Member States. 

For some of the assessed materials, the criticality assessment highlights changes in the 
criticality in respect to 2017:  

Raw 
material 

Changes in SR and 
EI from 2017 to 
2020 

Reason for the change 

Antimony SR: 4.3 to 2.0 In the 2020 assessment the refining stage 
included also antimony oxides. This resulted in a 
lower supply risk at the refining stage, since 
global production was less concentrated and 
there is also production in the EU. Therefore, in 
2020 the mine stage presented higher SR, 
because the EU has no production; hence is 
100% reliant on import. 

EI: 4.3 to 4.7 Difference is due to changes in the value-added 
of NACE Rev. 2 sectors. 

Bauxite SR: 2.0 to 2.1 No significant change 

EI: 2.6 to 2.9 Difference is due to changes in the value-added 
of NACE Rev. 2 sectors. 

Coking coal SR: 1.0 to 1.2 Different consideration of the available 
substitutes in 2020. In particular, the use of 
Pulverized coal for injection (PCI) as a 
substitute has been removed from the 
calculation formula, as it is a widely applied 
technique by the EU steel industry, which has 
already reached its technical limits. In addition, 
an error in the calculation formulas of the EU 
supply risk component resulted in lower supply 
risk in the previous assessment by a value of 
0.1. 

EI: 2.3 to 3.0 Introduction in the 2020 calculation of the NACE 
2 sector C20 and a lower share allocated to the 
C24 sector. 

Germanium SR:1.9 to 3.9 Compared to 2017 in 2020 assessment only 
global supply of germanium was used in the 
calculations, since there was a lack of up-to-
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a b s t r a c t

At current primary steel production levels, the iron and steel industry will fail to meet the 80% emission
reduction target without introduction of breakthrough technologies (W€ortler et al., 2013: 19). The cur-
rent research analyses the technical and economical long-term potential of innovative primary steel
production technologies in Germany throughout 2100. Techno-economic models are used to simulate
three innovative ore-based steelmaking routes verses the reference blast furnace route (BF-BOF). The
innovative routes in focus are blast furnace with CCS1 (BF-CCS), hydrogen direct reduction (H-DR), and
iron ore electrolysis (EW). Energy and mass flows for the production of one tonne of crude steel (CS) are
combined with hypothetical price, cost, and revenue data to evaluate the production routes economi-
cally, technically, and environmentally. This is a purely theoretical analysis and hence further external
factors that may influence practical implementation or profitability are not considered.

Different future developments are considered by using three scenarios, representing an ambitious, a
moderate, and a conservative transformation of the German energy sector. In general, looking into the
future bares various uncertainties which should be reflected in a suitable manner.

According to the present scenario analysis, chances are that with rising prices for coal and CO2 al-
lowances BF-BOF and even BF-CCS become unprofitable by mid-century. With a high share of renewable
energy sources and high prices for CO2 allowances, H-DR and EW become economically attractive in the
second half of the current century, when BF-based routes are long unprofitable. Energy and raw material
efficiency is significantly higher for H-DR and EW and furthermore, the 80% reduction target by 20502

can be achieved in the ambitious scenario. However, high investment costs and high dependency on
electricity prices prohibit a profitable implementation before 2030e2040 without further subsidies. EW
is the most energy and resource efficient production route. Since continuous electricity is needed for the
continuous operation, the electricity costs are 20e40% higher than for H-DR (with high-capacity
hydrogen storage units). Even though hydrogen production implies efficiency losses compared to the
EW route, the decoupling of hydrogen production from continuous operation of the steel plant through
hydrogen storage offers the opportunity to use cheap excess renewable electricity. This makes the H-DR
economically and environmentally the most attractive route and provides a crucial contribution to
stabilize the grid and to store excess energy in a 100% renewable energy system.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Climate change is one of the crucial challenges for humanity.
Since the pre-industrial era the concentration of greenhouse gases

(GHG) in the atmosphere has risen steadily from below 300 ppm
(1900) to a new record high of 400 ppm in May 2013 (Birol et al.,
2013: 11). In order to maintain a chance to keep global warming
below 2 �C, the maximum threshold is considered to be 450 ppm
and would be reached in 30 years at current emission levels (World
Meteorological Organization, 2013: 2). Drastic emission reduction
is necessary across the world to achieve this target. As suggested by
the Intergovernmental Panel on Climate Change (IPCC) for devel-
oped countries the EU targets to reduce GHG emissions 80e95% by
2050 (Europ€aische Kommission, 2011: 3).

* Corresponding author. Tel.: þ49 (0)176 2080 3750.
E-mail address: max.weigel@wupperinst.org (M. Weigel).

1 CCS ¼ Carbon Capture and Storage.
2 BMU (2010: 4).
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The iron and steel industry, one of the most energy-intensive
industries in Germany, is expected to contribute to the climate
targets and to reduce GHG emission significantly by 2050 (BMU,
2010). In 2011 the German iron and steel industry consumed 6.2%
(554 PJ)3 of the total German end-use energy demand and caused
4% (41Mt CO2e)4 of the total GHG emissions.

Reducing GHG emission of the steel industry can be achieved in
three areas: Steel demand reduction, increased steel recycling, and
innovation in steel production technologies. Even though steel
demand in some developed countries might peak within the cur-
rent century, the world steel demand is expected to rise at least
until the end of the 21st century (Pauliuk et al., 2013: D). A shift
towards the secondary production route through recycling effi-
ciency has a great impact on CO2e emission. Even though higher
shares may be possible in long-term, until 2050 only 44% of the
steel demand is expected to be covered by the secondary route
(W€ortler et al., 2013). In order to achieve the 2050 reduction tar-
gets, a combination of the above mentioned demand reduction
measures with additional efficiency measures and innovative iron
ore reduction technologies will be necessary (Milford et al., 2013).

The most common primary production route uses the blast
furnace (BF) in combination with the basic oxygen furnace (BOF),
which accounted for 68% of the German steel production in 2012
(Stahlinstitut VDEh, 2013). The best available technology (BAT)
benchmark in Europe for emission of the blast furnace route is at
1475 kg CO2e/t CS. Due to continuous optimization, the industry is
already approaching the theoretical minimum of 1371 kg CO2e/t CS
(Kirschen et al., 2011: 6148). Therefore, without demand reduction,
substantial emission reduction is only possible through the
implementation of new breakthrough technologies (Pardo and
Moya, 2013: 127).

Research and development initiatives around the world coop-
erate under the ‘CO2 Breakthrough Programme’5 and exchange in-
formation on innovative steelmaking technologies investigated in
the respective national programs (e.g. ULCOS,6 AISI,7 POSCO,8

COURSE50,9 etc.). The goal is to develop breakthrough technologies
“that revolutionise the way steel is made” and hold the promise of
large reduction in CO2e emission (World Steel Association, 2009: 1).
Key areas of research identified are Carbon Capture and Storage (CCS)
in combination with fossil fuels and hydrogen and electricity as
innovative reducing agents for the reduction process. According to
recent techno-economic evaluations and scenario analysis ((W€ortler
et al., 2013); (Birat and Borl�ee); (Remus et al., 2013); (Gerspacher
et al., 2011); (International Energy Agency (IEA), 2012)) the tech-
nologies with the highest long-term potential in the iron and steel
industry are carbon capture and storage (CCS) in combinationwith a
top gas recycling for the blast furnace (TGR-BF), direct reduction (DR)
with electric arc furnace (EAF), and a rather immature technology
with high future potential, the iron ore electrolysis also called elec-
trowinning (EW). Since plant lifetimes are long and investments are
very high, technological breakthroughs are considered a long-term
option and not expected before 2020/30 (Ahman et al., 2012: 31).

The current research aims to analyse these innovative technol-
ogies from a techno-economic perspective regarding their potential
for economically viable GHG emission reduction up to 2100. The
main research question is:

Which innovative steelmaking technology allows substan-
tial, economically viable, GHG emission reduction in primary
steel making by 2050 and beyond?

The focus goes beyond existing scenario analysis in the iron and
steel industry. Not only is the timely perspective much longer, but
also the technologies assessed are very innovative technologies, that
have not been evaluated by other techno-economic scenario studies
so far. Emission effects due to decreasing steel demand or increased
scrap recycling are not included in the current calculation.

2. Background and rationale

This section starts with the approach of the present research and
background information on steel production processes. Theoretical
considerations regarding the methods applied and the selection of
evaluation parameters lay the foundation for the following sections.

2.1. Technology screening and selection of production routes

The current research starts with a screening of steel production
technologies. Conventional as well as innovative technologies are
assessed along the following aspects based on available literature
information10 (see Fig. 1).

For each technology the following information is gathered
additionally:

� Energy demand
� GHG emission (including indirect emission)
� Maturity level of technical development
� Advantages and disadvantages of production route
� Necessary external preconditions

Narrowing down the number of technologies to be assessed in
more detail, four production routes are selected. First, as reference
case the most established route, the integrated route (blast furnace
followed by basic oxygen furnace), is selected. As second route the
combination of the integrated route with carbon capture and
storage (CCS) is chosen as intermediate option based on existing
infrastructure. CCS technology is considered to have a high rele-
vance for energy intensive industries like the iron and steel in-
dustry (BMU, 2010: 19). For the purpose of the current research
with a long-term outlook for the iron and steel industry addition-
ally the innovative technologies with the highest future potential
are selected, being Hydrogen Direct Reduction (H-DR) and Elec-
trowinning (EW) as third and fourth route. In summary the four
steel production routes in focus are:

1) Integrated route (BF-BOF)
2) Integrated route with CCS (BF-CCS)
3) Hydrogen Direct Reduction (H-DR)
4) Electrowinning (EW)

2.1.1. Integrated route (BF-BOF)
Iron ore is reduced in the blast furnace to molten iron which is

subsequently refined to crude steel in the basic oxygen furnace. The
BF reducing agent coke is produced on-site using metallurgic coal.
Before entering the BF iron ore is agglomerated to sinter, allowing3 AG Energiebilanzen e.V. (2012).

4 Statistisches Bundesamt (2013).
5 World Steel Association (2009).
6 ULCOS ¼ Ultra-Low CO2 Steelmaking (EU).
7 AISI ¼ American Iron and Steel Institute with technology roadmap programme.
8 POSCO ¼ CO2 Breakthrough Framework (Korea).
9 COURSE50 ¼ CO2 Ultimate Reduction in Steelmaking process by innovative

technology for cool Earth 2050

10 Hasan (2011); Birat (2010); Gerspacher et al. (2011); Remus et al. (2013);
W€ortler et al. (2013); Pardo et al. (2012); Midrex Technologies; Arens et al.
(2012); Stahlinstitut VDEh (2013); Worrell et al. (2008: 10); Lindroos (2009: 21);
Fruehan (2009); Nitsch et al. (2010: 77); Ahman et al. (2012: 31); Croezen and
Korteland (2010); Neelis and Patel (2006).
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the reducing gas to stream through the burden. The utilisation of
coke for the reduction step in the BF creates waste gas with a large
amount of CO2.

2.1.2. Integrated route with CCS (BF-CCS)
This route is based on the regular BF-BOF route as described

above. The BF is equipped with top gas recycling (TGR) and carbon
capture and storage (CCS). After capturing the BF gasmost of its CO2
content is removed via pressure swing absorption (PSA), com-
pressed, and transported to an underground storage site. The
remaining CO-rich BF gas is re-circulated into the blast furnace for
further burning. All technologies used in this route are already
technically available. The unresolved questions regarding storage
technique and storage site impede an early market entry of this
route before 2020 (EUROFER, 2013: 42).

2.1.3. Hydrogen Direct Reduction (H-DR)
Direct reduction is a solid-state reduction process for iron ore

with a reducing gas (typically natural gas), already in operation
since the 1970s (W€ortler et al., 2013: 8). In the current study
hydrogen is used as innovative reducing gas in a fluidized bed
reactor which minimizes sticking of the iron ore particles during
reduction and allows the direct use of fine ore instead of pellets
(Circored technology11) (XU and CANG, 2010: 5). Since the direct
reduction does not allow the separation from gangue only ores
with high iron and low gangue content can be used (EUROFER,
2013: 34). Subsequently, the solid hot briquetted iron (HBI) is fed
into an EAF together with scrap for steel production. With 100%

renewable hydrogen production, this route can be virtually free of
CO2e emission. In the EUROFER report “A steel roadmap for a low
carbon Europe 2050” this technology is appraised to have the
maximum CO2 saving potential but market entry is not expected
before 2030 (EUROFER, 2013: 50).

2.1.4. Electrowinning (EW)
The electrolysis of iron ore is a rather immature technology with

proven results only in laboratory scale (Yuan and Haarberg, 2008)
but still without industrial scale pilot plants. With electricity as
reducing agent the future potential of this technology in an
electricity-dominated world is significant. In the current research,
electrolysis of iron ore in an alkaline solution at 110 �C and sub-
sequent refining in an EAF is simulated. Depending on the elec-
tricity mix used for electrolysis this route is potentially carbon free.
Market entry is not expected before 2040 (EUROFER, 2013: 42).

As basis for in depth assessment, four models are developed in
Section 3, that simulate the effect of different future scenarios on
the performance of the above mentioned production routes.

2.2. Evaluation methodology

Based on the international standard of material flow cost ac-
counting (Deutsches Institut für Normung, 2011), mass and energy
flows are simulated for each process step of the four alternative
steelmaking routes. Technical parameters (mass-, energy-intensity,
efficiency, etc.) are taken from relevant literature.12 For a complete
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11 First and only Circored plant in Trinidad in operation since 1996 Nuber et al.
(2006).

12 W€ortler et al. (2013), Worrell et al. (2008), Schwaiger (1996); Spath et al. (1999),
Weibbach et al. (2013), Morgan Stanley Research Global (2013), Ahman et al. (2012),
Birat and Borl�ee, Pardo and Moya (2013), Germeshuizen and Blom (2013).
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techno-economic assessment hypothetical future price, cost, and
revenue data are investigated (see Table-A 1) and added to the
technical models. The production of one tonne of crude steel is
simulated with either process route in a simplified system without
consideration of external factors like competition, barriers for
market entry, existing infrastructure, etc. These theoretical simu-
lations describe potential development trajectories towards
climate-neutral primary steelmaking and do not conclude on the
probability of any development.

2.3. Evaluation parameters

Basis for comparison in the present research are the following
simulated parameters:
Economic

� Revenues
� Operating expenses
� EBIT (Earnings before interest and tax)
� NPV (Net present value)

Environmental

� GHG Emissions
� Energy consumption
� Raw material efficiency

Especially the combined assessment of NPV, as key indicator for
profitability, and the specific GHG emission indicate the suitability
of the assessed routes for future requirements. The types of raw
materials and energy sources used, provide important information
on the future system compatibility.

In the next section the models used as basis for the evaluation
are defined in detail.

3. System definition

In this section three alternative future scenarios are depicted,
that lead to three different sets of model assumptions. Additionally
system boundaries, technical and economical parameters, and
common conventions for the simulation models are defined to
provide a transparent basis for the simulation results.

3.1. Future scenarios

For the model assumptions that have a high time-dependency
and that are very relevant for the simulation results, it is com-
mon to use scenarios to cover a wide spectrum of future de-
velopments (Zeiss and Valentin, 2011). Scenarios are hypothetical
but very precise and consistent description of future situations,
including the transition path from the present to the future state
(Lechtenb€ohmer, 2008: 12). In the current research three different
scenarios for the transition of the German energy landscape
(“Energiewende”) are depicted as hypothetical projections.

3.1.1. Ambitious scenario
In the ambitious scenario the “Energiewende” is realized

faster and more consequent than expected. The emission
reduction target of 80% by205013 is expected to be reached in
2040 already. The very high proportion of renewable energy
sources is balanced with large-scale underground hydrogen

storages. Hydrogen can be produced from cheap renewable peak
electricity and plays an increasingly important role in industrial
processes and in the transport sector, leading to the necessary
infrastructure construction. Past 2040 electricity prices fall below
present price levels and past 2050 CO2-free electricity is available
in the national grid. CO2 allowance prices rise fast due to inter-
nationally binding emission reduction targets and an interna-
tional trading scheme causing CO2-intensive processes to be less
profitable.

3.1.2. Moderate scenario
In the moderate scenario the transition of the energy sector is

realized consequently at the pace expected by the national mile-
stone plan (BMU, 2010).14 A high proportion of renewable energy
sources cause times of oversupply with very cheap peak-electricity
prices. CO2 prices rise moderately through a consistent national
trading system without many exceptions. Fossil fuel power plants
guarantee grid stability in combination with innovative smart
meters and smart grids. Electro-mechanical technologies dominate
the transport sector past 2050.

3.1.3. Conservative scenario
The conservative scenario assumes the ongoing transition ac-

tivities to continue, without extraordinary efforts to overcome the
current difficulties regarding offshore wind and public pressure
against rising energy prices. Consequently the 80% emission
reduction target is postponed until 2070, slowing down the roll-out
of renewable energies and strengthening the medium-term
importance of fossil fuels. CO2 prices only rise slowly since no
internationally binding targets are passed. Lower proportions of
renewable energies do not necessitate large-scale storage units. The
nuclear phase-out is nevertheless realized by 2022. This scenario is
the only one deemed possible by stakeholders of the iron and steel
industry.15

In line with these scenarios, projections over the investigation
period are developed for the most important model assumptions
(Table-A 1 and additional details in Appendix A). These are either
assumptions that have strong timely variation or very significant
impact on the simulation results. The values in Table-A 1 are based
on several renowned scenario studies of the German energy tran-
sition.16 The applicability to the iron and steel industry is discussed
with industry experts.

After having derived the main model assumptions, additional
information regarding system boundaries, technical parameters,
and conventions are given in the next subsection.

3.2. Model description

The four steel production models include the iron and steel
production process steps as well as the preparation of the input
materials (sintering, coking, grinding, etc.). To compare routes with
different reducing agents, also the upstream value chain of the
reducing agent is included, starting from the source (mining of coal,
RE electricity generation, hydrogen production). Further processing
of crude steel is not included in the system boundaries since these
process steps are similar regardless of the production route
(Germeshuizen and Blom, 2013: 10680). For the BF-CCS route only
the carbon sequestration and capture steps are inside the bound-
aries. Energy demand and infrastructure for the carbon storage is

13 BMU (2010: 4).

14 80% emission reduction by 2050 compared to 1990 levels.
15 Kesseler (2014).
16 Nitsch et al. (2012), Nitsch et al. (2012), Bundesministerium für Umwelt
Naturschutz und Reaktorsicherheit (BMU) (2011), Pardo and Moya (2013).
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not considered. The schematic diagram in Fig. 2 visualizes the
system boundaries.

For the process steps inside the system boundaries all material
and energy flows as well as all direct GHG emissions are consid-
ered. Many input materials already carry a certain burden of ‘up-
stream’ GHG emissions from their production. To keep the models
realistic the most significant indirect effects are included. The in-
direct emission from the production of electricity, lime, graphite
electrodes, and oxygen are included in the total emission of the
model. For process gases that are commonly used for electricity
generation and for blast furnace slag, which can substitute clinker
in the cement industry, emission credits are allocated to the rele-
vant process steps. For other input materials according to Fig. 2 no
indirect emissions are considered. To ensure the comparability of
the models the following conventions are applied rigorously
throughout all four models:

� Credits for waste gases are accounted only with the balance to
the average emission factor of the grid17

� Credits for slag are only considered for the blast furnace based
production routes (BF-BOF and BF-CCS)

� 100% of GHG emission is compensated by CO2 allowances (to
guarantee a common basis for economic comparison)

� GHG emission is allocated to the process steps where it leaves
the system boundaries (polluter principle)

� Waste products are used internally whenever possible (see self
sufficiency assumption W€ortler et al., 2013: 13)

� All input materials are bought at assumed market price (Table-
A 1, Table-A 2 e Table-A 6)

� Lower heating value is used for all energy calculations

� All monetary values are real values to the base year 2010
� Same sales price for hot rolled coil is assumed for all production
routes

� Not available technical assumptions were taken from similar
technologies in operation, together with an uncertainty factor
(e.g. CAPEX assumption in Table-A 6)

In addition to the main assumptions in Table-A 1 a variety of
technical parameters are included in the models (see Appendix
Table-A 2 e Table-A 6). To reduce the complexity these technical
parameters are kept constant over the investigation period
(ceteris paribus assumption). Therefore, no incremental improve-
ments, e.g. through efficiency gains, are included. For mature
technologies and long investment cycles this is an acceptable
simplification.

Before presenting the simulation results the following subsec-
tion discusses the limitations of the used numerical models.

3.3. Model limitations

In modelling there is inevitably a trade-off between reproducing
reality and maintaining a simplicity that allows identification of de-
pendencies. Themodels in this research are not accurate simulations
of specific plants. The lack of real data and the focus on a long-term
technology outlook calls for a simplified modelling approach with
hypothetical plants and assumptions that are nevertheless thor-
oughly investigated and representative for the iron and steel industry.
The absolute results of the models are less meaningful because the
long-term assumption basis has high uncertainties. The relative
comparison of results between the different production routes
though, is very relevant for the technology evaluation. Comparable to
the findings of (Germeshuizen and Blom, 2013) also the current re-
sults cannot be generalized since themodel represents a hypothetical
plant.
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17 Based on Ecofys (2009: 14) but with average emission factor instead of natural
gas emission factor.
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4. Results

Without a decline in world steel demand, emission reduction
targets for the iron and steel industry will not be met without
technological breakthrough (W€ortler et al., 2013). In this section the
results of the techno-economic assessment of alternative primary
steelmaking routes are presented.

Subsection 4.1 starts with mass and energy balances for the four
respective routes. Time-dependent simulation results for each
route are subsequently presented in subsection 4.2, with an overall
technology comparison in subsection 4.3. Finally in subsection 4.4
the results of a sensitivity analysis, to validate the robustness of
the model to changing input factors in the future, are presented.

4.1. Mass and energy balance

The technical characteristics of the models are not time
dependent (see section 3.2). Therefore calculated energy and mass
balances are valid throughout the investigation period. In Fig. 3 the
energy and raw material demand for one tonne of crude steel is
compared between all four production routes. For detailed simu-
lation results please refer to Figure-A 1 in the appendix.

The BF-BOF route is by far the most energy intensive route
(model 1). The combination with TGR and CCS technology con-
sumes additional electricity but reduces the coal/coke demand by
about 20%. The total energy demand of model 2 is about 15% lower
than for model 1, which is remarkable since in most cases CCS
application causes a higher energy demand (EUROFER, 2013: 42).
Typical for the direct reduction (H-DR) process is the significantly
lower energy demand (model 3). Even including energy losses
through hydrogen production via electrolysis, the total demand is
still 40% lower than for the BF-BOF route. For the hydrogen pro-
duction large amounts of electricity are necessary, which need to be
produced carbon-free if CO2 emission reduction is to be achieved

(approx. 3% of Germany's electricity demand would be needed to
substitute a 5 Mt/a BF-route with H-DR).18 Since no transformation
step is needed for the EW route (model 4) this is the most energy
efficient route with 9.3 GJ/t CS. The energy demand is entirely
covered by electricity which drives the routes unprofitable during
times of high electricity prices. With continuous production of
8640h19 per year only 22% of the electricity demand can be covered
by cheap and renewable peak electricity. Apart from an insignifi-
cant amount of carbon as aggregate (less than 0.1% of carbon con-
tent in steel),20 no further fossil fuels are used in the routes
described by model 3 and 4. The GHG emissions are caused indi-
rectly by the consumed grid electricity and fluxes.

The cumulative raw material demand in metric tonnes differs
significantly between the coal-based routes (model 1 and 2) and
the electricity based routes (model 3 and 4). In the BF-CCS route
200 kg of coal and fluxes are omitted but additional electricity for
the TGR and carbon sequestration is needed. For the hydrogen
production in model 3 and the sodium hydroxide solution in model
4 about 700 kg of water is necessary and included under ‘Other’ in
Fig. 3. The iron ore demand for model 3 and 4 is lower because fine
ore and concentrates with high iron content are used. Overall the
lowest raw material demand is simulated for the electrowinning
route, where massless electricity is used as energy source and
reducing agent. The substitution of coal as reducing agent by
hydrogen or electricity eliminates the largest source of CO2 emis-
sion. About one tonne of CO2e emission solely for the iron ore
reduction step can be omitted by a virtually carbon free reduction, if
‘green’ electricity is available (see Figure-A 1).
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18 Kesseler (2014).
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4.2. Economical analysis

In this section the simulated economic performance based on
the three future scenarios is compared. The four routes are
compared separately for each scenario. As indicators for the eco-
nomic performance, the revenue, the operating expenses (OPEX),
and the earnings before interest and taxes (EBIT) are plotted for the
investigation period. The time frame before a technology is realis-
tically market-ready is displayed faintly and is not considered for
the comparison.

4.2.1. Conservative scenario
The conservative scenario is the most favourable one for the

conventional route (BF-BOF). Even though 100% of the CO2e
emission has to be compensated, the relatively low prices for CO2
allowances, fossil based electricity, and scrap in the first decades of
the investigation period maintain a positive EBIT until 2030 (see
Fig. 4). In combination with TGR and CCS even until 2050 (BF-CCS).
In long-term, rising prices for fossil fuels, scrap and carbon al-
lowances make both BF-based routes unprofitable unless subsidies
or significantly higher sales prices for steel become reality. With a
small share of RE sources towards the beginning of the investi-
gation period no cheap peak electricity is available for hydrogen
production or iron ore electrolysis. Therefore the two routes with
alternative reducing agents (H-DR and EW) are highly unprofitable
until 2040 even if technological marketability would be accom-
plished earlier. Past 2040 H-DR has lower OPEX than BF-BOF due
to decreasing peak electricity cost at times of renewable electricity
oversupply. The selective consumption of renewable peak elec-
tricity for excess hydrogen production and storage provides H-DR
with an electricity price advantage and makes it the most profit-
able steel production route in the second half of the current

century, even outperforming the more energy efficient EW route
(see Fig. 5).

4.2.2. Moderate scenario
The faster transformation of the energy sector causes electricity

prices to rise faster and higher between 2020 and 2030 before
falling faster than within the conservative scenario. The faster price
increase for carbon allowances and steel scrap causes the BF-BOF
and the BF-CCS route to become unprofitable about 10 years
earlier than in the conservative scenario due to higher production
costs. Themore severe interim electricity price increase impedes an
early market entry for the H-DR and EW route. For H-DR past 2050
the long-term profitability is higher and with two-digit EBIT mar-
gins past 2080 comparable to the most profitable times of the
conventional steel production route. Lower grid electricity prices
and lower scrap prices past 2040 compared to the conservative
scenario provoke the EW route to become profitable past 2060. The
electricity price advantage through higher share of RE for H-DR
remains.

4.2.3. Ambitious scenario
In the ambitious scenario the accelerated energy trans-

formation leads to an even higher electricity price peak in 2020
with lower price levels than 2010 already in 2040. The high share
of RE sources (100%) in 2050 provides virtually free peak elec-
tricity at times of oversupply, favouring the electricity-based
production routes. H-DR, which uses 80% peak electricity be-
comes profitable already shortly past 2030 due to the energy cost
advantage (see Fig. 6). EW, which is the most sensitive route to
electricity price changes, cannot be operated economically before
2050 when electricity prices drop to their lower limit at V 40/
MWh. The BF-based routes are struck by quickly rising prices for
CO2 allowances. The BF-BOF route already suffers from OPEX levels
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above V 650/t CS (break-even) by 2030, ten years earlier than
during the conservative scenario. The BF-CCS route, which is less
prone to scenario changes than the conventional route, remains
with a revenue-cost balance close to zero throughout the inves-
tigation period. With subsidies for this technological option the
BF-CCS route could be a viable intermediate technology for the gap
after BF-BOF phase-out and before market entry of breakthrough
technologies (see Section 5).

4.3. Technology comparison

4.3.1. NPV comparison
NPV is one of the key indicators for economical investment

decisions in the selection of alternative investment options, like
new production facilities based on different technology options.
The direct comparison of the simulated NPVs for the four discussed
alternative steelmaking routes reveals technological turning points.
Even though absolute NPV levels might include an offset due to
uncertainties in future development, the relative comparison
shows the economical future potential of the production routes. In
Fig. 7 the simulated NPV projections are plotted for the different
routes during the moderate scenario case. BF-BOF as incumbent
route starts out to be the most attractive technology option. The
hypothetical assumption to completely offset all CO2e emissions
results in a NPV that turns negative already before 2020. In direct
comparison to the other routes the NPV of BF-BOF is significantly
higher and thus it is obvious why this option has been the most
popular production route until today. Even including the full cost of
emitted CO2, at price levels below V 30/t CO2e, BF-BOF is the most
profitable new plant investment choice until 2020 (until 2030 in
conservative scenario). Starting from 2030 onwards (in ambitious
scenario from 2020) the combination with TGR and CCS becomes
more attractive. In 2040, mainly due to high CO2 price pressure and
cheap peak electricity, the new construction of a H-DR plant is
technically marketable and economically the most profitable in-
vestment choice (in the ambitious scenario even several years
earlier). Under present electricity supply assumptions, with higher
electricity prices for EW, H-DR remains the most attractive route

throughout the current century; even without taking hydrogen
synergies with other sectors into account (see Section 5) (see Fig. 7).

4.3.2. CO2 comparison
Since no technical improvement within the production routes is

simulated during the investigation period the CO2 emission
reduction either results from substitution of coal or from a smaller
emission factor during electricity generation, which is not
controlled by the steel plant operator. In Fig. 8 the projection of the
specific CO2e emission for the production of one tonne of CS is
shown for all four production routes. The moderate scenario is
plotted in bold, conservative and ambitious scenarios are displayed
by dotted lines, representing the three different development op-
tions for each production route. The BF-BOF route is the only route
with rising net CO2e emissions due to diminishing credits for
electricity production from waste gases compared to a decreasing
grid emission factor. BF-CCS route with relatively constant CO2e
emission of around 800 kg CO2e/t CO2 could already reduce emis-
sion levels compared to BF-BOF by about 50%. A reduction of 80% is
impossible to achieve without breakthrough technologies that use
alternative reducing agents.

The EW route uses electricity directly as reducing agent.
Depending on the type of electricity generation CO2e emission can be
almost as high as for the BF-BOF routes (e.g. if the grid emission
factor (EF) is at 2010 levels (455 kg CO2e/MWh)). For carbon free
electricity produced by 100% RE sources the specific CO2e emission of
the EWroute is at 180 kg and stems from coal utilisation as aggregate
in the EAF steelmaking step to attain the desired carbon content of
the final steel product. The same dependency on the EF can be seen
for the H-DR route, with the exception that, by assumption, 80% of
the consumed electricity is 100% renewable peak electricity without
a CO2 burden (“Rucksack”). Hence, evenwith higher grid EF the H-DR
route can be very carbon lean. The timing of the CO2e emission
reduction for the two breakthrough routes depends on the trans-
formation speed of the energy sector. For the ambitious scenario the
80% emission reduction target can be reached in time before 2050. In
all other scenarios the target is not met even with the use of
breakthrough technologies. In these cases additional material
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efficiency and demand reduction measures would be necessary to
comply with emission targets.

4.4. Sensitivity analysis

Modelling future developments bares a high number of un-
certainties. Sensitivity analyses help to estimate the impact that
variation in the model assumptions have on the simulation results
and hence improves the understanding of the model validity
(Zopounidis and Pardalos, 2010: 158). During the sensitivity ana-
lyses one key assumption is varied and all other assumptions are
kept constant. As convention for all following sensitivity analyses,
assumptions that are not varied use their value of year 2050 in the
moderate scenario. The sensitivity can change slightly if another
base year and scenario is selected and hence other absolute values
are simulated. Relative trends in comparison between the respec-
tive sensitivities remain similar. In the following, three sensitivity
analyses are presented for assumptions that have a high degree of
uncertainty and a crucial impact on the simulation results.

4.4.1. CO2 price
The price for CO2 allowances does not solely depend on classical

supply and demand balances but is influenced strongly by political
decisions regarding implementation of an international trading
scheme. In the case of the iron and steel industry, with large
amounts of CO2e emission the production cost depends signifi-
cantly on the degree of enforcement and the price for CO2 allow-
ances. Enforcement of carbon offset is assumed to be 100% for all
models in this study. The impact of variation in carbon price levels
on the profitability of the respective routes is displayed in Fig. 9 for
the market situation in the moderate scenario in 2050 and in the
ambitious scenario in 2030 which marks a turning point in tech-
nology breakthrough. The EBIT as direct indicator for the profit-
ability of a production route is affected negatively by increasing CO2

prices in all cases (negative slope for all routes in Fig. 9). The BF-BOF
route is most sensitive to high CO2 prices because the highest
volume of CO2e is emitted per tonne of steel produced. The high
share of renewable electricity for the H-DR route causes this route
to be least sensitive to CO2 prices and hence receives a relative
advantage in case of rising prices for carbon allowances. Past 2050
H-DR is the most profitable production route regardless of CO2
prices. Even without the obligation to pay for CO2 emission (price
level 0 V/t CO2) the profitability of the BF-based routes shrinks
drastically in the second half of the current century due to
increasing cost of coal and natural gas. In 2050 moderate scenario
the grid electricity still contains a 180 kg/MWh CO2 “Rucksack”
causing the EW route to be less profitable than BF-BOF and BF-CCS
for low and medium CO2 price levels. In 2030, when H-DR is ex-
pected to reach technical maturity, for the CO2 price level in the
ambitious scenario (V 45/t CO2) H-DR is still not competitive with
the conventional routes. In case of a high CO2 price level of V 70/t
CO2, H-DR would match profitability of the BF-BOF route already in
2030, closing the gap towards a technological breakthrough in time
to reach 2050 reduction targets. On the other hand (EUROFER,
2013: 46) estimates that at a price of V 25/t CO2 the steel in-
dustry would be pushed to reduce production and abandon market
share to foreign competitors.

4.4.2. Emission factor grid
The emission factor (EF) of the German electricity grid is the

average CO2e emission for generation of one MWh of electricity.
Every electricity consumer causes this indirect emission. The
emission factor cannot be influenced directly but results from de-
velopments in the mix of energy sources and the technological
efficiency during electricity generation. For the present models the
EF is assumed to decline linearly from 2010 levels (550 kg/MWh) to
0 when electricity is produced from 100% renewable sources.
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Fig. 8. Technology comparison: CO2e emission in all three scenarios.
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Analysing the sensitivity of the models against a variation of the
assumed emission factor shows the results in Fig. 10.

OPEX and CO2e emission are plotted on the left axis, the cor-
responding EBIT on the right axis. Similar to the characteristics of
the CO2 emission comparison in Section 4.3, the BF-BOF route
shows an opposite sensitivity trend to the other routes. This is
again caused by emission credits for waste gases that depend on
the difference to the grid emission factor. A higher grid EF causes
less credits and therefore higher OPEX through higher cost for CO2
allowances. For all other routes that are net electricity consumers,
increasing grid EF causes higher indirect CO2e emission and hence
higher OPEX leading to a reduction in the profitability. With the
highest electricity demand EW is the most sensitive route to the
grid EF which can only become profitable if electricity is produced
almost entirely by RE sources in the future. With EF close to zero
H-DR and EW both achieve an emission reduction of 90%
compared to average 1990 levels. Already today (for EF smaller
550 kg CO2e/MWh) H-DR is the most carbon lean production
route, making BF-CCS as intermediate technology unnecessary
from an environmental point of view. At emission factors below
300 kg CO2e/MWh also EW is able to produce steel less carbon
intensive than BF-CCS.

4.4.3. Sensitivity CAPEX
Variations in the CAPEX assumptions for the alternative routes

have most impact in the NPV projections. With CAPEX values as
displayed in Table-A 3eTable-A 6 the earliest point in timewhen H-
DR offers a more profitable investment choice than BF-BOF in the
moderate scenario is in 2040 (see Section 4.3). At the point of
technological marketability of the H-DR route21 in 2030, NPV is still
considerably lower than for the conventional routes. A CAPEX of V
465/t capacity (reduction of almost 50%) would be necessary for the
H-DR to become as economically attractive as BF-BOF already in
2030. In the ambitious scenario a CAPEX reduction of only 10%
would be sufficient to make H-DR more attractive than BF-BOF
already in 2030, at the time of technical availability eliminating
the need of an intermediate production route. A 10% CAPEX cost
decrease for the H-DR technology seems realistic if further research
efforts are promoted throughout 2030.

After having presented the techno-economic performance of
the four alternative steelmaking routes in detail, the next sections
aims to discuss the results and to draw conclusions to answer the
research question from Section 1.

5. Discussion and conclusion

In this section the applicability and limitation of the alternative
steelmaking routes are discussed and conclusions regarding their
future potential for the steel industry are drawn. An outlook
identifies further research potential that will add to the reliability of
the current conclusions.

5.1. Technology potential

Steelmaking is a highly sophisticated industrial process that has
developed its current route over centuries adapting to changing
raw materials, technologies, consumer requirements, and market
constraints. A high degree of integrationwith the energy sector and
sensitive dependencies to a variety of input factors make the pre-
diction of future developments in steelmaking highly challenging,
especially in light of a major energy transformation to come.

From a purely environmental perspective various facts point
towards a radical technology change towards themostmaterial and
energy efficient route with only marginal CO2 emission e the EW
route. This is especially true if the energy transformation follows
the ambitious scenario development towards a ‘green’ electricity-
dominated system.

Adding economic considerations to the picture and assuming
price developments for input materials and cost for GHG emission
changes the picture. Economical viability and efficient emission
reduction have to be taken into account. The present research
highlights the importance of the two breakthrough technologies H-
DR and EW which have not been assessed in most techno-
economic scenario studies due to shorter investigation periods
and the immature technical development. Both routes show a great
potential to allow economically viable emission reduction in line
with climate targets and to substitute the conventional routes
within the next 50 years. H-DR would be favoured in case synergies
with hydrogen infrastructure and production exist with other
sectors. EW can only contribute to emission reduction in a
renewable electricity based system.

Mainly due to increasing cost of fossil fuels and the politically
driven decisions for an energy transformation, the current profit-
ability of the incumbent BF-BOF route will diminish within the cur-
rent century. The conservative scenario which assumes a rather slow
energy transformation and a deferral of climate targets predicts the
coal based production routes (BF-BOF and BF-CCS) to remain the
preferred choice for a new plant investment throughout 2040e2050.
The ambitious scenario on the other extreme, which assumes an
accelerated energy transformation and high shares of RE sources in
the next decades, predicts the breakthrough technologies H-DR and
EW to outperform the coal based routes already in 2030e2040. Past
2050 even without prices for CO2 allowance BF-BOF and BF-CCS
cannot compete with H-DR and EW. This is due to the expected
price increase of fossil fuels and a significant decrease in electricity
prices through the merit order effect of RE sources. The relevant
question is which timing and technology choice can be expected
during the transition.

In the conservative scenario, starting between 2020 and 2030,
new plants will use TGR and CCS technologies to produce steel
according to the BF-CCS route. From 2040 onwards the most
attractive choice for a new plant is the H-DR route, which remains
the preferred primary route throughout the end of the present
investigation period (2100). In the moderate scenario the technol-
ogy switch happens about 5 years earlier. In the ambitious scenario
CCS technology is applied from 2020 onward, H-DR already before
2040. Due to the low electricity prices also EW is a viable alterna-
tive whenever no synergies with the hydrogen production and
storage are expected.

As shown in Section 4.4 higher CO2 prices (V 70/t CO2) or a 10%
lower CAPEX in 2030 could avoid the tendency to use CCS as in-
termediate technology with necessary infrastructure investments
only for a rather short competitive period before more economical
and less carbon-intensive technologies are available.

Overall it can be concluded that the 80% emission reduction
target for the iron and steel industry in 2050 is very challenging to
achieve and can only be achieved with early implementation of
breakthrough technologies accompanied by very stringent inter-
national political climate measures and preferably additional ma-
terial efficiency measures.

5.2. Implications

The current research illustrates the importance of technological
innovation in the iron- and steel industry. Steel producers are
recommended to invest in the development of innovative21 EUROFER (2013: 42).
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technologies like H-DR or EW to reach industrial maturity by
2030e2040. Explicit technology strategies should be developed to
ensure future competitiveness in a fast changing environment.
Policy makers are recommended to provide a consistent and secure
climate policy for the industry. Once targets are clearly set a sub-
stantial research and development support as well as international
knowledge exchange programs would be necessary to facilitate the
necessary innovation. Regarding the interdependencies of the steel
production with developments in other sectors, binding roadmaps
regarding CCS utilization, hydrogen infrastructure, and renewable
energy rollout are recommended and would allow the industry to
develop future strategies.

5.3. Limitations

All derived results have to be put into perspective considering the
lack of real data from plants in operation and proven data for the two
innovative routes thathavenotbeenfield tested in industrial scaleyet.
The prediction of future developments always bares a high degree of
uncertainty especially for long investigation periods like in the pre-
sent research. Using three scenarios for different developments of
future assumptions broadens the spectrum of possible results but
does not guarantee to predict themost probable future development.
As stated by (EUROFER, 2013: 52) “from today's perspective it is not
possible to predict which technology is most likely to emerge”.

The current scenario analysis assumes a very simplified world,
reducing complexity by neglecting external factors like path de-
pendencies through existing infrastructure, national and interna-
tional competition in the iron and steel industry, and carbon-leakage.
For the innovative routes with partly immature technologies there is
a significant risk that marketability for industrial scale application is
never achieved. As highlighted by (Allwood and Cullen, 2012: 145) it
is not necessarily the best technology which gains the highest
market share. The application of certain technologies depends on the
system context. The strong interdependencies of the iron and steel
industry with other sectors in- and outside Germany as well as the
risk of unilateral discrimination of the German steel industry has to
be taken into account to receive a more realistic and well rounded
assessment of future steelmaking technologies.

5.4. Outlook

As discussed in the previous section the present results are just a
small excerpt of the wide variety of factors that have to be taken
into account to provide an exhaustive evaluation of innovative
steelmaking technologies. In the next step a multi criteria analysis
(MCA) is planned, which includes numerous criteria from the areas
technology, society & politics, economics, safety, and ecology (see
Table-A 7). The criteria are valued based on quantitative or quali-
tative data that originates from the presented techno-economic
models, literature review, or expert judgement. In order to inte-
grate the unique perspectives of different stakeholder groups
different sets of weighting factors are used for the MCA. The
weighting factors are determined in examplary discussions with
experts from NGO's, politics and steel producers.

Appendix

A. Scenario assumptions

The justifications of the scenario assumptions from Table-A 1
are presented as follows.

Price metallurgical coal
Especially the predictions of the coal price vary widely in liter-

ature. (Kirchner andMatthes, 2009) expects a price increase of 3.4%
p.a. until 2050, due to increased procurement costs and taxes.
(Nitsch et al., 2012: 3) predicts an annual price increase between
1.4% and 2.8%. Since the worldwide coal supply will last at least for
another 150 years (International Energy Agency (IEA), 2010: 207) a
dramatic price increase due to shortage is not expected for the
current research. Metallurgical coal is a special coal which does not
follow the normal price variation for hard coal, but correlates
closely with the worldwide production volume of iron and steel.
Independently of the steel production in Germany, the steel pro-
duction worldwide is expected to grow at least until 2050 (Neelis
and Patel, 2006: 71e74). Assuming no carbon-free production
technology to gain significant market shares before 2050, also the
metallurgical coal demand is expected to rise. (Pardo and Moya,
2013: 119) predicts a compound annual growth rate (CAGR) from
the 2010 price level of metallurgical coal (V 170/t) of 1.64%. In the
current research this CAGR is used until 2050. Past 2050 a reduced
annual growth of 0.75% is used because a demand reduction is
expected mainly due to the market entry of carbon-free steel pro-
duction technologies (Neelis and Patel, 2006: 74). Since the
development of the metallurgical coal price does not depend on the
transformation of the German energy system, the same price tra-
jectory is used for all three scenarios.

Price iron ore
In the past 50 years the iron ore price grew by 2.56% per year

(Babies et al., 2011: 137). Recent scenario studies of the iron and
steel industry predict a price increase of 1.2% CAGR until 2050
(Pardo and Moya, 2013: 119). In mid-term experts expect an over-
supply of iron ore by 2020 because steel production grows slower
than ore mining (Lelong et al., 2014: 24). Since the iron ore price
does not depend on the energy transformation and all production
routes use very similar amounts of iron ore feedstock, the price
projections for all scenarios is the samewith a very moderate CAGR
of 0.75%.

Price CO2 Allowances
The CO2 price development is very difficult to predict since it

does not solely depend on supply and demand dynamics but also
heavily on political decisions. Due to the planned exit from nuclear
power production in Germany by 2022 and increased CO2 emission
price levels are expected to rise significantly (Schlesinger et al.,
2011: 14). Despite current exceptions for energy intensive in-
dustries, like the iron and steel industry, the current research as-
sumes that all CO2 emission has to be offset by an equivalent
amount of CO2 allowances. Like this all primary production routes
in focus of the current research can be compared economically.
Starting from a price level of V 14/t CO2 in 2010, in the ambitious
scenario a very strong price increase of 4.2% p.a. is assumes based
on „price path A - high“ from (Nitsch et al., 2012: 51). For the
moderate and conservative scenarios price paths “B e moderate”
and “C e low”with CAGR of 3.5% and 2.9% from (Nitsch et al., 2012:
51) are applied. The mentioned growth rates are extrapolated past
2050 until a max. price level of V 100/t CO2 is reached.

Price natural gas
The natural gas price, like prices for other fossil fuels, will rise

continuously due to increasing production costs and growing de-
mand in developing countries. Like for the CO2 price the three pro-
jections from (Nitsch et al., 2012: 51) are used again. For the
ambitious scenario the price path A with a CAGR of 2.3%, in the
moderate scenario the path B with a CAGR of 1.5%, and in the con-
servative scenario the path C with a CAGR of 0.8% is used. The impact
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of the natural gas price on the simulation results is rather small since
it makes up less than 1% of the OPEX for the BF-based routes.

RE fraction of gross electricity consumption
The share of RE in the German energy mix depends on a multi-

tude of external factors. Some scenario studies even calculate the
energy mix as a simulation result (Nitsch et al., 2012), (Schlesinger
et al., 2011). In the current research the simulation focus is on the
steel production routes and therefore it is assumed that the RE
fraction in themoderate scenario develops according to the targets of
the German federal government (BMU, 2010: 4). That is 80% RE share
by 2050. In the ambitious scenario the 80% share is reached already in
2040 and in the conservative scenario by 2070. The development is
assumed to be linear for the entire investigation period.

Price electricity
The electricity price depends on the production cost of elec-

tricity in fossil fuel plants and from renewable energy sources,
weighted by the specific distribution. Especially in the beginning of
the investigation period, due to high investments and low utiliza-
tion, RE sources are much more expensive than large scale fossil
fuel plants. Through very low fix cost (merit order effect) and
further learning effects of the immature renewable technologies on
one hand and steadily rising prices for fossil fuel feedstock on the
other hand, the price developments of RE and fossil energy are
opposite. The average electricity price is derived as a weighted
average of both sources depending on the RE fraction.

The price projections for the fossil fuel based electricity are
taken from (Nitsch et al., 2010: 167) with a 12% surcharge for the
grid utilization (Bundesnetzagentur, 2010: 24). The price projection
for the renewable electricity starts with an initial value for 2010 of
V 140/MWh (Nitsch et al., 2010: 167), plus the 12% surcharge and
then evolves like a typical learning curve.22 The long-run marginal
cost for renewable electricity of V 40/MWh are reached in 2050
(ambitious scenario), 2060 (moderate scenario) or respective 2070
(conservative scenario).

Price peak electricity
Peak electricity refers to excess electricity at times of oversupply

(e.g. strong wind, high sun intensity), that is usually sold at very low
prices to maintain grid stability. The higher the RE share, the more
volatile is the electricity production and more peaks have to be

compensated by variable pricing. In the current research the devel-
opment of the peak electricity price is assumed to start with the
minimal production cost of wind power (V 50/MWh)23 and de-
creases until peak electricity is free when 100% RE sources are used.

CO2 emission factor
The emission factor (EF) of the German electricity mix evolves

dependent on the RE fraction. Like for the peak electricity price, a
linear development of the current value until electricity is gener-
ated 100% by RE and the EF is 0, is assumed. The 2010 value is
546 kg/MWh according to (Icha, 2013: 2). In the ambitious scenario
an EF of 0 is reached by 2050. In the moderate and conservative
scenario this point is reached by 2070, 2080 respectively.

Price scrap
Scrap recycling is an energy and emission efficient alternative to

primary steel making. Therefore scrap price is usually twice as high
as unreduced iron ore. In the conservative scenario this price dif-
ference is maintained, i.e. the scrap price evolves with the same
CAGR as iron ore (0.75% p.a.). In the moderate scenario, where
higher CO2 prices favour the secondary steel production, scrap
prices rise faster until 2050 (CAGR of 1.2%24). Past 2050 the market
entry of carbon free production technologies like H-DR or EW
damps the scrap demand and a constant price level until 2100 is
assumed. In the ambitious scenario the same effect is expected
more intensely. Hence the scrap price is expected to decrease past
2050 by �0.5% per year.

Price hot rolled coil
To simulate revenues the most basic product of the steel pro-

duction routes is chosen e the hot rolled coil (HRC). With the
assumption that one tone of crude steel leads to 910 kg HRC, the
production cost can be compared with a revenue dimension.
Expecting the industry to pass on iron ore prices, the 0.75% CAGR of
the iron ore price is also applied to the sales price of HRC until 2050
and stays constant afterwards. The starting price in 2010 is
assumed to be V 631/t HRC (Statistisches Bundesamt, 2012: 77).
The same price developments are assumed for all three scenarios.

B. Constant model assumptions

22 Learning curve with typical exponential trend f(x) ¼ ax-b, with a ¼ 157.

23 Nitsch et al. (2010: 23).
24 Pardo and Moya (2013: 119).
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Table-A 2
Common assumptions for all routes.

Parameter Value Unit Comment Source

Discount rate 10 % Weighted Average Cost of Capital (WACC) (W€ortler et al., 2013)
Inflation 3 % (W€ortler et al., 2013)
Investment period 20 Years (W€ortler et al., 2013)

(Europ€aische Kommission, 2010)
Labor cost 38 EUR/t crude steel Corresponds to 9% of OPEX from BF

route (W€ortler et al., 2013)
(Kesseler, 2014)

Price water 1.5 EUR/m3 (Ramming, 2003)
Price oxygen 66 EUR/t (Pardo and Moya, 2013) (Steelonthenet.com)
Price diesel 28 EUR/GJ (OECD, 2010)
Price fluxes 27 EUR/t Average price from lime V 20/t and

limestone V 100/t in ratio 10:1
(Pardo and Moya, 2013)

Price ferroalloys 1,777 EUR/t Same amount and price for all routes (Pardo and Moya, 2013)
Material loss crude steel to end

product hot rolled coil
9 % (Birat et al., 2008)

Maintenance cost 3 % of CAPEX (Voigt and Schmidt, 2014)
Other cost (fix and overhead) 10 % of revenue (Kesseler, 2014)
Tax 25 % of EBIT (Europ€aische Kommission, 2010)

(Kesseler, 2014)
CO2 “Rucksack” oxygen 239 kg/t O2 (Voigt and Schmidt, 2014)
CO2 “Rucksack” fluxes 1,150 kg/t flux (Voigt and Schmidt, 2014)

Table-A 1
Model assumptions according to scenario predictions (Additional justification see Appendix A).

Assumptions Price metal.
coke

Price iron
ore

Price CO2

allowances
Price
natural gas

RE
fraction

Price electricity
fossil

Price
electricity RE

Price peak
electricity

CO2 emission
electricity

Price
scrap

Price hot
rolled coil

Yearyunit EUR2010/t EUR2010/t EUR2010/t EUR2010/GJ % EUR2010/MWh EUR2010/MWh EUR2010/MWh EUR2010/GJ kg/MWh EUR2010/t

Ambitious scenario
2010 170 106 14 5.8 17% 62 157 50 546 255 631
2020 200 114 27 8.1 38% 93 87 38 410 287 680
2030 235 123 45 10.5 59% 118 62 25 273 324 733
2040 277 133 60 12.7 80% 136 48 13 137 365 790
2050 326 143 75 14.9 100% 157 40 0 0 411 851
2060 351 143 100 18.7 100% 197 40 0 0 391 851
2070 378 143 100 23.5 100% 247 40 0 0 372 851
2080 408 143 100 29.5 100% 310 40 0 0 354 851
2090 439 143 100 37.0 100% 389 40 0 0 336 851
2100 473 143 100 46.4 100% 489 40 0 0 320 851
Moderate scenario
2010 170 106 14 5.8 17% 62 157 50 546 255 631
2020 200 114 23 7.0 35% 81 93 42 455 287 680
2030 235 123 34 8.3 50% 88 68 33 364 324 733
2040 277 133 45 9.6 65% 97 55 25 273 365 790
2050 326 143 57 10.6 80% 106 46 17 182 411 851
2060 351 143 80 12.3 95% 122 40 8 91 411 851
2070 378 143 100 14.3 100% 140 40 0 0 411 851
2080 408 143 100 16.6 100% 161 40 0 0 411 851
2090 439 143 100 19.2 100% 185 40 0 0 411 851
2100 473 143 100 22.3 100% 212 40 0 0 411 851
Conservative scenario
2010 170 106 14 5.8 17% 62 157 50 546 255 631
2020 200 114 20 6.1 28% 66 96 44 478 275 680
2030 235 123 26 6.6 38% 70 73 38 410 296 733
2040 277 133 36 7.3 49% 74 59 31 341 319 790
2050 326 143 45 8.1 59% 78 51 25 273 344 851
2060 351 143 60 8.8 70% 82 45 19 205 371 851
2070 378 143 80 9.5 80% 86 40 13 137 399 851
2080 408 143 100 10.3 91% 91 40 6 68 430 851
2090 439 143 100 11.1 100% 95 40 0 0 464 851
2100 473 143 100 12.1 100% 100 40 0 0 500 851

Source (Nitsch et al., 2012), (BMU, 2010), (B€ohme et al., 2011), (Statista GmbH), (Schinko et al., 2014), (Icha, 2013), (Pardo and Moya, 2013), (Statistisches Bundesamt, 2012)

Table-A 3
Assumptions for BF-BOF model

Parameter Value Unit Comment Source

CAPEX 442 EUR/t
Capacity

‘Greenfield’ (W€ortler et al., 2013)

Sales price BF-slag 16 EUR/t (Pardo and Moya, 2013)
Sales price process

gases
90 % of natural gas

price
(Kesseler, 2014)

Sales price
electricity

90 % of purchase
price for
industrial
customers

Own assumption

Table-A 4
Assumptions for BF-CCS model

Parameter Value Unit Comment Source

CAPEX 566 EUR/t Capacity ‘Greenfield’ (W€ortler et al., 2013)

Additional assumptions according to Table-A 3.
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C. Additional simulation results

Table-A 5
Assumptions for H-DR model

Parameter Value Unit Comment Source

CAPEX 874 EUR/t Capacity CAPEX DRI-EAF V414/t additional V 450/t for
H2 electrolyser (V 650/kWel) and ca.
V 10/t CS for hydrogen underground storage
(capacity for 14 days with CAPEX V 0.09/kWh)

(W€ortler et al., 2013) (Smolinka et al., 2011)
(Nitsch et al., 2010) (T€opler and Lehmann, 2014)
(Kesseler, 2014)

Surcharge for peak electricity
transport

12 % 12% are charged by net provider for transport
of RE electricity to plant

(Bundesnetzagentur, 2010)

Share of peak electricity for
hydrogen electrolyzer

80 % 80% of electricity demand are covered by cheap
peak electricity; 20% by average grid electricity mix

Own assumption

Sales price oxygen 60 % of purchase price Own assumption
Labor cost increase compared

to BF-BOF route
40 % Lower capacity of H-DR plant causes higher specific

labor costs
(Kesseler, 2014)

Surcharge for iron ore 10 % Price surcharge for high quality iron ore with min.
68% Fe-content needed for H-DR and EW route

(Kesseler, 2014)

Table-A 6
Assumptions for EW model

Parameter Value Unit Comment Source

CAPEX 639 EUR/t Capacity EAF: V 184, EW: V 340 (Assumption:
CAPEX EW ¼ CAPEX H2 electrolyzer þ100%) (W€ortler et al., 2013)

(W€ortler et al., 2013) (Smolinka et al., 2011)
(T€opler and Lehmann, 2014)

Share of peak electricity for
hydrogen electrolyzer

25 % 25% of electricity demand are covered
by cheap peak electricity

Own assumption

Sales sodium hydroxide 60 % of purchase price Own assumption

Additional assumptions according to table Table-A 5.

Total
(f lows into 
system 

boundaries)

Production and 
transport of reducing 

agent (e.g. coal, H2,
electricity)

Preparation of raw 
materials

(e.g. grinding, coking, 
sintering)

Iron making
(e.g. BF, H2-DRI, EW)

Steel making3

(e.g. BOF, EAF)

BF-
BOF

Energy: 44 MJ
Ore: -
Coal : 712 kg
Other: 
CO2: 2 kg

BF-
CCS

H-DR

EW

Energy: - (all internal)
Ore: 1254 kg
Coal: -
Other: 642 kg
CO2: 498 kg

Energy: 162 MJ
Ore: 523 kg
Coal: -
Other: 124 kg
CO2: 1051 kg

Note: CO emissions for moderate scenario in 2050

Energy: 10603 MJ
Ore: -
Other: 707 kg
CO2: 107 kg

Energy: -
Ore: -
Other: -
CO2: -

Energy: 439 MJ
Ore: 1453 kg
Other: -
CO2: 22 kg

Energy: 2028 MJ
Scrap: 325 kg
Other: 114 kg
CO2: 280 kg

Energy: 390 MJ
Scrap: 190 kg  
Coal: -
Other: 165 kg
CO2: 167 kg

Energy: 34 MJ
Ore: -
Coal : 552 kg
Other: -
CO2: 1 kg

Energy: 140 MJ
Ore: 1254 kg
Coal: -
Other: 582 kg
CO2: 345 kg

Energy: 1057 MJ
Ore: 523 kg
Coal: -
Other: 124 kg
CO2: 224 kg

Energy: 520 MJ
Scrap: 190 kg  
Coal: -
Other: 182 kg
CO2: 193 kg

1

2

3

4

Energy: 13070 MJ
Ore: 1778 kg  
Other: 821 kg
CO2: 339 kg

Energy: 596 MJ
Ore: 1967 kg  
Coal: 712
Other: 930 kg
CO2: 1718 kg

Energy: 2117 MJ
Ore: 1967 kg  
Coal: 552
Other: 182 kg
CO2: 763 kg

Energy: -
Ore: -
Other: -
CO2: -

Energy: 7235 MJ
Ore: 1658 kg
Other: 545 kg
CO2: 275 kg

Energy: 2028 MJ
Scrap: 325 kg
Other: 114 kg
CO2: 280 kg

Energy: 9263 MJ
Ore: 1983 kg  
Other: 709 kg
CO2: 555 kg

Energy: -
Ore: -
Other: -
CO2: -

Figure-A 1Detailed mass and energy balance from simulation results.
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D. Multi criteria analysis
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Table-A 7
Criteria catalogue for multi criteria analysis

Criteria groups Sub criteria

Technology
1 System compatibility
2 Innovative potential
Society & politics
3 Compability with social objectives
4 Contribution to regional value creation
5 Intensity of implementation
Economics
6 Profitability
7 Strategic advantage
Safety
8 Vulnerability
9 Safety risks
Ecology
10 GHG emission
11 Other environmental impact
12 Energy efficiency
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a b s t r a c t

Steel production is one of the most energy and carbon intensive industries contributing 5e7% of the
global CO2 emissions. In the search for ways to decrease fossil CO2 emissions, biomass-based reducing
agents are considered as one promising opportunity. This paper presents the results of a systematic
literature review of technological possibilities and constraints, environmental performance and
economical limitations of using biomass-based reducing agents in iron and steelmaking processes. The
review indicates that biomass-based reducing agents could be applied in the main iron and steelmaking
unit processes with varied fossil fuel replacement ratios. The greatest potential to replace fossil fuel is in
the charcoal injection to the blast furnace. Life cycle emissions of steelmaking may be considerably
lowered through biomass-based reducing agent use. The main constraint in facilitating the transition
towards biomass-based steelmaking seems to be the high price of biomass and biomass-based reducing
agents compared to fossil-based reducing agents. In the future, there is a need to develop simultaneously
cross-industrial production platforms to produce biomass-based reducing agents and other, more
valuable products from biomass. This would enhance the economic and environmental performance of
producing steel with biomass-based reducing agents.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

The recent discussion concerning global warming and climate
change has highlighted the role of humans. It was argued in the
most recent Intergovernmental Panel on Climate Change (IPCC)
Climate Change Synthesis Report (IPCC, 2014) that the actions of
humans have accelerated global warming during the past decades
at a rate, which cannot be explained by the natural changes. One of
the main reasons for global warming is the accumulation of carbon
dioxide, methane and nitrous oxides in the atmosphere escalating
the greenhouse effect. Several nations have taken measures to
mitigate greenhouse gas (GHG) emissions. The best example might
be the European Union (EU), which has stated clear objectives to
decrease energy consumption and reduce CO2 emissions system-
atically by 2020 (European Commission, 2016a), 2030 (European
Commission, 2016b) and 2050 (European Commission, 2016c).
The 2050 Energy Roadmap describes the pathway towards a
Europe that has decreased its GHG emissions by 80e95% by 2050
compared to the 1990 level (European Commission, 2016c).

Steel production is one of the most energy and carbon intensive
industries contributing 5e7% of the global CO2 emissions. Several
new technologies are under development to decrease the envi-
ronmental burden of steel industry. These technologies and mea-
sures are reviewed in the work of Hasanbeigi et al. (2014) and
Quader et al. (2015). Biomass has been identified as one possible
raw material to replace part of fossil-based reducing agents in the
iron and steelmaking industry (Babich and Senk, 2013). Since the

properties of biomass differ considerably from the properties of
fossil-based reducing agents, their adoption is not straightforward
(Suopaj€arvi et al., 2013). A considerable amount of research work
has been undertaken in recent years to promote the shift from
fossil-based fuels to renewable biomass-based fuels in iron and
steelmaking processes, but the paper that summarizes the con-
ducted research from phenomena to system level is still missing.
This paper is the first attempt to provide a holistic review of the
technological possibilities and constraints, environmental perfor-
mance and economical limitations of using biomass-based
reducing agents in iron and steelmaking processes. The paper
provides relevant insights for further development of biomass-
based iron and steelmaking industry by suggesting future
research directions andmeans for industrial application in modern,
large-scale processes.

The review paper is organized in the following way. Chapter 2
provides a short description of different metallurgical processes. In
addition, the fundamental differences of biomass, biomass-based
chars and fossil-based coals and coke are discussed. Chapter 3 de-
scribes the methods that have been used to collect and refine the
raw data for this review. In chapter 4, the application of biomass-
based reducing agents in different metallurgical processes is thor-
oughly reviewed. Environmental performance of biomass-based
reducing agents is discussed in chapter 5. Chapter 6 provides an
analysis of the economic constraints of biomass-based reducing
agents. In chapter 7, the discussion and future research directions
are provided and chapter 8 concludes the review.

Nomenclature

Abbreviations
BF Blast Furnace
Bio-SNG Synthetic Natural Gas produced from biomass
BOF Basic Oxygen Furnace
CBC Coke Biochar Composite
CCA Carbon Composite Agglomerate
CRI Coke Reactivity Index
CSR Coke Strength after Reaction
DTF Drop Tube Furnace
DRI Direct Reduced Iron
EAF Electric Arc Furnace

EU European Union
FFS Flame Front Speed
GHG Greenhouse Gas
HM Hot Metal
IPCC Intergovernmental Panel on Climate Change
LCA Life Cycle Assessment
LPG Liquefied Petroleum Gas
NG Natural Gas
RHF Rotary Hearth Furnace
SEC Specific Energy Consumption
SRP Self-Reducing Pellet
TGA Thermogravimetric Analysis
VM Volatile Matter
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2. Iron and steelmaking

2.1. Steel production routes

Blast furnace-basic oxygen furnace (BFeBOF) route is the
dominant technology route today to produce carbon steel (Fig. 1a),
accounting approximately 72% of the total volume (World steel
Association, 2016). The hearth of this route is the BF in which hot
metal is produced by reducing and melting iron oxides with
carbon-based reducing agents. Iron ore is agglomerated either with
the sintering or with the pelletizing process. In addition, carbon
composite agglomerates (CCAs), which refer to agglomerates con-
taining carbon and iron-bearing materials and possibly a binder,
could be charged from the top of the BF (Ahmed et al., 2014). The
most important reducing agent for the BF is metallurgical coke,
which is produced in coke ovens from coking coals. Additionally,
pulverized coal, natural gas (NG) or oil is injected to the BF from the
lower part of the furnace. Liquid steel is produced in BOF in steel
mill. Liquid steel is further casted, rolled and finished into steel
products. Steel is also produced from the recycled scrap steel with
electric arc furnaces (EAF) (Fig. 1b). An EAF is a batch process in
which electricity is used to melt the scrap metal. The production of
steel from recycled scrap metal is limited by the availability of the
raw material (Yellishetty et al., 2011).

To avoid the raw material agglomeration processes needed in
the BF route, alternative technologies such as COREX smelting
reduction technology (Fig. 1c), have been developed. Production of
direct reduced iron (DRI) (Fig. 1d) has grown steadily during recent
years. DRI can be produced in rotary hearth furnaces (RHF), shaft
furnaces, rotary kilns and fluidized bed furnaces. DRI is further

refined into steel in EAF, to which it can be charged either as cold or
hot DRI briquettes.

The specific energy consumption (SEC) of BF-BOF route range
from 18 to 25 GJ/t steel (IEAGHG, 2013; Burchart-Korol, 2013) and
CO2 emissions from 2.2 to 2.5 tCO2/t steel (Norgate et al., 2012;
Burchart-Korol, 2013). Smelting reduction route energy consump-
tion ranges from 18.9 to 28.6 GJ/t steel (Larsson, 2004). Best practice
SEC of producing hot-rolled steel from direct reduced iron ac-
cording toWorrell et al. (2007) is 21.2 GJ/t steel, but it can be as high
as 30.9 GJ/t crude steel (Suopaj€arvi, 2015). CO2 emissions of DRI-
eEAF route are 1.1 tCO2/t crude steel and 2.5 tCO2/t crude steel
based on the use of NG and coal respectively (IEA, 2007). Scrap-
based steel production requires much less energy than primary
steel production, around 9e12 GJ/t steel (IEAGHG, 2013) and the
CO2 emissions are approximately 0.4 t/t crude steel (IEA, 2007).

2.2. Biomass properties compared to fossil-based reducing agents

Major part of the research work conducted in the area of
substituting fossil-based reducing agents with renewable, biomass-
based reducing agents, has focused on the BF process. The most
studied biomass-based reducing agent is charcoal, but also other
biomass-derived fuels have been studied in detail. According to the
recent study, possible substitution rates could be substantial
(Suopaj€arvi and Fabritius, 2013). Table 1 presents possible fossil-
based reducing agent substitution rates with charcoal in BF iron-
making. The largest potential to replace fossil-based reducing
agents is with charcoal injection. The charcoal injection rate could
be up to 200 kg/tHM (Machado et al., 2010a; Norgate et al., 2012;

Fig. 1. Steel production routes (based on Hasanbeigi et al., 2014).
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Mathieson et al., 2011). Current research findings suggest that the
share of charcoal in coal blend could be around 5% to produce
metallurgical coke with sufficient quality (MacPhee et al., 2009).
According to Hanrot et al. (2009) 20 kg/tHM of top-charged coke
could be substituted with lump charcoal.

The properties of the fossil-based fuels and biomass-based en-
ergy carriers differ significantly from each other. Coal and coke are
the main reducing agents used in iron and steelmaking processes.
The requirements of the coal for BF injection are numerous. The
coal should have low sulfur and phosphorus contents, since their
removal in later process stages increases costs. Volatile matter
content affects the coal gasification in the raceway and coke
replacement ratio in the BF process. The hardness of the coal is an
important factor since the grinding equipment is usually designed
to tolerate certain hardness coals for a good grinding result. Alkali
(K2O and Na2O) content should be low to avoid excessive alkali
circulation in the BF, which attacks the refractory lining. The
moisture content of the raw coal and the surface moisture of the
powdered coal should be controlled to avoid sticking and handling
problems. A high carbon content, low ash content and high heating
value are favorable properties (Geerdes et al., 2015).

The properties of the raw biomass (here wood-based biomass is
considered) are not feasible for use in metallurgical processes. The
carbon content of the biomass is low, oxygen and moisture content
are high, and resulting heating value is low (Suopaj€arvi et al., 2013).
The positive properties of the biomass include low sulfur and ash
contents. The properties of the biomass can be enhanced with heat
treatment technologies (Mousa et al., 2016). Torrefaction, also
referred to as mild carbonization is conducted at temperatures
between 225 and 300 �C (Phanphanich and Mani, 2011). Char
produced in these temperatures has a carbon content of 47e66% in
dry basis. The higher heating value of torrefied wood is in the range
of 19.5e26.4 MJ/kg. When the carbonization temperature is further
increased, the properties of the chars also become increasingly
better suited for BF use. The carbon content of the charcoal pro-
duced with slow pyrolysis can be as high as 95% (Fig. 2) and the
higher heating value is 34e35 MJ/kg. The yield of the charcoal,
however, decreases when the temperature is increased.

The differences between these fuels is not restricted to their
chemical properties. The physical properties of the fuels, such as
bulk density and energy density are considerably different
(Table 2). The reason for the different physical properties can be
found in the microstructure of the fuels. Coals are dense and
compact whereas charcoals are highly porous (Babich et al., 2010).
The cellular structure of the biomass can be clearly seen in char-
coals (Fig. 3) (Pohlmann et al., 2016). The porosity of charcoals is
around 3 times higher compared to coal and coke (Lovel et al.,
2009). The BET surface area of the charcoal is high, 228e950 m2/
g, compared to coke, 16e17 m2/g and coal 66 m2/g (Lovel et al.,
2009).

3. Methods

The current study focuses on a comprehensive review of

biomass-based reducing agent use in iron and steelmaking pro-
cesses. Since research concerning this topic has been conducted at
different levels of detail, with different research methods and from
different perspectives, this paper provides a systematic and struc-
tured state-of-the-art analysis by reviewing the research conducted
from laboratory-scale investigations to life cycle assessments.

The review was performed using the databases by several
publishers (e.g. ScienceDirect, Taylor & Francis) and utilizing the
Google Scholar database. As the scope of the review was broad, it
was difficult to define inclusive keywords for research paper search.
The paper search was conducted around a certain unit process, for
example “biomass” and “metallurgical coke”, giving an enormous
range of possible literature sources. The suitability of the literature
for this particular review was determined based on careful analysis
of the title, keywords and abstract of the research paper. Further
literature was discovered by carefully analyzing the reference list in
the papers found. Altogether 104 research papers, in which some
form of biomass-based fuel was used in metallurgical process, were
selected for this review. The publication year of research papers
range from 2004 to 2016. The majority of the research papers (72%)
has been published within the past five years (2012e2016).

The review includes the technical assessment of biomass-based
fuel use in metallurgical unit processes (Chapter 4), namely in coke
production, in iron ore sintering, in CCA production, in BF injection,
in EAF charging and injection, in direct reduced iron production and
in reheating furnaces. The scope of the reviewed properties,
behavior and performance of biomass-based fuels in metallurgical
unit processes are presented in Fig. 4. Besides the comparison of
chemical and physical properties of fuels, several other factors were
reviewed.

Table 1
Charcoal use in the blast furnace (Suopaj€arvi and Fabritius, 2013).

Application and replaced carbon source Typical addition rate Charcoal substitution rate (%) Charcoal amount (kg/tHM)

Coke making (coking coal) 480e560 kg/tHM 2e10 9.6e56 kg/tHM
BF tuyere injection (pulverized coal) 150e200 kg/tHM 0e100 0e200 kg/tHM
BF nut coke replacement 45 kg/tHM 50e100 22.5e45 kg/tHM
BF briquette (coking plant residues) 10e12 kg/tHM 0e100 0e12 kg/tHM
Sintering solid fuel 76.5e102 kg/tHM 50e100 38.3e102 kg/tHM
Pre-reduced iron ore composite pellets Not currently practiced 18e36 kg/tHM

Fig. 2. Effect of temperature on yields and CHO contents of beech chars (data taken
from Antal and Grønli, 2003).
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Environmental evaluations that are part of this review (Chapter
5) are important when evaluating the environmental sustainability
of the biomass-based reducing agent use in iron and steelmaking.
Chapter 5.3 reviews the CO2 emissions from the production of six
possible biomass-based reducing agents, namely charcoal, torrefied
biomass, bio-oil, bio-SNG, bio-methanol and bio-hydrogen. The CO2
emission studies were selected based on the raw materials used to
produce the biomass-based reducing agent. Raw materials that are

widely available throughout the world are considered suitable for
biomass-based reducing agent production. The comparison of life
cycle CO2 emissions was conducted on energy basis. All the CO2
emission values were converted to gCO2/MJ to help to draw
conclusions.

The economic assessment included a review of the production
costs of the same six biomass-based reducing agents as in the case
of environmental evaluations. Production cost estimates were

Table 2
Properties of solid fuels (Carbo et al., 2014; Loison et al., 1989; Alakangas et al., 2016).

Wood chip Wood pellet Torrefied wood pellet Charcoal Coal Coke

Moisture content (wt%) 30e55 7e10 1e5 1e5 10e15 1e10
Calorific value (LHV, MJ/kg) 7e12 15e17 18e24 30e32 23e28 ~30
Volatile matter (wt% db) 75e84 75e84 55e65 10e12 15e30 1.0e1.5
Fixed carbon (wt% db) 16e25 16e25 22e35 85e87 50e55 85e88
Ash content 0.4e2.0 0.2e0.4 0.5 0.8e1.4 ~10 8e12
Bulk density (kg/m3) 200e300 550e650 650e800 180e240 800e850 400e500
Vol. energy density (GJ/m3) 1.4e3.6 8e11 12e19 5.4e7.7 18e24 15
Hydroscopic properties Hydrophilic Hydrophilic Moderately Hydrophobic Hydrophobic Hydrophobic Hydrophobic
Biological degradation Fast Moderate Slow None None None
Milling requirements Special Special Standard Standard Standard NA
Product consistency Limited High High High High Medium
Transport cost High Medium Low Medium Medium Low

Fig. 3. Optical micrographs of thermally-treated eucalyptus (E250-E450), industrial charcoal fines (EF) and high-volatile coal (CT) (Pohlmann et al., 2016).
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given in V/t and in V/GJ when the heating value of the product
biomass-based reducing agent was available. All the production
costs were converted to V2015 by firstly converting the cost to
euros (e.g. from $ to V) (European Central Bank, 2016) and then
taking into account the change in the value of the money with
harmonized indices of consumer prices (Eurostat, 2016).

4. Biomass use in metallurgical unit processes

4.1. Biomass use in metallurgical coke production

4.1.1. Principles of metallurgical coke production
Metallurgical coke is used in the BF as a primary reducing agent.

Coke has four important functions in the BF: 1) it is a fuel, providing
heat for endothermic chemical reactions and for the melting of slag
and metal, 2) it acts as a chemical reducing agent, providing gases
that reduce iron oxides and 3) it serves as the only support medium
for the iron-bearing burden material and provides a permeable
matrix that lets liquid slag and hot metal pass down and enables
reducing gases to pass upwards 4) it carburizes the hot metal in the
hearth (Dıez et al., 2002; Ohno et al., 2012).

Metallurgical coke is produced from coking coals in a coking
process, which is basically the carbonization of coal at a tempera-
ture of about 1000e1100 �C in the absence of air. Production of coke
takes some 18e20 h to assure that the charge is completely
carbonized (Dıez et al., 2002). The total reducing agent rate in large
BFs is around 460e520 kg/t hot metal. The typical coke rate in a
modern BF is around 300e350 kg/t hot metal. The rest of the fuel
requirement can be covered with injected reducing agents, which
are lower cost compared to coke (Luengen et al., 2011).

Quality requirements for metallurgical coke come from the BF
process and from coke handling. Coke should have high resistance
against volume breakage and abrasion; it should endure the
chemical attack of CO2 and alkali, and have high residual strength
after chemical attack (Geerdes et al., 2015). The chemical reactivity
of coke in relation to CO2 in a BF shaft determines the temperature
and location of the so called thermal reserve zone in the furnace.
Several factors influence the reactivity of the coke, including the
structure of the carbon lattice, pore structure and the contents of
catalytic elements in coke ash. The selected coal types and coking
process conditions influence these factors (Nomura et al., 2005).
Besides the chemical properties, the mechanical properties of the
coke are also important. The mechanical strength of the coke is
mainly affected by the coal rank and type selected. The coal blend is
usually made up of several coal types (4e8), including coals that
have a high caking capacity. The high strength of the coal is formed
when coals form a soft semi-liquid mass during the heating, which

then resolidifies and sticks the particles together (Geerdes et al.,
2015). Since biomass properties differ considerably from that of
coal, research conducted with bio-cokes include the impact of the
biomass addition on the fluidity of the coal blend, bio-coke reac-
tivity studies, bio-coke strength studies and other studies relating
to the physical properties and textural analysis of the bio-cokes.

4.1.2. Fluidity of the coal/biochar mix
Fluidity is a measure that describes the ability of the coal or coal

blend to form the plastic phase, which is needed to make high
quality metallurgical coke. A fluidity test evaluates the rheological
properties of the coals and it is measured by Gieseler plastometer
or small-amplitude oscillatory shear rheometry. The fluidity of the
coals differs in widely; hard coking coals having maximum fluidity
over 5000 ddpm (dial division per minute) and non-coking coals
having fluidity of 1 ddpm. Quality coke can be produced from coals
with a maximum fluidity over 400 ddpm (Kumar et al., 2008). The
upper limit for good quality coal is around 1000 ddpm (Montiano
et al., 2016). The development of fluidity happens in the tempera-
ture range of 350e550 �C and is crucial for the properties; me-
chanical strength and reactivity of the produced coke (Diez et al.,
2012). The fluidity of the coal blend with biomass addition has
been investigated with different raw biomasses (Castro Di

́

az et al.,
2012), Kraft lignin from pulp and paper industry (Castro-Díaz
et al., 2015), woody components; xylan, cellulose and lignin (Diez
et al., 2012), torrefied biomass (Kokonya et al., 2013) and pyroly-
sis products; charcoal (MacPhee et al., 2009), tar (Diez et al., 2012)
and bio-oil (Montiano et al., 2013).

The addition of any type biomaterial to a coal blend invariably
decreases the maximum fluidity, because the biomass does not
possess the ability to form the plastic phase during the coking
process. However, the physical and chemical properties of the
biomass and the characteristics of the coal also affect the fluidity
development. The thermal degradation behavior of biomaterials
differs considerably depending on the biomass type. Raw bio-
masses decompose at low temperatures and release a majority of
the volatiles before the plastic stage of the coking process. Thermal
decomposition of charcoal overlaps with that of coal at the tem-
perature at which semicoke starts to transform to coke (Diez et al.,
2012), on the other hand, according to Diez et al. (2012) biomass
acts as an inert material when considering softening and melting
and as an active material that binds the plasticized components of
the coal. This results in a considerable decrease in the fluidity of the
blend, which affects the formation of a stable and hard coke matrix
(Diez et al., 2012).

MacPhee et al. (2009) investigated the fluidity of three coal
blends when adding charcoal up to 10 wt% to the blend. According

Fig. 4. Scope of the technical review.
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to the results, there is a lowering trend in the fluidity when charcoal
is added, but it seems that the fluidity of the blends is more affected
by the properties of the coking coals. The dilatation of coal mix was
also reduced with charcoal addition, but remained at a workable
level even up to a 10% charcoal addition.

Castro Di

́

az et al. (2012) added some 2e20 wt% of pine wood,
sugar beet andmiscanthus to prime coking coal and the viscoelastic
nature of the mix was investigated. Sugar beet could be added in
coking coal blends up to 5 wt% without changing the viscoelastic
properties of the coal mix whereas pine wood andmiscanthus have
a negative impact on fluidity with 2wt% additions. A higher heating
rate (180 �C/min instead of 3 �C/min) from room temperature to
softening temperature increases the fluidity of the coal and at the
same time maintains the fluid material in the biomass at higher
temperatures. Similar results were obtained by Kokonya et al.
(2013). Viscoelastic properties of the coal blend remain identical
with prime coking coal. There is evidence that the fluidity prop-
erties of the biomass and the resulting coal blend are affected by
the thermal degradation behavior of the sample and the physical
and chemical composition of the biomass.

Diez et al. (2012) found that biomass-derived additives (charcoal
and tars, and woody components; xylan, cellulose and lignin)
reduce the fluidity, but the reduction is dependent on the proper-
ties of the additive, and the reduction is not linear to the proportion
of additive in the coal blend. Volatile matter released above 400 �C
may be active in interacting with the coal in fluidity development.
In the case of water-soluble tar, only 2% of the total amount remains
in the blend at temperatures above 400 �C, whereas in case of
charcoal about 90% remains in coal blend to impact the fluidity.
Charcoal acts as an inert material when considering the softening
and melting and an active material that binds the plasticized
components of the coal. Montiano et al. (2013) conclude that
physical characteristics of the biomass-based additives have a
greater effect on decreasing fluidity than the chemical interactions
of volatile matter. High porosity chars may adsorb the primary
decomposition products that act as a coal plasticizer.

Table 3 summarizes the fluidity development when different
biomass fractions are added to the coal blend. Guerrero et al. (2015)
studied the effect of the addition of charcoal (CC1) with carefully
selected particle size to coals of different fluidity, rank and petro-
graphic composition. The maximum fluidity of the all coal blends
decreases with all charcoal addition rates (2, 5, 10, 15%) and particle
size fractions (212e80 mm, 80e20 mm, and <20 mm) showing an
exponential trend. The reduction of fluidity is dependent on the
rank of the coal, fluidity properties of the vitrinite, inertinite and
the optimum ratio of reactive-to-inert components within the coal.

Coal with low share of inerts can tolerate larger charcoal additions.
The particle size affects the decrease in fluidity. A smaller particle
size increases the drop in fluidity, because a larger surface area
increases the adsorption of the decomposition products from coal,
diminishing the softening and fluidity development. Diez et al.
(2012) added sawdust (SD), charcoal (CC2), lignin and soluble tar
to low fluidity coal with an addition rate of 2e10 wt%. The lowest
decrease in maximum Gieseler fluidity (Fmax) is achieved with
soluble tar. Montiano et al. (2014a) also report that the variation in
fluidity is smaller when 0.75e3 wt% of sawdust is added to an in-
dustrial blend, compared to individual coal. This could be because
in the industrial coal blend there are several coal grades with
differing coal ranks, which compensates for the effect of sawdust
addition.

Montiano et al. (2014b) studied the partial briquetting of
sawdust as a means to enhance the properties of coal blends.
Several briquettes containing non-coking coal, sawdust, two coking
coals and coal tar in varying proportions were made. Themaximum
proportion of sawdust in the final coal blend was 2.25%. Maximum
fluidity decreases as in the case of direct addition of sawdust by
around 50%. Montiano et al. (2016) produced briquettes by
changing the proportion of sawdust, non-coking coal, coal tar and
coal tar pitch. First, they tested the effect of the material addition to
the coal blend individually to find out that binder addition in-
creases the fluidity and the addition of inert materials has the
opposite effect. The briquette addition (15 wt%) to the coal blend
decreased the fluidity in all cases and the fluidity increasing binder
materials e coal tar and coal tar pitch e were not able to
compensate the effect of inert materials. Castro-Díaz et al. (2015)
evaluated the possibility of restoring coking properties by adding
carbonaceous materials to the coal blend. Sugar beet roots, lignin
and bio-oil were used as biomass-based materials; coal tar, diesel
fuel and high-density polyethylene were used as additional mate-
rials by adding 3e5 wt% to the blends. Biomass-based materials
reduced the fluidity, thus being unsuitable materials to restore the
coking properties. Coal tar and diesel fuel increased the fluidity.
One of the key findings was that the chemical properties of the coal
determines whether the additives destroy or enhance the fluid
phase of the coal.

4.1.3. Reactivity and strength of the bio-cokes
Generally, the strength of the coke has been measured with

shatter tests or different drum tests. Post-reaction strength of the
coke is measuredwith the CSR (Coke Strength after Reaction) index,
which is coupled with the Coke Reactivity Index (CRI). CRI indicates
the degree of coke weight loss in 100% carbon dioxide gas at a

Table 3
Fluidity development of coal blend with biomass addition (based on Guerrero et al., 2015; Diez et al., 2012).

Coal specification Added biomass Fmax (ddpm) Reduction in Fmax (%) Ref.

Addition amount wt% Addition amount wt%

0 2 5 10 15 2 5 10 15

Low fluidity coal CC1, 212 mm 373 306 247 145 80 18.0 33.8 61.1 78.6 Guerrero et al., 2015
CC1, 80 mm 373 300 210 110 45 19.6 43.7 70.5 87.9 Guerrero et al., 2015
CC1, 20 mm 373 255 150 55 10 31.6 59.8 85.3 97.3 Guerrero et al., 2015

Medium fluidity coal CC1, 212 mm 541 510 400 350 275 5.7 26.1 35.3 49.2 Guerrero et al., 2015
CC1, 80 mm 541 460 390 300 185 15.0 27.9 44.5 65.8 Guerrero et al., 2015
CC1, 20 mm 541 425 325 160 90 21.4 39.9 70.4 83.4 Guerrero et al., 2015

High fluidity coal CC1, 212 mm 1891 1300 1040 700 550 31.3 45.0 63.0 70.9 Guerrero et al., 2015
CC1, 80 mm 1891 1350 910 680 375 28.6 51.9 64.0 80.2 Guerrero et al., 2015
CC1, 20 mm 1891 1260 740 370 140 33.4 60.9 80.4 92.6 Guerrero et al., 2015

Low fluidity coal Sawdust 389 180 71 10 NA 53.7 81.7 97.4 NA Diez et al., 2012
CC2 389 321 250 146 NA 17.5 35.7 62.5 NA Diez et al., 2012
Lignin 389 271 192 133 NA 30.3 50.6 65.8 NA Diez et al., 2012
Soluble tar 389 338 283 249 NA 13.1 27.2 36.0 NA Diez et al., 2012
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temperature of 1100 �C and a period of 2 h. The CSR index gives the
percentage of coke þ10 mm after 600 revolutions in an I-drum

(Haapakangas et al., 2016). According to �Alvarez et al. (2007) good
quality coke has a CRI under 30 and CSR above 55. The addition of
biomass to coal blend changes the reactivity of the resulting coke.

MacPhee et al. (2009) added up to 10 wt% of highly carbonized
charcoal to three different coal blends. The results suggest that
reactivity of the bio-cokes increases when the portion of the
charcoal increases. The authors argue that the main reason for the
high reactivity of bio-cokes is the calcium content of the charcoal.
Qin et al. (2014) added 3, 5, 7, and 10% of pine sawdust (PSD) to a
coal blend consisting of seven different rank coals. The particle size
of the coal was milled to less than 3 mm, the PSD particle size was
0.3e0.6 mm. A laboratory-scale coke oven with 5 kg capacity was
used to produce the coke. The final temperature in the center of the
coking chamber was 950e960 �C. They evaluated the abrasion in-
dex (M10), fragmentation index (M40), coke reactivity index (CRI)
and coke strength after reaction (CSR). According to the results, the
addition of 5 wt% of PSD to the coal blend keeps the coke quality at
a feasible level (CRI under 30).

Montiano et al. (2014a) measured the CRI and CSR of bio-cokes
produced from two different coal blends with added waste saw-
dusts from chestnut and pine. The proportion of sawdust was from
1 to 5 wt% and the cokes were produced in a movable wall pilot-
scale coke oven with capacity of 17 kg. Particle size distribution
of the waste sawdust types were similar, but pine dust had a larger
share of small particles. The results of the CRI and CSR measure-
ments are in accordance with other studies, the CRI increases when
the share of sawdust increases and CSR decreases. The feasible
addition of sawdust is below 2 wt% to maintain the CRI and CSR
values at an industrially-viable range. The effect of different
biomass-derived raw material addition to CRI and CSR of produced
bio-cokes is presented in Fig. 5. CC1, CC2, CC3 refer to charcoals
with different carbonization degree and particle size. SC2 and SC2-
1 are waste chestnut sawdust and SP1 and SP-1-1 are pine sawdust.
PSD is also pine sawdust. It seems that the addition of charcoal to
coal blend increases the reactivity (CRI, Fig. 5a) and decreases the
coke strength (CSR, Fig. 5b) more than untreated biomass. It is
rather difficult to make a direct comparison between the results
obtained in different research papers, since the biomasses, coking
coals and coking conditions used vary in different studies, however,
the general trends of increasing CRI and decreasing CSR can be
found.

The low density of the biomass has a decreasing impact on the
quality of coke produced. The bulk density of the blend can be
increased by compacting the biomass thus leading to better coke
quality (Montiano et al., 2014b). The coke quality, measured by CRI
and CSR can be maintained if the briquette addition is 10e15%.
Briquettes were made of sawdust, coking coal, non-coking coal and
coal tar. The maximum sawdust share in the briquette was 15% and
the maximum addition of briquettes to the coal blend was also
15 wt%. This means that 2.25 wt% of sawdust was the maximum
amount in the blend. The cold mechanical strength test (JIS test)
confirmed the feasible addition amount (Montiano et al., 2014b).
Matsumura et al. (2008) obtained similar results.

Ng et al. (2011) tested the reactivity of the bio-cokes with CO2 in
thermogravimetric analysis (TGA). Samples (1.5 g) were heated to
1000 �C at 10 �C/min andwere held at the final temperature for 1 h.
The results suggest that with 2 wt% and 3 wt% charcoal additions to
the coal blend the CO2 gasification did not change compared to
reference coke. When charcoal addition was increased to 5 wt%,
CO2 gasification of the bio-coke started at a lower temperature and
the reaction kinetics were higher at 1000 �C. It was concluded that
mineral matter content of the bio-cokes has a significant impact on
the reactivity. An increase in the alkalinity (basicity) index results in
higher reactivity of the bio-cokes (Equation (1)).

Alkalinity Index¼ ½Fe2O3� þ ½CaO� þ ½MgO� þ ½K2O� þ ½Na2O�
½SiO2� þ ½Al2O3�

*%Ash

(1)

Diez and Borrego (2013) conducted dynamic and isothermal
coke gasification research with thermogravimetry. Bio-cokes were
produced by adding 2 wt% of eucalyptus and olive and their char-
coals, xylan, cellulose and lignin to the coal blend. Reactivity to CO2

was higher with bio-cokes compared to coke produced from coal.
The isothermal and non-isothermal gasification tests revealed that
the highest reactivity responses were achieved for cokes with the
highest CO2 surface area. The mineral matter of eucalyptus and
olive wood contain a higher share of basic components (CaO,
Fe2O3), which, through the catalytic action, increase the reactivity
to CO2. The reactivity increase of the bio-cokes is the sum of “ox-
ygen content, functionality of the biomass material, ash composi-
tion of the raw materials, the inhibition of fluidity development in
the carbonized blend, the presence of porous isotropic particles
from the biomass and the microporosity of the cokes” (Diez and

Fig. 5. The effect of biomass addition to CRI a) and CSR b) of produced bio-cokes according to (based on MacPhee et al., 2009; Montiano et al., 2014a; Qin et al., 2014).
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Borrego, 2013). The threshold gasification temperature of the bio-
cokes is considerably lower compared to coke. In this research,
the threshold temperature was determined to be the temperature
at which reactivity reaches a value of 0.1%/min. Diez and Borrego
(2013) found a good correlation between oxygen content of the
biomass and a decrease in maximum fluidity of the coal blend.
Besides the oxygen content, another important factor is the tem-
perature at which oxygen is released. For example, 2% xylan addi-
tion had no influence on Gieseler fluidity despite the high oxygen
content, because the volatiles are released below 300 �C, before the
occurrence of the plastic phase.

Ueki et al. (2014) highlighted the importance of biomass pre-
carbonization on retaining coke strength, measured with I-type
tumbler tests. Non-carbonized biomass undergoes drastic weight
loss at temperatures between 250 and 350 �C, below the temper-
ature of the plastic phase. During the coking process this causes
significant shrinkage of the biomass and leads to poor connectivity
between the coal and biomass particles. The consolidation effect
from the swelling of coking coals is no longer sufficient to fill these
voids and the strength of the coke is drastically reduced. Ueki et al.
(2014) also stated that oxygen released from volatile matter in the
biomass has a deleterious effect on the thermoplastic properties of
coals. By removing the majority of the volatile matter through pre-
carbonization of the biomass, the release of thermoplasticity-
inhibiting oxygen can be reduced, biomass shrinkage is mini-
mized, and the strength of coke can be retained at a very high level.
Coke including charcoal produced at 500 and 1000 �C (4.7 and 4.4.
wt%, respectively) had only marginally lower strength compared to
reference cokewithout charcoal, and the differences between these
pre-carbonization temperatures were minimal. This suggests that
the shrinkage of the biomass after the resolidification of caking coal
(500 �C and above) has little influence on coke strength. Coke
produced with biomass carbonized at 500 �C, however, was
stronger compared to that of biomass carbonized at 400 �C.
Microstructure images showed that pre-carbonized chars adhere to
coal particles when they soften andmelt. Schwartz et al. (2016) also
managed to utilize high addition rates of charcoal (5 and 10 wt%)
while still retaining coke CRI and CSR at an acceptable level, when
the biomass was pre-carbonized at 400 �C or higher.

The particle size of the added biomass is also important for
strength and reactivity of bio-coke. Matsumura et al. (2008) found
that separation can develop at the boundary between biomass and
coal derived products during contraction phase of bio-coke. The
occurrence of these voids can be inhibited by using larger sized
biomass particles in order to decrease the contact area between
biomass and coal. MacPhee et al. (2009) found larger sized charcoal
particles to increase coke CRI and decrease CSR to a lesser degree.
They concluded that the reactivity increasing effect of high calcium
content in charcoal is less harmful when contained in larger
pockets instead of being finely dispersed.

4.1.4. Other properties
Expansion or contraction of the coal blend is an important factor

from the coke making perspective. These actions have an impact on
the oven pressure and sticking of the coke charges. Only couple of
papers were found in which the expansion/contraction of the
blends including charcoal was evaluated. The preliminary results of
MacPhee et al. (2009) suggest that the contraction of the blendwith
the coarser charcoal particle size might not be sufficient when the
addition of the charcoal is 10 wt%. With a smaller particle size, the
contraction of the blend was independent of the charcoal content.
AlsoThomas et al. (2011) report a decrease in coal blend contraction
when a coarse torrefied biomass is used. The contraction was not
affected when the particle size was below 0.25 mm.

Ng et al. (2012) evaluated the coking pressure of the blends

containing different amounts of charcoal. The wall pressure
decreased significantly compared to pure coal blends. The decrease
was higher with a smaller particle size charcoal. Inert material
enables the gas to escape more freely from the plastic layer, which
decreases the pressure. Thomas et al. (2011) found that coarse as-
received torrefied biomass particles increase the wall pressure,
whereas finer torrefied biomass particles decrease the pressure.

Coal rank and fluidity of the coal mix are known to influence the
optical textural composition of coke (Montiano et al., 2014a). The
addition of biomass to the coking coal mix could affect the textural
composition through its fluidity decreasing effect. MacPhee et al.
(2009) did not find any effects as a result of charcoal addition to
optical textural composition of graphitizing coking coals, even up to
10% charcoal addition. Montiano et al. (2014a), on the other hand,
found the anisotropic texture decreased and isotropic texture
increased when sawdust was added to the coking coal mix.
Isotropic textures are generally recognized as more reactive in CO2
gas compared to anisotropic textures.

4.2. Biomass use in iron ore sintering

4.2.1. Principles of iron ore sintering
Iron ore sintering is a widely used pre-treatment process to

produce agglomerates for blast furnace ironmaking. The iron
bearing raw materials fed into the process include iron ores,
returned sinter fines and different plant dusts. Fluxes such as
dolomite, limestone and silica are added to fine-tune the compo-
sition and to form a suitable agglomerate by partial melting. Coke
breeze (around 3e5% of the total mass) is used as a fuel to provide
heat needed for melting (Ooi et al., 2008). All the raw materials are
mixed together with addedwater andmicro pellets are produced in
the granulation drum. Raw sinter mix is then fed to the sinter belt
where the sinter bed moves continuously. The peak temperature in
the bed is usually between 1300 and 1480 �C (Ooi et al., 2008).
Sinter production is quite a complicated process and several factors
influence the properties of the sinter product. The quality of the
sinter can be measured by suitable size distribution, cold strength
and reduction-disintegration properties (Geerdes et al., 2015).

Biomass-based fuels differ considerably from the coke breeze
that is usually used as fuel in iron ore sintering. This influences the
sintering process and ultimately to the sinter product. There is a
large body of literature considering the impact of replacing part of
the coke breeze with different biofuels in the sintering process and
the quality of the sinter. Most of the work conducted in the
biomass-based fuel utilization in sintering is done in a laboratory or
pilot-scale. The most common indices used in the evaluation of the
process performance and sinter quality are presented in Table 4. In
most of the reviewed papers, the coke breeze replacement ratio
with biofuels is between 0 and 60%, however also 100% replace-
ment has been evaluated.

4.2.2. Biofuel impact on the sintering characteristics and product
quality

The reactivity of biomass-based fuels is considerably higher
compared to coke breeze, which is the main factor affecting the
sintering process and sinter quality (Gan et al., 2015). The higher
reactivity of biomass fuels is mainly due to their higher surface area
(Ooi et al., 2008) and higher porosity (Lovel et al., 2009). Lovel et al.
(2009) also state that physical fuel properties that effect fuel
reactivity include gas diffusion rates, concentration of active sites
and hydrogen and oxygen content. Different biofuels have been
investigated to replace coke breeze; untreated biomasses, mildly
carbonized biochars and biochars produced at high temperature.

Lovel et al. (2009) compared the performance of two cokes,
black coal char and two charcoals when producing industrially
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comparable iron ore sinter in a small-scale sintering pot. The results
suggest that sintering time, i.e. the time required to reach the
maximum off-gas temperature from the beginning of ignition, was
25e38% quicker with charcoals compared to cokes and black coal
char. They proposed a linear relationship between flame front
speed and natural log of fuel reactivity (equation (2)):

FFS ¼ 0:2014*lnðrÞ þ 4:039 (2)

where FFS is flame front speed (cm/min) and r is fuel reactivity (g/g/
s). Ooi et al. (2008) evaluated the partial replacement (0e20%) of
coke with sunflower husks. They made similar findings compared
to Lovel et al. (2009) concerning the sintering time, which
decreased when sunflower husk was used. The higher reactivity
and lower heat capacity of the sunflower husk were mentioned as
being factors affecting the sintering time. They discovered that the
addition of 0e20% of sunflower husk did not considerably change
the combustion efficiency. Ooi et al. (2011) report that sintering
time is decreased from 440 s (in case of coke breeze) to 415 s and
387 s when the charcoal replacement ratio is 20% and 50%
respectively.

Vertical sintering speed increases considerably when coke
breeze is substituted with charcoal (Gan et al., 2012). At the same
time, with higher coke breeze substitution rates, the productivity
decreases (Fig. 6). A decrease in productivity is associated with the
lower sinter yield (Fan et al., 2015a). However, Lovel et al. (2009)
reported an increase in balanced productivity when charcoal is
used instead of coke. Charcoal (Gan et al., 2012) gives slightly better
results than charred straw (Fan et al., 2015a). Higher reactivity of
biomass-based fuels decreases the maximum temperature and
shortens the time of holding high temperature, which in turn
worsens the yield and tumble index (Fan et al., 2015a). Approxi-
mately 40% of the coke breeze could be replaced with charcoal and
20% with charred straw, without deteriorating the product quality
too much.

The sinter produced differs significantly in bulk density when
the proportion of biofuel increases. Sinter produced with charcoals
was 12e19% lighter compared to sinter made with black coal char
(Lovel et al., 2009). Low bulk density granules reach combustion
temperatures quicker due to the lower thermal load. Modified
Tumble Index results suggest that the strength of the sinter de-
creases when more reactive charcoal is used as a fuel. The reason
for the decreased strength is associated with narrower combustion
and sintering zones due to the increased FFS. In addition, the
reduction in bulk density decreases the strength. Mousa et al.
(2015) discovered that the permeability of the sinter bed de-
creases when the biochar proportion is increased. This is in
disagreement with Gan et al. (2012) who did not report a decrease
in permeability. Permeability is significantly affected by the size
and size distribution of fuels, which could be the reason for
different findings. According to sinter indices, the feasible share of
charcoal is 25 wt%. The porous structure of the sinter produced led
to higher reducibility of the sinter.

4.2.3. Preformation of biofuels to control combustion speed
Particle size of the biofuel is one of the means to control the

combustion speed through the change in the reaction area. By
increasing the particle size of the biofuels, yield can be improved
(Kawaguchi and Hara, 2013). Peak temperature and the holding
time at high temperature were significantly improved when a
coarser biofuel particle size was used (Gan et al., 2015). In addition,
the combustion time could be increased and combustion efficiency
improved (Cheng et al., 2016a). Coating the charcoal with iron ore
fines by changing the granulation procedure could also be applied

Table 4
Sintering process performance and sinter quality indices.

Sintering process and
product indices

Description

Sintering time The time taken for the flame front to traverse the bed (Zhao et al., 2015). Time required to reach the maximum off-gas
temperature from the beginning of ignition (Lovel et al., 2009)

Flame front speed (FFS) FFS is defined as the ratio of the sintering bed height and consumed time for flame front propagating from top to bottom of the
reactor (Cheng et al., 2016a).

Peak temperature Peak temperature is the peak value of temperatureetime profile recorded by thermocouple, which indicates the heat generated
in sintering bed. Usually, peak temperature should be high to obtain enough energy for themelting process (Cheng et al., 2016a).

Combustion efficiency The combustion efficiency is defined as the ratio of CO2/(CO þ CO2) in the flue gas. In case of 100% efficiency, there would be no
CO in the flue gas.

Yield The share ofþ5mm particles of the produced sinter after screening (Gan et al., 2012; Fan et al., 2015a) ”Yield is expressed as the
ratio of produced sinter mass (>5 mm) after drop test (sinter cake is freely dropped four times from 2 m) to the total mass of
sinter produced in the sintering process.” (Cheng et al., 2016a).

Productivity Sintering productivity is a measure of the amount of produced sinter in a certain time span (t/m2/d). Sintering vertical speed,
sinter yield and bulk density influence the productivity. (Kawaguchi and Hara, 2013)

Tumble index Measures the abrasion strength of the sinter. The original sinter is drummed and the tumbled sinter is screened at 6.3 mm. The
proportion of þ6.3 mm is taken as a Tumble index. (Gan et al., 2014)

Time at high
temperature region

The holding time at high temperature. Defined as 1100 �C in Cheng et al. (2016a) and 1200 �C in Gan et al. (2015)

Permeability Permeability of the sinter bed is measured by Japanese Permeability Unit

Fig. 6. Impact of biofuel addition on productivity and vertical sintering speed (based
on Gan et al., 2012; Fan et al., 2015a).
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to inhibit high reactivity. A coarser particle size and coating the
charcoal reduce the reaction area and make the O2 diffusion into
internal pores of charcoal particles more difficult. This results in
better sinter quality, close to that of coke breeze used as a fuel
(Cheng et al., 2016a). Distribution of the fuel particles inside the
granules was controlled with pregranulation in the study by Gan
et al. (2014). It is evident that the changed granulation method
affects the combustion of the fuels in granulated particles,
enhancing the combustion efficiency. The sintering speed
deceased, yield, productivity and tumble index increased.

Fan et al. (2015a) produced fuel agglomerates from soft coking
coal and charred straw for sintering. Agglomerates were also
carbonized in two stages, first in 500 �C and then in 700 �C to
produce coke-biochar-composite (CBC). The combustibility of the
CBCwas comparable to coke breeze. In sintering trials, the CBCwith
40, 60 and 80% straw was used to replace part of the coke breeze.
The sintering results showed that sintering indices were main-
tained at comparable level when the straw share in CBC was under
60 wt%. These results indicate that lowering the reactivity of the
biomass-based fuel is possible by binding charred straw closely
with coal. The structure suppresses the separate combustion and
results in good quality sinter.

Porosity and specific surface area can be decreased with pre-
formation, which leads to combustion characteristics of the coke-
biomass agglomerates becoming closer to that of coke breeze.
The maximum weight loss rate and the maximum heat release
values of agglomerates are closer to that of coke breeze, which
means that heat release could be maintained similar even though
part of the coke breeze is replaced with coke-biomass agglomerates
in sintering. Preformation with temperature and/or agglomeration
of raw biomass before carbonization is a viable methodology to
increase the share of renewable fuel in sinter production (Fan et al.,
2015b, 2016).

Due to the lower share of S and N in the biofuels, the flue gases
from sintering also have a lower content of SOx and NOx
(Kawaguchi and Hara, 2013). The amount of dioxins and dust may
also decrease (Kawaguchi and Hara, 2013; Gan et al., 2012). How-
ever, Abreu et al. (2015) reported an increase in dust and hydro-
carbon emissions.

4.2.4. Biofuel impact on combustion characteristics
Combustion efficiency is evaluated through the off-gas analysis

(equation (3)). The combustion efficiency would be 100% if off-gas
contained only CO2. In the case of sintering, the raw material
contains limestone, which produces CO2 in calcination. If the
amount of limestone is kept unchanged, combustion efficiency can
be evaluated.

Combustion efficiency ¼ ½CO2�
½CO� þ ½CO2�

(3)

Zandi et al. (2010) report that 25% substitution of coke breeze
with different biomass fractions changes the combustion efficiency
only marginally. According to Ooi et al. (2008, 2011) only a small
decrease in average combustion efficiency is seenwhen 20% of coke
breeze is replaced with sunflower husks. The replacement of 100%
of coke breeze with biochar produced at high temperature resulted
only in a small decrease in combustion efficiency (from 0.87 to
0.81). Similarly, a marginal effect has also been reported by Gan
et al. (2014, 2015), even with 100% coke breeze replacement.
Cheng et al. (2016a, 2016b, 2016c) and Lu et al. (2013) reported a
decrease in combustion efficiency when the coke breeze was fully
substituted with charcoal. The decrease was from close to 90% to
below 80% (Lu et al., 2013). The lower combustion efficiency of
biofuels compared to coke breeze is explained as being caused by

the higher reactivity of biochar carbon to CO2 (Gan et al., 2015). The
combustion efficiency is decided by the carbon gasification with
CO2 and secondary combustion with O2 (Gan et al., 2014). Accord-
ing to Kawaguchi and Hara (2013) the high reactivity carbon gen-
erates vast amount of CO on the surface of biochar. The oxygen
concentration within the boundary film remains too low, which
results in low secondary combustion with O2.

The higher combustion rate of biofuels compared to coke breeze
affects the temperature in the combustion zone (Lovel et al., 2009).
According to Cheng et al. (2016a,b,c) a high combustion rate
shortens the holding time at high temperature, and low combus-
tion efficiency weakens the heat release. This results in lower
quality sinter since the temperature is not high enough for a suf-
ficient length of time to form melts in the sinter bed. In most of the
papers, the biofuel addition lowers the peak temperature and
shortens the time when the peak temperature is achieved. How-
ever, Lu et al. (2013) report that both the peak bed temperature and
holding time at high temperature were either at comparable or
better level at various substitution rates of charcoal compared with
the sinter mixture containing 100% coke breeze. The authors state
that the sinter FeO content clearly decreased as the substitution of
charcoal increased, which indicates that the temperature was not
as high as the thermocouples measured.

It is evident from the literature that biofuels have both positive
and negative effects on the sintering process and sinter quality.
Increased flame temperature and a possible increase in produc-
tivity are reported when biofuels replace coke breeze. The negative
impacts are related to the higher reactivity of biofuels, which ulti-
mately leads to lower fuel utilization (Lovel et al., 2009), lower peak
temperature and holding time at high temperature. The increased
proportion of biofuel addition decreases the yield and productivity.
The sinter quality is worse in terms of abrasion strength and bulk
density when the share of biofuel is increased. The reviewed
literature is consistent that the combustion rate of the biofuel is a
factor that should be controlled to reach better sintering perfor-
mance and sinter quality.

4.3. Biomass use in carbon composite agglomerates

4.3.1. Definition of carbon composite agglomerates
Carbon composite agglomerate is an umbrella term for mate-

rials produced by agglomerating carbon and iron-bearing mate-
rials. According to Ahmed et al. (2014), the iron source is fine iron
ore and the carbonaceous material can be fine coke, fine coal or
charcoal. Pellets are cold bonded with or without a binder; bri-
quettes are hot or cold-pressed. The development of ferro-coke has
attracted interest in recent years in Japan (Takeda et al., 2011).
Ferro-coke is a composite consisting of metallic iron, iron oxide and
carbon. The rationale for using coal-iron ore agglomerates in the BF
lies in lowering the reduction equilibrium temperature, as in the
case of reactive coke use. With CCAs, a faster reduction and gasi-
fication reaction is achieved by arranging the iron ore and carbo-
naceous materials closely together (Yokoyama et al., 2012). CCAs
can also be used in EAF steelmaking and in DRI production (Ahmed
et al., 2014).

Cold-bonded briquettes are used in the BFs to recycle integrated
steel plant by-products, including carbonaceous material from the
coking plant, back to the BF, but other than that industrial use of
CCAs is limited (Kemppainen et al., 2014). Biomass is investigated
as a carbon source in CCA production in few research papers. The
majority of the research has concentrated on the evaluation of
reduction behavior and mechanical strength of CCAs. The metalli-
zation degree of DRI-CCA is also the object of interest. Biomass-
based CCAs have been produced from several biomass types:
wood, sawdust, rice crust char, bamboo char, straw fiber and
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charcoal. Agglomeration methods include pressing of iron ore-
biomass tablets without binder (Ueda et al., 2009a), production of
composite pellets (Kowitwarangkul et al., 2014) with bentonite as a
binder and the production of briquettes with bentonite as a binder
(Luo et al., 2011). The addition amount of biomass in CCA differs in
the studies reviewed. Guo et al. (2015) added 2 wt% of biomass, Luo
et al. (2011) used up to 14 wt% biomass and Ueki et al. (2013) 46 wt
%. The addition amount is higher in those applications in which the
purpose is to produce DRI from the agglomerates.

4.3.2. Reduction behavior of the carbon composite agglomerates
Iron burden reduction behavior is typically investigated under

inert or reducing gas atmosphere in laboratory conditions. The
temperature profile in the reducing conditions is either isothermal
(Kemppainen et al., 2012) or dynamic (Iljana et al., 2012;
Kemppainen et al., 2014, 2015). According to the recent studies
the most realistic result from the burden reduction behavior is
obtained by using dynamic conditions which simulate unit process
conditions such as BF shaft (Kemppainen et al., 2016a,b). Inert
reduction conditions are commonly used for materials with carbon
content such as in CCAs. The majority of the biomass-containing
CCA reduction tests have been done in an inert atmosphere to
evaluate the self-reduction (carbothermal reduction) (Han et al.,
2015a, 2015b; Fu et al., 2012). The reduction behavior of CCAs has
also been studied under different reducing gas atmospheres (Guo
et al., 2015; Luo et al., 2011; Kowitwarangkul et al., 2014).

The self-reducing behavior of the CCAs is uniform. The addition
of a biomass-based reducing agent to the CCA increases the
reduction rate compared to a CCA containing coal or coke as
reducing agent. The findings of Konishi et al. (2010) showed that
composites with biochar were reduced faster and to higher
reduction degree in 60 min due to the higher gasification rate of
biochars. The particle size of the biochar has a modest impact on
the reduction rate. Smaller particle size enhances the reaction rate
to some extent (Konishi et al., 2010; Ueda et al., 2009a).

Luo et al. (2011) isothermally reduced composite briquettes to
metallic iron with H2-CO gas mixture. The results indicate that
higher Fe content is received when coke is used in the briquettes
instead of biomass. When the temperature of the direct reduction
was increased to 1100 �C, the Fe content of the product reaches 95%
with biomass powder. The increasing share of CO in the gas has a
negative impact on the reduction and quality of the product. Guo
et al. (2015) affirmed that the reduction of the pellets containing
biomass was faster compared to pellets without biomass in
hydrogen reduction. The use of biomass enhances the porosity of
the pellet, which increases the contact area between iron oxides
and reducing gas, and enhances the interfacial chemical reaction
rate. Kowitwarangkul et al. (2014) investigated the reduction
behavior of self-reducing pellets (SRP) with isothermal and non-
isothermal test scenarios that simulate the temperature and gas
atmosphere around the thermal reserve zone in the BF. The results
show that charcoal doped pellets reduced significantly faster
compared to conventional pellets without reducing agent and SRP
with coal or coke. In non-isothermal tests, after 180 min reduction,
the reduction degree was 31%, 83%, 84%, 92% for conventional
pellet, SRP with coal, SRP with coke and SRP with charcoal,
respectively.

According to Yunus et al. (2013) the reduction of composite
briquette is controlled by the gasification of carbon, which pro-
motes the use of high reactive biomass. Ueda et al. (2009b) state
that reduction rate of a carbon composite briquette is controlled by
the reaction rate of carbon gasification and iron ore reduction.
Bagatini et al. (2014) clarify that in self-reducing conditions, the
overall reaction rate of the composites is affected by the composi-
tion of the agglomerate (oxide to carbon ratio), form (pellet,

briquette, packed bed), size of the agglomerate, the heating re-
gimes, surrounding atmosphere and pressure. With the charcoal,
the Boudouard reaction controls the rate of self-reduction up to 60%
conversion and even more with other reducing agents.

The metallization degree of the reduced DRI pellets is important
for the application in BF, EAF and BOF. Several research works have
shown that a high metallization degree is obtained when wood
(Srivastava et al., 2013), charcoal and straw fiber (Han et al., 2015a,
2015b) are used as carbon source.

4.3.3. Strength of the carbon composite agglomerates
Strength of the CCAs is crucial because of the requirements of

the metallurgical processes. The CCAs should resist the mechanical
stress caused by handling, charging etc. related to material trans-
port to the processes. Additionally, they should resist process
conditions to some extent such as avoiding decomposition to fines
at elevated temperatures. Bentonite is commonly used as a binder
(Konishi et al., 2010), but BF slag could also be used (Kemppainen
et al., 2014). Han et al. (2015a, 2015b) found that falling and
compressive strength of the green and dried pellets that contain
straw fiber are higher than pellets containing the same molar (C/
O ¼ 1) amount of coal and charcoal. A lower amount of bentonite is
required when straw fiber is used as a reducing agent. Compressive
strength of the reduced pellets i.e. DRI pellets is highest with a coal
pellet (2% bentonite). The strength of the pellets containing straw
fiber (0% bentonite) is almost as high as a coal pellet. Pellets with
charcoal (3% bentonite) have the lowest compressive strength (Han
et al., 2015b). The compressive strength of the DRI straw fiber
pellets decreases when the carbon content of the pellet increases.
C/O ratio of 0.8 yields high strength DRI pellet while maintaining
high metallization degree (Han et al., 2015a). An increase in the
straw fiber particle size decreases the compressive strength (Han
et al., 2015a). The findings of Fu et al. (2012) are in accordance
with Han et al. (2015a, 2015b). When using coconut crust char (C/
O ¼ 1) in the agglomerate, 2.5 wt% of bentonite was required to
produce DRI pellets with adequate crushing strength for BF
charging.

According to Kowitwarangkul et al. (2014), it is difficult to
produce self-reducing pellets with sufficient crushing strength for
modern, large BFs with working volumes up to 6000 m3. They
suggest that higher charging ratios of SRP could be possible in
smaller (<1000 m3) BFs. They produced fired-hardened and
cement-hardened SRP and evaluated their crushing strength. Fire-
hardening at 1250 �C produces SRP with sufficient crushing
strength to be charged to small BF. The highest crushing strength
was measured for SRP with coke and conventional pellet without
any carbon source. The lowest crushing strength was measured for
SRP containing 18% charcoal. The drawback of fired-SRP is that
considerable part of the carbon reacts during the firing and iron
oxides are almost completely reduced. The crushing strength of the
cement-hardened SRPs is lower compared to fired-SRPs. However,
according to Kowitwarangkul et al. (2014) it is enough for small BFs.
By using cement-hardening, carbon loss of fire-hardening can be
avoided.

4.4. Biomass use as an injectant in the blast furnace

4.4.1. Injection of auxiliary reducing agents to BF
Injected reducing agents are used in the BF to decrease the use

of top-charged coke, which is considerably more expensive. The
injection of reducing agents also makes the controllability of the BF
easier. Typical injection rate of pulverized coal in the BF is around
150 kg/tHM (Suopaj€arvi and Fabritius, 2013), but over 200 kg/tHM
injection rates have been achieved (Suopaj€arvi et al., 2013). Oil, NG,
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plastics and coke oven gas can also be injected into the BF.
Biochar is the most studied biomass-based reducing agent for

injection. Different types of research have been conducted to
evaluate the suitability of the biochars for injection. The important
parameters for injected reducing agents are reactivity, ignition,
chemical composition and physical properties (e.g. particle size,
particle size distribution). Gaseous and liquid reducing agents
could also be applied in BF (Suopaj€arvi et al., 2013), however, they
are not reviewed here, since liquid biofuel injection is covered in
Suopaj€arvi et al. (2016), and gaseous injectants (Bio-methane,
syngas) have comparable properties to fossil-based reducing agents
(Suopaj€arvi et al., 2013).

4.4.2. Grinding and conveying properties of the biochars and coal
The particle size of the reducing agents is important in coking,

sintering and production of agglomerates. It is even more impor-
tant in the case of pulverized coal injection into the BF. Typical
grinding and drying facilities used in integrated steel plants provide
grinding, drying and classifying of coal in a single machine simul-
taneously. The coal is milled to a very small size; around 60% of the
coal is under 75 mm (Geerdes et al., 2015). Due to the structure and
operation principle of the coal mill, it is likely that particles with
lower apparent density would leave the mill in larger particle size,
meaning that it is important to evaluate the grinding behavior of
different biochars and compare it to coal.

The grinding behavior of coal and biochar is compared in very
few research papers. Gil et al. (2015) compared the grinding of
different biomasses (pine, black poplar and chestnut chips) torre-
fied in 240, 260, 280, and 300 �C with 11e43 min residence time.
The grindability was measured from the particle size distribution
profiles. The best grindability was determined by highest propor-
tion of the smallest sizes in the particle size distribution. The
grindability of the biomasses improved when the temperature of
the torrefaction increased. Also, the residence time improved the
grindability to some extent. Co-grinding of coal and chestnut chips
torrefied at 280 �C with 22 min residence time, was also conducted,
the share of torrefied biomass being 5, 10, 15, 30, 45 and 55 wt%.
According to the co-grinding results, no interaction effects were
observed.

Abdullah and Wu (2009) made grinding experiments for dried
wood biomass, biochars produced at 300e500 �C and fossil Collie
coal from Western Australia. The grindability of the coal (Collie)
was the best, but the grindability of the biochar produced at
450e500 �C temperaturewas quite near the grindability of the coal.
The interesting notion is that grindability of the biochar improves
significantly when the temperature was raised from 300 to 330 �C.
The grindability of the dried wood biomass was poor. Similar
enhancement in grindability for torrefied biomass has been re-
ported by Phanphanich and Mani (2011). They also evaluated the
energy requirement of the grindingwhen using a laboratory heavy-
duty knife mill, which decreases considerably when the torre-
faction temperature is increased.

One key issue is also the conveying of the coal and biochar via
pneumatic conveying system from the silos to the tuyeres.
Mathieson et al. (2012) noticed that it is difficult to attain the mass
flow rate in a laboratory-scale pneumatic conveying system
because of the low density of softwood charcoal. They state that it
may limit the use of low-density charcoal use in high injection rate
operation. However, there is industrial evidence from the mini BFs
that at least 150 kg/tHM injection rate is possible with charcoal
(Babich et al., 2010).

Mattila et al. (2016) have investigated the grinding, storage and
conveying properties of charcoals and charcoal-fossil coal blends in
a recent study. Powder rheometer investigations revealed that pine

and birch charcoal produced at 520 �C have comparable flowability
properties to fossil coal. According to the first results, the feasible
share of charcoal in a blend is in a range of 10e50 wt%. Even though
there are papers that have addressed the grindability issues, more
detailed information is needed to address the specific requirements
of coal mills used in integrated steel plants. The problem in many of
the papers is that the mill does not simulate industrial scale pul-
verized coal mills, which have the classification by gas flow in the
same process.

4.4.3. Conversion behavior of biochars in raceway conditions
Auxiliary reducing agents are injected into the BF from the tu-

yeres via injection lances with oxygen enriched hot air blast. Tu-
yeres are located in the lower part of the BF. Injected oxygen
enriched air and auxiliary reducing agents burn in front of the tu-
yeres and should achieve high burnout ratio, before they hit the rear
wall of the raceway (Mathieson et al., 2005). The width of the
raceway, from the exit of the injection lance and rear wall of the
raceway, is 1.5e2.5 m depending on the furnace operation
(Mathieson et al., 2005). The estimated transit time of the coal
particle in the raceway is 5e30 ms (Geerdes et al., 2015; Mathieson
et al., 2005) and the heating rate of the coal particle is in orderof 105/
s (Mathieson et al., 2012). During this residence time, the coal par-
ticle experiences rapid heating, devolatilization, gas-phase com-
bustion, char combustion, and gasification (Geerdes et al., 2015).

Thermogravimetric methods can be used to evaluate the gasi-
fication characteristics of different chars, including biomass-based
chars (Babich et al., 2010). Even though with TG-methods it is not
possible to reach the heating rates of the raceway region of the BF,
they provide information about the burning behavior of chars and
reactivity of chars with CO2. The main char consuming reaction
after all the oxygen is consumed in the raceway is gasification with
CO2. Gasification happens at the end of the raceway or in the
furnace shaft (Machado et al., 2010b). High reactivity towards CO2 is
beneficial to decrease the amount of soot, which can block the
furnace and prevent the flow of the reducing gas.

Machado et al. (2010b) compared the reactivity of the charcoal,
Brazilian coal, and imported coal and their binary blends towards
CO2. Despite the fact that Brazilian coal had the highest volatile
matter (VM) share (38.7%, dry basis), the reactivity of the charcoal
(VM 21.9%, dry basis) is markedly higher. The high reactivity of
carbon is related to the porous and highly disordered carbon
structure. Higher reactivity of Brazilian coal compared to imported
coal was explained by the lower rank of the coal. Interestingly, the
experimental conversion rate of the 50% charcoal and 50% Brazilian
coal blend showed negative deviation from the calculated conver-
sion rate. This suggests that there are some interactions between
the constituents of both fuels, but this was not investigated further.

The carbonization degree of the biomass-based fuel has a strong
impact on the volatile liberation in N2 atmosphere. According to
Babich et al. (2010), biochars produced in lower temperatures react
faster. However, when the air is introduced to the sample, the re-
action rate of the biochar produced at a higher temperature, is
higher. This might be due to the higher porosity of the biochar. The
burning rate of the smaller grain size biochar is faster. All in all,
biochars seem to be more reactive in TG experiments, and, ac-
cording to Babich et al. (2010), Machado et al. (2010b) and Chen and
Wu (2009), biomass-based fuel could replace coal in BF injection.
The findings of Babich et al. (2010) suggest that biochar could even
have larger grain size compared to coal and still be suitable from
the reactivity point of view.

Drop tube furnace (DTF) is used in the evaluation of combusti-
bility and burning performance of fuels. DTF simulates the tem-
perature and heating rate that the coal particle experiences when
injected into the BF (Chen et al., 2012). Temperature range in the
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DTF is usually in a range of 800e1400 �C and different gas atmo-
spheres can be used in the experiments. Chen and Wu (2009)
evaluated the thermal behavior of blends of rice husk and anthra-
cite coal before and after DTF experiments. TGA results indicated
that there are no chemical interactions or synergistic effects be-
tween the rice husk and coal when heated to 500, 1000, and
1400 �C, but there was a linear relationship between char yield and
rice husk blending ratio. The finding suggests that biomass and coal
could be blended at any blending ratio in accordance with the
desirable volatile matter content for injected fuel. The synergistic
effect between rice husk and coal was seen in unburned chars,
which have been obtained from the DTF experiments. The TGA
curves revealed that char yield, with respect to the blending ratio of
rice husk, follows the second order polynomial rather than a linear
relationship. It was concluded that polymers; hemicellulose, cel-
lulose and lignin remain in biomasses after DTF treatment. Their
devolatilization becomes clearer when the share of biomass is
higher than 50%.

Torrefaction of biomass changes its chemical and physical
properties, which also affect its combustion behavior in the race-
way, simulated with DTF. Volatile release ratio under rapid heating
is higher for raw biomasses and biomasses torrefied at 250 �C
compared to biomasses torrefied at 300 �C and high-volatile coal.
The highest burnout ratio, over 95%, was achieved with raw bio-
masses. The burnout ratios were 82e88% and 70e81% for bio-
masses torrefied at 250 �C and biomasses torrefied in 300 �C,
respectively. Coal burnout ratio was 80%. The results indicate that
the residence time of raw biomasses and biomasses torrefied at
250 �C in the raceway could be shortened, whereas biomasses
torrefied at 300 �C should have longer residence time in the race-
way for efficient combustion. According to further investigation of
burnout ratio versus fuel ratio (fixed carbon per volatile matter),
torrefied biomasses could replace high-volatile coal in BF injection,
but not low-volatile coal (Chen et al., 2012).

Du et al. (2014) continued the fuel property and combustion
efficiency evaluations with torrefied biomasses, charcoals and low
and high-volatile coals in DTF. They also evaluated the ignition
temperature of the fuels with an ignition analyzer and high-speed
camera. Burnout ratios seem to decrease linearly when the treat-
ment temperature is increased. However, the burnout of raw bio-
masses, torrefied biomasses and carbonized biomasses is higher
than the burnout ratio of the low-volatile coal. The ignition tem-
perature of the biomasses increased when biomass was torrefied
and further carbonized. However, they were lower compared to the
low-volatile coal. Volatile matter content is the main factor that
influences the ignition temperature.

Pohlmann et al. (2016) conducted extensive research to
compare the combustibility of carbonized eucalyptus with injec-
tion coals having similar volatile matter contents (low, medium and
high-volatile content). The combustion characteristics were
examined in DTF at 1300 �C with varying oxygen concentrations
(conventional combustion) and with O2/CO2 atmosphere (oxy-fuel
combustion). The main result of the study is that the burnout of
biomass chars is higher compared to fossil coals with a similar
volatile content. The results also suggest that combustion under
oxy-fuel conditions yields 7e10% higher conversion on average
compared to conventional combustion. Pohlmann et al. highlight
the role of specific surface area (micro and mesoporosity) and its
development during the combustion. The high micro and macro-
porosity (high specific surface area) and the isotropic structure of
the biomass chars compared to fossil coal chars with low porous
anisotropic domains make them more reactive to CO2. This is
beneficial for the BF process, since after the char leaves the raceway,
it should react efficiently with CO2 to avoid soot formation.

Injection rigs are also used to evaluate the combustion

performance of coals. There are different rig designs, but the main
principles are the same. Injection rigs simulate the whole injection
procedure including coal injection through the lance to the blast,
tuyere system, jet expansion, and the combustion in the raceway (Li
et al., 2013; Machado et al., 2010b). Machado et al. (2010b) evalu-
ated the conversion degree of two types of coal and charcoal in an
injection rig, which simulated the tuyere zone and the first part of
the raceway (oxygen zone) where the Boudouard reaction does not
occur. Charcoal showed a better conversion degree compared to
coals in all O/C atomic ratios. The burnouts obtained with 150 kg/
tHM simulated injection rate were 56, 49 and 33% for charcoal,
Brazilian coal and imported low-volatile coal, respectively. The
particle size of the injected materials was 90e125 mm, which, ac-
cording to the authors is the reason why the conversion degrees
obtained were clearly below 100% in all cases. The addition of
charcoal to Brazilian coal improved the burnout level considerably
at the stoichiometric O/C ratio. Findings by Babich et al. (2010)
confirm the higher conversion of charcoal with rising injection
rates. It is stated that oxygen in charcoal pores promotes gasifica-
tion at high injection rates when the amount of injected oxygen is
limited. Similar results are also reported in the work of de Assis
et al. (2014) who compared the combustion rate of mid-volatile
coal, high-volatile charcoal and mildly torrefied biomasses in a
laboratory injection simulator. From the point of view of combus-
tion rate, mildly torrefied biomasses could also be used in BF in-
jection. However, further analysis is needed to take into account the
impact of low calorific value injectants on the BF process. The
feasible injection rates for all the injectants was below 120 kg/tHM
(combustion rate > 84%). This is a rather low injection rate
compared to Babich et al. (2010), but might be explained by the
experimental settings.

Mathieson et al. (2012) used pilot-scale combustion apparatus
to examine the burnouts of high-volatile pulverized coal, one low,
two medium, and one high-volatile charcoals and their mixtures.
Softwood was the raw material in one charcoal (medium volatile)
and hardwood in three (low-, medium-, high-volatile) charcoal.
The particle transit time in the combustion chamber was 20ms and
the heating rate 105 K/s, which are close to raceway conditions of an
operating BF. The burnout ratios of charcoals in standard conditions
(O/C ratio ¼ 2.0, typical for 140e150 kg/tHM injection rate) were
comparable or superior to high-volatile coal used in the study. The
highest burnouts were achieved with high-volatile charcoal.
Further investigations with unburned char revealed that the most
likely reason for higher combustibility of the charcoals compared to
coal is attributed to the heterogeneous reaction of the gases with
the chars. Volatile release from the charcoals causes significant
fragmentation, which creates additional surface area for the reac-
tion. The enhanced combustion performance of the charcoals could
attribute to higher injection rates compared to coal injection
leading also to higher BF productivity. Since the properties (e.g.
carbon and volatile content) of the charcoals are dependent on the
carbonization temperature, it is possible to tune the properties for
optimized BF performance. It is stated that it would be possible to
operate BF without steam injection to control adiabatic flame
temperature by choosing charcoals with suitable volatile matter
content. This will lower the fuel rate and bosh gas volume leading
to increased BF productivity.

4.4.4. The evaluation of biomass injection performance by modeling
A variety of research papers have been published in which the

impact of biomass-based reducing agent injection on the BF process
has been examined using a modeling approach. The modeling ap-
proaches vary from detailed tuyere-racewaymodels (e.g. Wijayanta
et al., 2014a), to 1-dimensional static BF models (e.g. S€oderman
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et al., 2009), and 3-dimensional models (e.g. de Castro et al., 2011).
Wijayanta et al. (2014a) and Wijayanta et al. (2014b) investi-

gated the combustibility of biochar with the developed numerical
tuyere-raceway model and compared the combustibility to con-
ventional pulverized coal. The charcoal (oak char) used in the study
had high-volatile content (27.1 wt%) and the coal used had an even
higher volatile content (44.6 wt%) (Wijayanta et al., 2014a). The
performance of the oak char could not reach that of high-volatile
coal. The combustibility of oak char with 23 and 27 wt% O2 con-
centrations was lower than coal. Oak char also provided a lower
temperature and temperature distribution. The cause for the lower
combustion efficiency of oak char is due to the lower volatile
matter. The difference in combustion efficiency becomes more
evident with higher injection rates, when there are not enough
volatiles to react with additional oxygen. It was suggested that a
longer raceway would be needed when injecting oak char. On the
other hand, by decreasing the particle size of the oak char, the same
combustibility can be obtained (Wijayanta et al., 2014a).

de Castro et al. (2011) developed a six phase 3-D BF model based
on the multi-fluid theory to evaluate the injection of charcoal and
pulverized coal. By considering the charcoal and coal in separate
phases, it is possible to take into account the thermo-physical
properties of the fuels, phase interactions, and differences in ki-
netic rate equations. The calculated cases represent the high-end
injection cases with up to 250 kg/tHM injection rates. It was
concluded that stable BF operationwith co-injection of 200 kg/tHM
pulverized coal and 50 kg/tHM pulverized charcoal could be ach-
ieved. High oxygen enrichment is needed when the share of char-
coal is increased in injection (de Castro et al., 2013) to maintain the
thermal conditions in the lower part of the furnace. Higher pro-
ductivity with lower coke consumption could be achieved when
injection of 250 kg/tHM pulverized coal is replaced with co-
injection of 150 kg/tHM coal and 100 kg/tHM pulverized charcoal
(de Castro et al., 2013).

Interesting research results were obtained in the work of
Kemppainen et al. (2016a, b) concerning the iron oxide reduction
reactions in the BF shaft. A BF model with comprehensive heat and
mass balances was used to compute the reducing gas atmosphere
in the BF shaft in different injection cases to develop reduction
programs for laboratory investigations. Injection cases included
coal injection as the reference case, torrefied biomass and charcoal
cases and a top-gas recycling case. In the top-gas recycling case, the
BF shaft gas had the highest reduction potential. The reduction
potential of the shaft gas for the combined torrefied biomass and PC
injection was also slightly higher compared to the reference case.
The laboratory investigations suggest that with biomass-based
reducing agent injection it may be possible to obtain a higher
reduction degree of iron burden compared to the reference case
with PC injection.

4.5. Biomass use in electric arc furnace and in other metallurgical
processes

DRI produced from CCAs containing different shares of biomass-
based reducing agent could be used as EAF charge. In addition,
biomass could also be applied in the EAF to replace lump coal
charged in a basket or pulverized coal injected as a foaming agent
(Bianco et al., 2013). It has also been proposed that charcoal could
be used in metal recycling (Griessacher et al., 2012) and biogas
(Gunarathne et al., 2016) or bio-SNG (Johansson, 2013; Suopaj€arvi
et al., 2016) in reheating furnaces to replace liquefied petroleum
gas (LPG) or NG.

The application of biofuels in EAF has actually proceeded faster
to industrial trials than using biomass-based reducing agents in

modern BF even though the body of scientific literature is much
less. The main reason for this may be that EAF, as a batch process, is
easier to control and there is a smaller risk of longer process dis-
turbances. The industrial trials were conducted in the context of
GreenEAF project (Bianco et al., 2013). However, a lot of work has
been done at laboratory-scale to evaluate the feasibility of the
biomass-based carbon source for EAF. Fidalgo et al. (2015) investi-
gated the chemical and thermal properties of chars produced from
agricultural residues and compared them to properties of fossil
coals for their use in EAF steelmaking. They propose that biochar
could replace either charged coal or injected coal, depending on the
fixed carbon content, volatile amount and ash content. Echterhof
and Pfeifer (2011) state that important factors affecting the suit-
ability of the biochar for EAF steelmaking are calorific value, reac-
tivity of the carbon, and ash content and its composition. Reactivity
influences the chemical reactions, which further impact on the
foaming of the slag. Ash chemistry of the carbon affect the slag
phase including slag viscosity and surface tension. Slag foaming
tests in a pot confirmed that high reactivity biochars were able to
foam the EAF slag more than fossil coals. However, the low density
of the biochar may necessitate briquetting or pelletizing of the
biochar to ensure adequate carbon mass rate to slag surface and
penetration depth into the slag when biochar is injected into the
EAF. Yunos et al. (2011) report that injection of palm shell char
instead of metallurgical coke would increase the volume of the
foam, which is beneficial for the EAF process.

Pilot-scale trials with biochar fines charged with scrap (Demus
et al., 2012a) showed no negative impact of steel quality, slag
chemistry or slag foaming. The carburization of the steel melt,
however, was not adequate. A large specific surface area of the
biochar results in a high combustion rate, which leaves a shorter
time for carburization. The reactivityof thebiochar canbe controlled
by briquetting the biocharwithwater andmolasses. This resulted in
combustion behavior closer to that of coal (Demus et al., 2012b).

Industrial-scale trials have been done in three different EAFs in
the context of GreenEAF project. Trials included both injection and
charging of biochar. Charging trials were conducted in two EAFs
and were successful. The steel and slag analyses showed no sig-
nificant differences between biochar produced at 550 �C and
reference coal. The main difficulties in biochar trials were the
handling and charging related powder dispersion and intense
flame emissions due to the high reactivity of the biochar. Injection
trials were conducted in three EAFs with partly satisfactory results.
In some of the trials good slag foaming was obtained, while in some
poor foamingwas observed. Themain difficulty in biochar injection
is the penetration of the char to slag. (Bianco et al., 2013).

Fuels are also used in iron and steelmaking processes to produce
heat, without application as a reducing agent. Johansson (2013) and
Suopaj€arvi et al. (2016) suggest that bio-SNG could be used as fuel
in steel industry reheating furnaces. The replacement of LPG with
bio-SNG could be a technically and economically viable option to
introduce biofuels to integrated steel plants (Johansson, 2013;
Suopaj€arvi et al., 2016). Gunarathne et al. (2016) argue that NG
use in heat treatment furnace could be replaced with syngas pro-
duced from biomass via gasification. Integration of heat treatment
furnace and biomass gasification would increase the overall
efficiency.

5. Environmental performance of biomass-based reducing
agents

5.1. Plant site evaluations

Several research papers have been published that describe the
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effects of biomass-based reducing agent use to integrated steel
plant mass and energy flows, and attainable CO2 reduction. As the
BF is the main process that impacts all other integrated steel plant
processes, it is worthwhile to assess the impact of biomass-based
reducing agent injection on BF behavior and reducing agent con-
sumption. Table 5 describes the effect of biomass-based reducing
agent injection on the total reducing agent consumption in the BF. It
can be seen that wood pellet and bio-oil, which have low carbon
content and heating value, perform badly as an injectant. Torrefied
wood performs better, but it is still worse than coal, which is the

main injectant used in BFs. Charcoal performance in BF injection is
superior compared with other biomass-based reducing agents. In
fact, in most of the BF modeling studies, charcoal use would lower
the coke consumption compared to the base case with pulverized
coal injection. Charcoal has low ash content and sulfur content and
the ash is basic in nature. These properties make it possible to use a
lower amount of limestone, resulting in lower process energy
consumption and slag rate (Wang et al., 2012, 2015). Babich et al.
(2010) and Wang et al. (2012) state that in case of charcoal injec-
tion, the decreased bosh gas volume, coke rate and slag rate will

Table 5
Reducing agent rates in different injection cases.

Base case reducing agent
consumption (kg/tHM)

Biomass-based reducing agent consumption (kg/tHM) Reference

Coke Coal/Oil Total Coke Coal Charcoal Torrefied
biomass

Wood
pellet

Bio-oil Total

379 -/90 469 325 NA 150 NA NA NA 475 Suopaj€arvi and Fabritius (2012)
283 200/- 483 257.2 NA 200 NA NA NA 457.2 Babich et al. (2010)
315.5 150/- 465.5 315.5 NA 146.5 NA NA NA 462 Wang et al. (2012)
305 155.5/- 460.5 305 NA 166.7 NA NA NA 471.7 Wang et al. (2015)
352 140/- 492 321 NA 140 NA NA NA 461 Mathieson et al. (2011)
370 140/- 510 364 NA 140 NA NA NA 504 Ng et al. (2010)
319.8 150/- 469.8 315.8 100.0 47.3 NA NA NA 463.1 Helle et al. (2016)
352 140/- 492 409 NA NA 140 NA NA 549 Mathieson et al. (2011)
305 155.5/- 460.5 305 120.1 NA 60.7 NA NA 491.8 Wang et al. (2015)
319.8 150/- 469.8 333.5 114.4 NA 50 NA NA 497.9 Helle et al. (2016)
305 155.5/- 460.5 305 124.5 NA NA 59.1 NA 488.6 Wang et al. (2015)
315.5 150/- 465.5 315.4 122.0 NA NA 60 NA 497.4 Wang et al. (2012)
370 140/- 510 455 NA NA NA NA 140 595 Ng et al. (2010)

Fig. 7. Schematic presentation of the system boundaries in plant site assessments concerning the use of biomass in BF injection.

H. Suopaj€arvi et al. / Journal of Cleaner Production 148 (2017) 709e734724

170



increase the BF productivity.
Integrated steel plants are complicated systems with inter-

connected material and energy flows. Optimization and simulation
models that have been used to evaluate plant-wide effects of
biomass-based reducing agent use generally take into consider-
ation all the main processes that can be found from actual inte-
grated steel plants. The system boundary of the integrated steel
plant models is schematically presented in Fig. 7. In many of the
papers, the production of biomass-based reducing agent (pyrolysis
unit in Fig. 7) is integrated into the steel production system (e.g.
Wiklund et al., 2016a). Since the availability of by-products (non-
condensable gases and tars) from the pyrolysis process is quite
uncertain, many of the papers have ignored them or stated that
the by-products are used to sustain the pyrolysis process. In some
of the research papers, the system boundary has been extended
and it has been proposed that steel plant gases could be utilized in
the production of valuable chemicals. Ghanbari et al. (2012, 2015)
have proposed the integration of methanol production into a
system that uses also a biomass-based reducing agent as BF
injectant.

The main emphasis in plant site simulation studies has been to
evaluate the possible CO2 reduction with biomass-based reducing
agent injection, to find optimal injection rate in regards to costs and
CO2 emissions reduction or to evaluate the changes in material and
energy flows. Suopaj€arvi and Fabritius (2012) found that approxi-
mately 26.4% reduction in plant site emissions is possible if oil in-
jection and part of the coke were replaced with charcoal injection.
Wang et al. (2012) suggest a similar reduction (27%) when pulver-
ized coal injection is replaced with charcoal injection. These studies
did not consider any economic restrictions on the use of charcoal.
The use of biomass-based reducing agent injection into the BF
under economic constraints has been evaluated by Helle et al.
(2009, 2010) and Wiklund et al. (2012, 2013). According to their
optimization results, it would be most beneficial to use a biomass-
based reducing agent in the form of a torrefied biomass i.e. biochar
pyrolyzed under 300 �C, resulting 4e15% reduction in specific plant
site CO2 emissions (Wiklund et al., 2012). In another study by
Wiklund et al. (2016b), the use of hot stove flue gases or combusted
BF top gas was examined to dry the wet biomass before torre-
faction. This has positive impact on the economics, but also in-
creases the use of waste heat, which is available in an integrated
steel plant.

The coupling of chemical production to the integrated steel
plant could provide an additional reduction in GHG emissions and
enhancement in economics of using biomass-based reducing
agents in iron and steelmaking. Ghanbari et al. (2012, 2015) suggest
the integration of polygeneration system with a methanol plant
added to the steel plant infrastructure. The system studied includes
a carbon dioxide capturing system. CO2 emissions can be decreased
considerably, if CO2 is sequestered. The CO2 emissions could be
decreased by 0.4 tCO2/t liquid steel with conventional BF technol-
ogy, if charcoal injection is used instead of oil injection (Ghanbari
et al., 2012).

Johansson and S€oderstr€om (2011) investigated the possibility of

replacing part of the injected coal in BF with charcoal and LPG used
in heating furnaces with bio-SNG (synthetic natural gas). Case
studies calculated for Swedish steel producers show that a
considerable share of the fossil CO2 emissions could be avoided if
biomass-based energy sources were used. Nogami et al. (2004)
used exergy analysis to compare conventional and charcoal hot
metal production systems. According to the results, a charcoal-
based system needs more enthalpy and exergy inputs, but it pro-
duces energy that could be used in other processes. From the point
of view of exergy loss, systems are at a comparable level.

5.2. Iron and steelmaking life cycle assessments

Depending on the literature source, the life cycle CO2 emissions
from integrated steel production are 2.2e2.5 tCO2/t steel (Burchart-
Korol, 2013; Norgate et al., 2012). To date there are few research
papers inwhich the impact of using biomass-based reducing agents
on the CO2 emissions on a life cycle basis has been evaluated. Fick
et al. (2014) conducted a case study with different biomass-based
hot metal production scenarios in the North East of France. They
conducted a screening LCA with cradle-to-gate system boundaries.
Depending on the use scenario, a reduction was achieved in GHG
emissions ranges between 6.7% and 14.7% compared to the refer-
ence scenario with entirely fossil-based reducing agents. The raw
materials studied were torrefied biomass and charcoal fines,
injected into the BF. In addition, the charging of the lump charcoal
at the top of the BF was also investigated.

Norgate and Langberg (2009) conducted a LCA study in which
they evaluated the indicative CO2 reduction in arbitrary cases
where charcoal would replace coke and injected coal in the BF with
20% and 100% substitution rates. The same substitution rates were
used in the case of smelting reduction in which charcoal replaces
coal and in the case of EAF steelmaking in which the charcoal re-
places charge, injectant and recarburizer carbon in the EAF. The full
replacement of coke in large BFs is not plausible according to cur-
rent knowledge. According to the results of the LCA, the potential to
lower fossil-based CO2 emissions by applying charcoal is huge.
Norgate and Langberg (2009) evaluated extensive credits for by-
products; eucalyptus oil and electricity that are recovered from
charcoal production. If these credits are credited for the steel
product, CO2 emissions per ton of steel produced would turn
negative in 100% substitution case with sinter-BF, pellet-BF and
smelting reduction (Table 6). The reduction in non-renewable CO2
emissions in the case of 100% substitution would be around 1.3, 1.6
and 0.05 kgCO2/kg steel with sinter-BF, smelting reduction and
mini-mill EAF respectively, if by-product credits are not accounted.
This reduction is substantial.

In another LCA study by the same Australian research group
(Norgate et al., 2012)more realistic charcoal substitution rates were
used to assess CO2 mitigation potential. The life cycle model of the
charcoal productionwas up-dated, which resulted lower credits for
by-products. In case of integrated steelmaking route, charcoal
substitutes sintering solid fuel (50e100%), coking coal in coke blend
(2e10%), BF tuy�ere injected fuel (100%), BF nut coke (50e100%) and

Table 6
CO2 emissions from integrated steelmaking plant, mini-mill EAF plant and direct smelting (according to Norgate and Langberg, 2009).

Base case
kgCO2/kg steel

20% substitution
(with by-product credits)
kgCO2/kg steel

100% substitution
(with by-product credits)
kgCO2/kg steel

Sinter-BF 2.17 1.00 �2.29
Pellet-BF 2.40 1.08 �2.22
mini-mill/EAF (100% scrap) 0.51 NA 0.36
Direct smelting/BOF 2.12 1.06 �3.18
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recarburizer carbon (100%). In EAF mini-mill route charcoal re-
places charge carbon (50e100%), slag foaming carbon (50e100%)
and recarburizer carbon (50e100%). Direct smelting route includes
bath coal injectant replacement (20e100%) and recarburizer carbon
replacement (100%).

Fig. 8 shows the calculated CO2 emissions when charcoal is used
in the steelmaking routes described, based on the results of Norgate
et al. (2012). The life cycle emissions of the sinter-based BF steel-
making route, mini-mill EAF route and smelting reduction route are
2.17, 0.51 and 2.12 tCO2e/t steel respectively (blue columns in Fig. 8).
Life cycle CO2 emissions without by-product credits are shown in
the middle of Fig. 8. Orange columns indicate the amount of CO2
emissions in the case of minimum charcoal use and grey columns
show the emission level withmaximum charcoal substitution rates.
Obtainable CO2 emission reduction, without by-product credits
from charcoal production, is 31.8e55.8%, 5.5e11.0% and 16.0e80.2%
for sinter-BF, mini-mill EAF and smelting reduction steelmaking
routes respectively. Emission reduction is higher, if charcoal pro-
duction by-product credits are attributed to steel; 41.9e74.2%,
7.3e14.7%, and 21.2e106.1% (on right of Fig. 8).

The results of Norgate et al. (2012) are comparable to their
previous publication (Norgate and Langberg, 2009) in the case of
CO2 reduction without by-product credits. This shows that it is of
great importance to have reliable LCI data available concerning all
the stages of the supply chain. In addition, the allocation of by-
product credits to a certain product is a subject of discussion. If
the biomass-based reducing agent production is a part of steel
production supply chain, by-product credits are rightfully attrib-
uted to the steel product.

Suopaj€arvi et al. (2014) conducted carbon footprint analysis of
three biomass-based reducing agents, namely charcoal, torrefied
wood and bio-SNG and calculated CO2 emission reduction potential
in Finnish steel plant. It was assumed that additional biomass-
based reducing agent injection would replace the coke rate, while
the injection of oil was maintained at a constant level. Hot metal
production in the case study was 2.3 Mtons annually. The global
CO2 emission reduction without by-product credits is 0.99e1.01,
0.40, and 0.84e0.86 Mtons for charcoal, torrefied wood and bio-
SNG respectively. Reduction would be 1.29e1.39, 0.40, and
0.89e0.97 Mtons if the by-product credits are accounted. CO2
emission reduction at plant scale could be 23.4%.

5.3. CO2 emissions of biomass-based reducing agent production

There is a wide variety in the life cycle emission studies con-
ducted in the context of iron and steelmaking. This review has
highlighted the role of solid biomass-based reducing agents in the
previous chapters, since their properties are different compared to
traditionally used solid biomass-based reducing agents. However,
there are some research papers, which have shown that other
biomass-derived products could also be used either as fuels or
reducing agents in iron and steelmaking (Suopaj€arvi et al., 2013;
Bürgler et al., 2011). This section provides an overview of the
literature concerning the life cycle emissions of solid, liquid and
gaseous biomass-based reducing agents that could be used in iron
and steelmaking processes. Since the production technologies of
these biomass-based reducing agents are reviewed elsewhere (e.g.
Suopaj€arvi et al., 2013), only a short description is provided here.
The comparison of life cycle CO2 emissions is conducted on an
energy basis (gCO2/MJ) to help to draw conclusions.

The identified biomass-based reducing agents are torrefied
biomass, charcoal, bio-oil, bio-SNG, bio-hydrogen, and bio-
methanol. Torrefaction as an upgrading method to produce more
energy dense biomass fuel has gained a lot of attention in the past
few years, since there is need to increase the energy density of
wood fuels to ensure lower logistics costs and more efficient pro-
cess performance. Altogether 6 research papers were selected for
this analysis from a large body of literature (Adams et al., 2015;
Arteaga-P�erez et al., 2015; Kabir and Kumar, 2012; Kaliyan et al.,
2014; Suopaj€arvi et al., 2014; J€appinen et al., 2014). The raw ma-
terials used in these research papers are such that they allow the
production of high-quality biomass-based reducing agents for iron
and steelmaking. The life cycle CO2 emissions of torrefied biomass
in the reviewed papers is between 4.0 and 20.9 gCO2/MJ. Torre-
faction does not yield by-products, which means that there is no
credit available for torrefied biomass.

Production of charcoal has long traditions, but usually produc-
tion has been done with inefficient processes. There are also more
sophisticated continuous pyrolysis technologies, such as contin-
uous carbonization retorts and rotary kilns (Suopaj€arvi et al., 2013)
to produce charcoal and also recover by-products. Life cycle emis-
sions of charcoal production has been evaluated in a few publica-
tions (Roberts et al., 2009; Norgate et al., 2012; Sjølie, 2012;

Fig. 8. CO2 emission reduction with the use of charcoal in steel production (based on Norgate et al., 2012).
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Suopaj€arvi et al., 2014). In the reviewed papers the life cycle
emissions range from 3.38 to 23.89 gCO2/MJ. Biomass pyrolysis
yields by-products, which can be utilized in different applications
such as energy production.

The injection of bio-oil into a BF has been evaluated in only one
paper (Ng et al., 2010). The problem with bio-oil is its low heating
value, high oxygen content and high water content. However, bio-
oil could possibly be used in other furnaces or power plants within
steel plants. Two life cycle CO2 emission studies were reviewed in
this paper (Fan et al., 2011; J€appinen et al., 2014). J€appinen et al.
(2014) reported 5.5 gCO2/MJ life cycle emissions for bio-oil, pro-
duced from wood in Finland. Fan et al. (2011) reported emissions
ranging from 8.6 to 14.5 gCO2/MJ depending on the feedstock.
Highest emissions were reported for cultivated poplar whereas the
lowest emissions were calculated for waste wood.

The use of natural gas in BF is common practice in countries
where it is cheap. NG as such is a cleaner fuel compared to injected
coal or oil and produces less CO2 emissions. Bio-SNG with identical
chemical properties compared to natural gas can be produced from
biomass. The life cycle CO2 emissions of bio-SNG have been eval-
uated by Hacatoglu et al. (2010), Steubing et al. (2011) and
Suopaj€arvi et al. (2014). The range of emissions in these studies is
quite similar, from 10.2 to 14 gCO2/MJ. The biomass-based raw
material in Suopaj€arvi et al. (2014) and Steubing et al. (2011) was
forest chips. In the case of Hacatoglu et al. (2010) the raw material
was agricultural and woody biomass.

Hydrogen injection into BF is one future alternative identified by
Sato et al. (2015). There are several studies concerning the envi-
ronmental impacts of hydrogen production (Kalinci et al., 2012;
Susmozas et al., 2013; Iribarren et al., 2014; Moreno and Dufour,
2013). According to these studies, the life cycle CO2 emissions of
hydrogen production are 3.4e17.1 gCO2/MJ.

Methanol injection into the BF has been addressed only in one
publication (Wang et al., 2012). Methanol has a considerably low
heating value and high oxygen content compared to pulverized
coal. However, methanol is included in this review. The lowest life
cycle emissions, 25.5 gCO2/MJ were reported by Chryssakis et al.
(2015). Methanol was produced from black liquor, which explains
the low emissions. The highest emissions can be found in the work
of Dowaki and Genchi (2009); 56.8 gCO2/MJ, with the raw material
being wood chips. Majer and Gr€onr€oft (2010) reported emissions
ranging from 27.9 to 31.9 gCO2/MJ, depending on the feedstock;
short rotation coppice and forest residues.

Altogether 19 research papers concerning the life cycle CO2
emissions of possible biomass-based reducing agents were evalu-
ated. These papers included 32 different values for biomass-based

reducing agent life cycle CO2 emissions. The results are displayed
in Fig. 9 with minimum and maximum values for each biomass-
based reducing agent. There seems to be some difference in the
CO2 emissions of biomass-based reducing agents between the
studies, mainly because of the location of the study, raw materials
used and definition of the system boundary. However, it seems that
when CO2 emissions are compared in energy basis (MJ), they are in
the same range, except for methanol. The reason for higher emis-
sions might be the longer production chain, need for additional
support fuels and lower product yield.

The life cycle CO2 emission values do not include any credits
from by-products. The CO2 emissions from use phase are ignored
since it is assumed that the same amount of CO2 that is released is
sequestrated back to plants in photosynthesis. The life cycle emis-
sions of NG and coal are 75 and 115 gCO2/MJ, respectively (Burnham
et al., 2011). We can conclude that life cycle CO2 emissions from the
use of fossil-based reducing agents are many times greater than
those of biomass-based reducing agents.

6. Economic constraints of using biomass-based reducing
agents

One of the biggest barriers in large-scale utilization of biomass-
based reducing agents in iron and steelmaking is the economics
compared to fossil-based reducing agents (Suopaj€arvi et al., 2013,
2016). This paper provides an extensive evaluation of the produc-
tion costs of possible biomass-based reducing agents. The pro-
duction cost of biomass-based reducing agents is affected by
several variables; applied processing method, location of the plant
(transportation costs, and cost of infrastructure and labor) and raw
material cost. The production cost of six biomass-based reducing
agents; torrefied biomass, charcoal, bio-SNG, bio-oil, bio-hydrogen
and bio-methanol were evaluated. Altogether 21 different pro-
duction cost estimates were selected from the literature and are
presented in Table 7. Besides the production cost estimate, the table
shows the feedstock used in the study. In addition, the capacity of
the plant, biomass-based reducing agent production technology,
location of the study and base year are also shown. The feedstock
selected in most of the studies for this review is wood-based, since
wood is probably the most suitable rawmaterial for biomass-based
reducing agent production. The capacity of the biomass-based
reducing agent plants in the studies reviewed range from 50 to
5000 dry biomass tons per day. The studies reviewed were con-
ducted in Europe, Australia and North America. Production cost
estimates are given inV/t and inV/GJ when the heating value of the
product biomass-based reducing agent is available. All the costs
have been converted into V2015 by firstly converting the cost to
euros (e.g. from $ to V) (European Central Bank, 2016) and then
taking into account the change in the value of money (Eurostat,
2016).

The production costs, when compared on an energy basis, are
lowest with torrefied biomass. The production costs seem to be
higher with bio-SNG, bio-hydrogen and bio-methanol. The reason
for this is more complicated production technology, which requires
higher investment costs. In addition, the energy requirement of
gas-based upgrading technologies tends to be higher, compared to
solid or liquid upgrading technologies. The raw material costs take
a dominant role in determining the production cost of bioreducers.
In charcoal production where the investment in technology is
modest, the share of raw material costs is 54e65%, depending on
the raw material (Suopaj€arvi et al., 2014). Fig. 10 shows the pro-
duction cost breakdown for charcoal produced from logging resi-
dues with slow pyrolysis technology.

The price of the biomass-based reducing agents remains to beFig. 9. Life cycle CO2 emissions of various biomass-based reducing agents.
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considerably higher compared to fossil-based reducing agents. In
the future, the possibility of higher carbon taxes or emission al-
lowances could steer the steel industry towards the use of biomass-
based reducing agent use (Suopaj€arvi et al., 2013). Other possible
measures to increase the competitiveness of the biomass-based
reducing agents is to produce several products from the biomass
feedstock (Shabangu et al., 2014; Larsson et al., 2013), increase the
process integration (Wiklund et al., 2016b; Ghanbari et al., 2015) or

to decrease the raw material costs by optimizing the supply chains
(Gold and Seuring, 2011). In the case of charcoal production with
slow pyrolysis, it has been proposed that pyrolysis vapors could be
used in heat and power production or feedstock to produce bio-
methane or bio-methanol (Suopaj€arvi et al., 2014; Larsson et al.,
2013; Shabangu et al., 2014). Wiklund et al. (2016b) proposed the
use of steel plant waste heat sources in biomass drying. In fact, the
waste heat from steelmaking slags could be used in fast pyrolysis to
produce bio-oil (Luo et al., 2013). Ghanbari et al. (2015) suggested
that steel plants could be integrated with biomass upgrading and
chemical industries to achieve better economies and CO2 reduction.

Introduction of biomass-based reducing agents to the existing
steel plant infrastructures is not without additional cost. The
existing equipment and processing practices for storage, conveying,
pre-treatment, and conversion are designed for fossil-based
reducing agents, which differ considerably from biomass-based
reducing agents in relation to physical and chemical properties.
To date there are no economic studies where these costs would
have been analyzed in-depth from the perspective of modern,
large-scale steel production units. Mathieson et al. (2011) proposed
the use of value-in-use approach to compare economics of coals
and charcoals, but this approach seemed to neglect costs associated
e.g. to possible improvement of equipment. There definitely is a
need for more detailed cost comparison between the economics of
fossil-based and biomass-based reducing agents taking into ac-
count fixed and variable costs related to the actual use stage of
reducing agents at the steel plant.

Table 7
Comparison of biomass-based reducing agent production costs.

Biofuel Feedstock Capacity
(dry tons/day)

Technology Location Base
year

Production
cost 2015

Ref.

Torrefied
biomass

Chipped wood 750 Torrefaction and pelletisation Sweden 2012 183 V/t,
9.0 V/GJ

Svanberg et al. (2013)

Sawdust and shavings 380 Torrefaction and pelletisation Canada 2012 113 V/t
5.3 V/GJ

Mobini et al. (2014)

Logging residue 230 Torrefaction Finland 2011 147 V/t
7.6 V/GJ

Suopaj€arvi et al. (2014)

Small-diameter wood 230 Torrefaction Finland 2011 188 V/t
8.7 V/GJ

Suopaj€arvi et al. (2014)

Debarked roundwood 350 Torrefaction and pelletisation USA 2011 150 V/t
7.6 V/GJ

Pirraglia et al. (2013)

Charcoal Pine 2400 Slow pyrolysis USA 2012 223 V/t Shabangu et al. (2014)
Forest residue 230 Slow pyrolysis Finland 2011 377 V/t

12.8 V/GJ
Suopaj€arvi et al. (2014)

Small-diameter wood 230 Slow pyrolysis Finland 2011 513 V/t
17.2 V/GJ

Suopaj€arvi et al. (2014)

Forest residue Not specified Slow pyrolysis Finland 2011 392 V/t Suopaj€arvi and Fabritius (2013)
Eucalyptus 910 Slow pyrolysis Australia 2014 303 V/t

9.7 V/GJ
Jahanshahi et al. (2015)

Crop residues 2000 Slow pyrolysis USA 2010 240 V/t Brown et al. (2011)
Bio-SNG Wood 610 Pressurized steam/oxygen-blown

gasification þ methanation
Switzerland 2006 974 V/t

19.4 V/GJ
Gassner and Mar�echal (2009)

Forest residues and
agricultural biomass

500e5000 Gasification þ methanation Canada 2005 785 V/t
15.5 V/GJ

Hacatoglu et al. (2010)

Forest residues 230 Gasification þ methanation Finland 2011 722 V/t
14.4 V/GJ

Suopaj€arvi et al. (2014)

Small-diameter wood 230 Gasification þ methanation Finland 2011 869 V/t
17.3 V/GJ

Suopaj€arvi et al. (2014)

Bio-oil Willow 50e800 Fast pyrolysis UK 2009 189-357 V/t
11.1e21.0 V/GJ

Rogers and Brammer (2012)

Mischantus 90 Fast pyrolysis USA 2009 164 V/t Badger et al. (2010)
Bio-hydrogen Forest residue 2000 Battelle Columbus Laboratory

(BCL) gasifier
Western
Canada

2008 890 V/t
7.4 V/GJ

Sarkar and Kumar (2010)

Chipped wood 1000 Steam and oxygen blown gasifier Scandinavia 2009 2002 V/t
16.6 V/GJ

Huisman et al. (2011)

Bio-methanol Forest residue 2000 Atmospheric pressure gasification
(SilvaGas)þ upgrading

Western
Canada

2008 223 V/t
11.0 V/GJ

Sarkar et al. (2011)

Chipped wood 1000 Steam and oxygen blown gasifier Scandinavia 2009 399 V/t
19.8 V/GJ

Huisman et al. (2011)

Fig. 10. Charcoal production cost breakdown (adapted from Suopaj€arvi et al., 2014).
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7. Discussion and future research directions

Solid, liquid and gaseous biomass-based reducing agents could
be used to replace fossil-based reducing agents in iron and steel-
making. In this review, the emphasis was mainly placed to solid
biomass-based reducing agents, which can be used more flexibly in
iron and steelmaking unit processes. In this paper, several oppor-
tunities to use solid biomass-based reducing agents were identified
and critically reviewed. Table 8 summarizes the current research
findings at a general level. From the CO2 emission reduction
perspective, the measure that has potential to drastically decrease
the CO2 emissions in current processes, is the injection of biomass-

based reducing agents into the BF. According to the research results
and application of charcoal injection in Brazilian mini-BFs
(Jahanshahi et al., 2015), it is possible to replace all pulverized
coal injection with charcoal injection. However, other biomass use
scenarios in iron and steelmaking applications are also worth of
further research and development. According to the literature, it
might be possible to increase the efficiency of metallurgical unit
processes by replacing the fossil-based coal/coke with carefully
selected biomass-based fuels (e.g. Lovel et al., 2009;
Kowitwarangkul et al., 2014).

This review revealed that research has been conducted to
compare the physical and chemical properties of fossil and

Table 8
Pros and cons of using biomass in iron and steelmaking applications.

Application Advantages of using biomass Disadvantages of using biomass

Biomass in coking Typically biomasses (at least wood-based biomasses) have low
ash content, typically 0.4e2.0 wt% [Alakangas et al., 2016)
whereas with coals it is around 10% (Babich et al., 2010).
Biomasses have basic (CaO, MgO) ash, which may decrease the
need of limestone use in BF.
Biomasses have considerably lower sulfur content compared to
fossil coals (Babich et al., 2010).
Higher reactivity (CRI) of bio-cokes could be utilized to lower
temperature of the thermal reserve zone as nut coke
replacement.

Bio-cokes have lower CSR than cokes produced from coking
coals. The maximum limit of charcoal in coal mix is around 5%
(MacPhee et al., 2009).
Biomass might increase the amount of Na2O, K2O and P in input,
depending on the biomass type (Wang et al., 2012).
High reactivity bio-coke may react too early in the BF shaft,
resulting in inefficient reducing agent utilization and increased
dust emissions.

Biomass in iron
ore sintering

Up to 60% of the coke breeze could be substituted with biomass-
based fuel. This requires the preformation and heat treatment of
the biomass (Fan et al., 2015a).
Biomass addition increases the vertical sintering speed because
of the high reactivity biomass fuel (Lovel et al., 2009).
The productivity of the sintering could be increased when
charcoal is used to replace coke breeze (Lovel et al., 2009)
Preformation of the biomass-based fuels before their use in
sintering could enhance their applicability (Fan et al., 2015b).

Strength of the sinter produced with biomass-based fuel is
lower compared to sinter produced with coke. Tumble index is
always lower when biomass-based fuels are used in any
proportion in fuel mix (Gan et al., 2012; Fan et al., 2015a; Fan
et al., 2015b)
The share of smaller sinter particles increases, which decrease
the yield of sinter.
Gan et al. (2012) report that sinter productivity decrease when
the share of charcoal exceeds 20 wt% in the fuel mix. When
charred-straw or molded sawdust is used, the productivity is
always lower compared to coke breeze use.

Biomass in iron CCAs The reducibility of CCAs with biomass-based reducing agent is
higher compared to CCAs with fossil-based reducing agents
(Konishi et al., 2010; Kowitwarangkul et al., 2014).
According to Han et al. (2015a) and Han et al. (2015b) there is
no need for additional binder when straw fiber is used as a
reducing agent to produce pellets for RHF.
The crushing strength of CCAs is sufficient for applying in RHF
(e.g. Han et al., 2015a) or in smaller BFs (Kowitwarangkul et al.,
2014).

The crushing strength of the fired and cement-bonded pellets
with charcoal is lower compared to strength of the pellets with
coal or coke or traditional pellets without reducing agent. The
crushing strength is not sufficient for large BFs
(Kowitwarangkul et al., 2014).

Biomass in BF injection High share of pulverized coal injection could be substituted
with charcoal injection (Babich et al., 2010)
Charcoal is easy to pulverize when the pyrolysis temperature is
higher than 330 �C (Abdullah and Wu, 2009).
Calorific value, carbon content and volatile matter content of
the charcoal can be adjusted with pyrolysis temperature
(Mathieson et al., 2012). Charcoal can outperform fossil coals,
the coke replacement ratio of charcoal can be higher compared
to coal (Mathieson et al., 2011).
Combustibility of biomass and biomass-derived chars is usually
higher compared to fossil coals (Du et al., 2014). Higher
combustibility may enhance the burnout degree in raceway /

lower amount of unburnt char.
Typically biomass ash content is low 0.4e2 wt.%, the ash is basic
in nature (CaO þ MgO content is higher than SiO2þAl2O3) and
sulfur content is low. This results in lower need of limestone
charging, which leads to lower slag amount in BF.

Raw biomass and torrefied biomass have low carbon content,
high volatile content and low heating value (Suopaj€arvi et al.,
2014), which results in higher coke rate in the BF.
Low density of the biomass and biochars require large storage
facilities. There is also a considerable risk for self-ignition.
Biomass and biochars easily take up moisture during storage
(Jahanshahi et al., 2015).
Low density of the biochar may prevent the attainment of
sufficient mass flow rate with existing injection systems
(Mathieson et al., 2012).
Raw biomass and torrefied biomass have fibrous structure,
which weakens its grindability. There may be difficulties to co-
grind fossil coals and biochars to wanted particle size
(distribution).
Biomass might increase the amount of Na2O, K2O and P in input,
depending on the biomass type (Wang et al., 2012).

Biomass in EAF High reactivity biochar foam the EAF slag more than fossil coals
(Echterhof and Pfeifer, 2011)

Low density biochar may necessitate the briquetting or
pelletizing of the biochar to ensure adequate carbon mass rate
to slag surface and penetration depth into the slag when biochar
is injected to the EAF (Echterhof and Pfeifer, 2011)

Environment and
economics

Biomass use in iron and steelmaking processes could decrease
the direct process emissions considerably (e.g. Suopaj€arvi and
Fabritius, 2012; Wang et al., 2012).
Also life cycle emissions of steelmaking decrease considerably
when fossil reducing agents are replaced with renewable,
biomass-based reducing agents (Norgate and Langberg, 2009;
Norgate et al., 2012).

Biomass-based reducing agents are not competitive with fossil-
based reducing agents with current prices.
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biomass-based fuels, and to evaluate the performance of the
biomass-based fuels in conditions mimicking the actual metallur-
gical processes. The objective has been to find the maximum
amount of biomass-based fuel without deteriorating the product
quality (bio-coke, sinter, CCA) or the process performance (sinter-
ing, ironmaking in BF). The literature review revealed that the
application of biomass in metallurgical coke production and use in
iron ore sintering have attracted the most of the research interest.
Biomass-based reducing agent injection, application in CCAs and
use in EAF charge of injection has had increased research interest
over the years. Despite the growing body of literature, there is still
need for further development, which is discussed below.

Bio-coke is produced from a coal blend that also includes a
fraction of biomass. The findings thus far show that the use of
biomass in a coal blend weakens fluidity development during the
plastic phase, increases the reactivity of coke and can also nega-
tively affect its mechanical strength. The maximum limit for biofuel
addition depends on the type of biomass. The use of raw woody
biomasses is likely limited to very small amounts (e.g. below 2 wt
%), due to the large amount of volatile release during the plastic
phase of coking, which causes strong shrinking and poor connec-
tivity between coal and biomass particles, as well as a reduction in
the fluidity development of the coal mix. The maximal addition of
woody biomasses pre-carbonized at 400 �C or above seems to be
notably higher, possibly in the range of 5e10 wt%, while still
remaining in the CRI and CSR values required by BF operators. The
highly reactive nature of bio-coke could also have some advantages
in the BF process. It has been reported that BF efficiency could be
increased by using more reactive coke to lower the temperature of
the thermal reserve zone (Nomura et al., 2005), thus bio-coke may
be suitable as a replacement for nut coke, rather than regular-sized
metallurgical coke. It has been shown that bio-coke quality is
enhanced when the particle size of the biofuel is controlled and a
larger particle size is used (e.g. Guerrero et al., 2015). The selection
of coals (fluidity, rank and petrographic composition) have a great
effect on the quality of the coke produced. Since all of the above-
mentioned factors differ in different research papers, it is difficult
to compare the results with each other. Thus, there is a need for
research in which the differences in biomasses used, carbonization
temperatures and coking coals are removed to evaluate which
biomass fraction works best in bio-coke production. Additionally,
the use of substances that increase the fluidity of the coal blend
should be more thoroughly researched. There is also a need to
evaluate the hot strength of the bio-cokes produced. According to
Haapakangas et al. (2013) and Haapakangas et al. (2014) the current
strength tests, such as CSR test, in which the drum strength test is
done at room temperature after the CRI test do not necessarily
describe the hot strength properties of the coke. By utilizing the
Gleeble test method (Haapakangas et al., 2013, 2014), the hot
strength of the bio-coke could be measured up to 1700 �C and
compared to the hot strength of metallurgical coke. Reactivity of
the bio-cokes could also be evaluated in BF simulating conditions,
taking into account the H2 and H2O as suggested by Haapakangas
et al. (2016). Packing of the biomass before coking or applying the
stamping process to coke production could also be an area for
further studies. Another interesting point to study is whether the
biomass-originated product in coke is preferentially gasified in the
BF over the coal based product, which could deteriorate the post-
reaction strength of bio-coke.

Sinter is used worldwide as an iron source in BF ironmaking. In
iron ore sintering 45e60 kg of coke breeze is used as a fuel to
produce one ton of sinter (Norgate et al., 2012). It has been pro-
posed that up to 60% of coke breeze could be replaced with biofuel
(Fan et al., 2015a). The most important thing in biofuel application
in sintering seems to be to inhibit the high reactivity of the biofuel.

High reactivity is advantageous for sintering speed, but the com-
bustion efficiency is poor with low heat utilization efficiency in the
sintering bed. There are several ways to inhibit the high reactivity of
the biofuel by decreasing the porosity and surface area. This is done
by controlling of the particle size, optimizing particle distribution in
the sinter mix, coating the charcoal particles with iron ore fines by
changing the granulation procedure, compacting of the biofuel or
compacting and carbonizing the biofuel. In addition to these
measures, it has been suggested that gasification of C with CO2 can
be prevented by increasing the availability of the oxygen in sin-
tering either with increased oxygen enrichment or increased air
flow rates (Lovel et al., 2009). They also argue that decreasing the
CO level to close to zero would increase the heat available for sin-
tering. This would improve fuel utilization and further increase the
flame front speed. It seems that the carbonization of the biomass is
beneficial; the optimal carbonization degree would benefit from
further investigation.

Carbon composite agglomerate is an umbrella term for mate-
rials produced by agglomerating carbon and iron-bearing mate-
rials. These agglomerates can be produced from steel industry by-
products or from virgin raw materials. Self-reducing CCAs, either
produced by briquetting or by pelletizing, are promising raw ma-
terials for BF, EAF and DRI processes. Close packing the carbon and
iron oxides in the agglomerates increases the direct reduction
(Kemppainen et al., 2014), which could be further accelerated by
utilizing high reactive biochar in the agglomerate (Kowitwarangkul
et al., 2014). It seems that agglomerates with biochar addition
reduce significantly faster and reach a higher metallization degree
compared to agglomerates with fossil-based fuel (Kowitwarangkul
et al., 2014; Han et al., 2015a). The downside of CCAs with biomass
addition is that their strength is not at the same level as when the
coal or coke is used as a carbon source. This implies that there is still
need for agglomeration technique development including packing
properties of the CCA, selection of the particle size of the materials
used in CCA, and optimization of the binder use. In addition, Ahmed
et al. (2014) have proposed that future CCA research themes could
include the reactivity of the carbonaceous and iron bearing mate-
rials, thermal conductivity of the CCA, and carburization and soft-
ening and melting properties.

Biomass-based reducing agent injection presents the greatest
opportunity to reduce the fossil-based reducing agents in BF iron-
making. According to the modeling results, all pulverized coal in-
jection could be replaced with high quality charcoal (Babich et al.,
2010; Wang et al., 2015). Experimental research concerning the
combustion behavior in BF tuyere simulating conditions show that
raw biomass, torrefied biomass and charcoal have a higher burnout
ratio than low volatile coals (Chen et al., 2012; Du et al., 2014). The
main reason for the higher combustion rate of biomass and bio-
chars compared to fossil coals is the higher specific surface area
(micro and mesoporosity) and its development during the com-
bustion (Pohlmann et al., 2016). The higher reactivity of biochars
towards CO2 is beneficial for the BF process to avoid the soot for-
mation outside the tuyere zone (Babich et al., 2010). One of the
main concerns regarding the injection of low density biochar to the
BF is related to the attainment of sufficient mass flow rates at
higher injection levels. It may be necessary to design different in-
jection equipment for biochar injection. Due to the differences in
physical properties of the biomass and fossil-based injectants, it is
necessary to further investigate their co-grinding and co-injection.
Due to the operating principle of coal mills developed for fossil coal
grinding, biochar particles will likely leave the mill with larger
particle size. Conveying the properties of the biochar-coal blends
with varying particle sizes should be therefore investigated using
the methodology described by Mattila et al. (2016). The burning
behavior of biochar-coal blend where the particle size of the
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biochar is larger, could also be a subject of further studies.
Biochar could be used in the EAF to replace lump coal charged in

a basket or pulverized coal injected as a foaming agent. The
research concerning this unit process has not been extensive thus
far, but has already led to industrial trials with satisfactory results
(Bianco et al., 2013). The main difficulty in replacing charge coal
with biochar is the high reactivity of biochar. The main obstacle in
biochar injection is the penetration of the char to slag because of
the low density of the biochar. Any future research should include
the investigation of ways to decrease the reactivity of the biochar
and development of injection systems.

Life cycle impacts of different biomass-based fuels that would be
suitable for iron and steelmaking applications have been evaluated
in several studies. These studies confirm that the carbon footprint
of biomass-based reducing agents is lower compared to fossil-
based reducing agents. It seems that biomass-based reducing
agents with simpler production technology (torrefied biomass,
charcoal, bio-oil) have smaller carbon footprints compared to
products that have more complicated and longer production chains
(bio-SNG, bio-hydrogen, bio-methanol). However, there is a need to
conduct a comprehensive LCA study of biomass-based reducing
agents where the factors that differ from geographical reasons (raw
materials, energy, etc.) are standardized. There is also a need for
more detailed and reliable process data from biomass treatment. It
seems that mass and energy balances for example in slow pyrolysis
differ considerably between the studies (Norgate and Langberg,
2009; Norgate et al., 2012). Availability of possible by-products
may have large impact on the total carbon footprint of the steel
produced partially by utilizing biomass-based reducing agents
(Norgate and Langberg, 2009; Norgate et al., 2012). The major issue
is also to ensure that there is an opportunity to utilize sustainably
acquired biomass in iron and steelmaking.

The economics of the biomass-based reducing agents compared
to fossil-based reducing agents is one of the main factors hindering
their deployment in the iron and steelmaking industry. Modern
iron and steelmaking is based on the use of coal and this is going to
continue if the price of the coal remains as low as it is today or if
there are no incentives to move away from coal-based industry.
Research endeavors to improve the competitiveness of biomass-
based reducing agents should focus on the development of pro-
duction platforms in which the whole value of the biomass raw
material is utilized efficiently. This could mean more integrated
industrial systems; iron and steel, chemical and energy production
as prescribed in industrial symbiosis literature. There are several
waste heat sources in steel plants that could be utilized in biomass
upgrading. Steel plant process gases as well as by-product gases
from biomass heat treatment (e.g. pyrolysis gases) could be
upgraded into high value fuels or chemicals. It is evident that CO2
mitigation in the iron and steel industry is not without additional
costs. Therefore, it would be beneficial to conduct a CO2 mitigation
cost analysis that compares the costs of new technologies and
biomass utilization.

8. Concluding remarks

Due to the need to use fossil-based energy sources, mainly coal,
production of steel emits a vast amount of CO2 emissions into the
atmosphere. One of the measures to decrease fossil emissions
would be the use of biomass-based reducing agents and fuels. In
this paper, extensive review of the biomass-based reducing agent
research was conducted from the perspectives of technological
possibilities and constraints, environmental performance and
economical constrains.

The review indicates that biomass-based fuels could be used in
bio-coke, iron ore sinter and CCA production. Biomass-based

reducing agents can also be directly injected into the BF and used
as EAF charge or EAF injection. Bio-coke and sinter are further
utilized in BF, CCAs are feed material for BF, EAF or for direct
reduced iron production. The chemical and physical properties of
the solid biomass-based reducing agents differ considerably from
that of fossil-based reducing agents (coal and coke). This is themain
reason for opportunities and barriers related to the introduction of
biomass to different metallurgical unit processes. For example, the
high reactivity of the biomass-based reducing agents is beneficial to
BF injection, enabling high burnout ratios in front of the tuyeres. On
the other hand, reactivity levels that are too high in biofuels may
decrease the iron ore sintering efficiency.

Plant site evaluations and steelmaking life cycle assessments
indicate a considerable opportunity for CO2 emission reduction
with the use of biomass-based reducing agents. The majority of
research in this field has focused on the use of charcoal and more
specifically charcoal injection into the BF. Charcoal injection has the
highest potential to replace coal injection in BF resulting in lower
process, plant site and life cycle CO2 emissions. In addition to solid
biomass-based reducing agents, gaseous and liquid fuels also have
a lower carbon footprint compared to fossil-based reducing agents.
The main obstacle of using biomass-based reducing agents in iron
and steelmaking remains the high price compared to fossil-based
reducing agents.

The research field of biomass-based reducing agents is imma-
ture, but the field is developing fast. The amount of literature is
increasing rapidly, which shows that there is a scientific and
practical need for further knowledge. The application specific
research needs are numerous and differ according to the unit
process in question. As a whole, there is a need to develop pro-
duction platforms that could increase the economic competitive-
ness of biomass-based reducing agents compared to fossil-based
reducing agents.
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ABSTRACT: Steel production accounts for 25% of industrial
carbon emissions. Long-term forecasts of steel demand and
scrap supply are needed to develop strategies for how the steel
industry could respond to industrialization and urbanization in
the developing world while simultaneously reducing its
environmental impact, and in particular, its carbon footprint.
We developed a dynamic stock model to estimate future final
demand for steel and the available scrap for 10 world regions.
Based on evidence from developed countries, we assumed that
per capita in-use stocks will saturate eventually. We
determined the response of the entire steel cycle to stock
saturation, in particular the future split between primary and
secondary steel production.
During the 21st century, steel demand may peak in the developed world, China, the Middle East, Latin America, and India. As
China completes its industrialization, global primary steel production may peak between 2020 and 2030 and decline thereafter.
We developed a capacity model to show how extensive trade of finished steel could prolong the lifetime of the Chinese
steelmaking assets. Secondary steel production will more than double by 2050, and it may surpass primary production between
2050 and 2060: the late 21st century can become the steel scrap age.

■ INTRODUCTION
Steel production accounts for ca. 25% of industrial and 9% of
anthropogenic energy- and process-related greenhouse gas
emissions.1 The production level is not limited by resource
availability: Iron ore and coal are abundant and spread over
many countries,2 secondary production is well established, and
end-of-life recovery rates are high.3 Climate change mitigation,
however, may represent a major constraint to future production
growth.4 To develop roadmaps for substantial emissions
reduction within the steel sector, stakeholders and policy
makers need information on trends in steel use, steel demand,
and the amount of scrap which is available for recycling in
different world regions. This knowledge is crucial when
deciding where to locate new production facilities and whether
to invest in primary or secondary production. It forms the basis
for estimating the future sectoral carbon footprint.
Long-term forecasts on global steel demand until 2030 and

beyond have been published by both international institu-
tions5−7 and several scholars.8,9 All approaches, except
Hatayama et al.,9 extrapolate recent growths rates in steel
consumption,8 or rely on exogenous GDP projections and a
function coupling GDP to steel consumption, as in the World
Energy Model5 and the steel module of the POLES model.7

Steel-containing products provide service over several
decades10 and hence, the in-use stock of steel rather than the
consumption f low is a more adequate service measure. Steel
consumption is only a means to build up or maintain in-use

stocks, and the latter provide the actual service to society. By
extrapolating steel consumption trends one ignores the
dynamics of the in-use stocks and one can therefore neither
connect consumption to the actual service provided, nor
estimate the future supply of post consumer scrap from
products leaving the stock at the end of their lifetime.11 Instead,
availability of postconsumer scrap is often taken for granted.
Steel demand and scrap supply have been forecast based on

assumptions on future stock development and product lifetime
both on the country12 and on the global scale:
Hatayama et al.9 use a stock-driven model to estimate global

steel demand until 2050 and track three end-use categories in
eight world regions: buildings, civil engineering (infrastructure),
and passenger vehicles. Their work covers about 85% of the
steel stock in developed countries, but it includes only the use
phase of steel and does not investigate how the steel industry
and waste management could respond to steel demand and
scrap supply. Since most carbon emissions associated with steel
occur in the production phase and vary greatly between primary
and secondary production,6 modeling the entire steel cycle is an
important step toward envisioning the future structure of the
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steel industry and creating mass-balance consistent long-term
scenarios on climate change mitigation within the sector.
In the OECD countries, per capita in-use stocks of steel are

between 6 and 16 tonnes.10,11 Per capita stocks in several
developed countries have leveled out in the range of 14 ± 2
tonnes, and another group of ca. 10 countries with stocks
between 10 and 14 tonnes shows signs of saturation in the
same range.10 This phenomenon can be explained by the
completion of urbanization and infrastructure development and
the subsequent transition to a less steel-intensive service-based
economy.11 In previous work12 we built scenarios for the
Chinese steel cycle assuming stock saturation, and found a peak
in steel demand that is insensitive to significant changes of both
saturation level and lifetime. Once steel stocks in China will
reach the stock levels of other industrialized countries, they may
saturate, demand may plummet, and a new steel crisis13 may
occur.
In the article at hand, we extend our work on China to global

coverage and examine the consequence of a worldwide future
saturation of per capita in-use stocks of steel on material flows
in the entire steel cycle. We address the following questions:

(1) What trends in regional steel demand and scrap supply
follow from a saturation of per capita stocks everywhere
in the world? When and where may peaks in steel
demand occur?

(2) What are likely future challenges for producers of both
primary and secondary steel and how could steel
producers and the waste management industry respond
to them?

In the connected article,14 Milford et al. extend the work
presented here by including CO2 emissions and by studying the
potential contribution of energy and material efficiency to a
substantial reduction of sectoral carbon emissions by 2050.

■ MATERIALS AND METHODS
To answer the questions above we performed a material flow
analysis of the entire steel cycle, which covered mining, primary
and secondary steel production, fabrication, use, and waste

management (Figure 1). The complete system definition, the
model approach, all data sources and the data treatment are
covered in the Supporting Information (SI). Historic time
series of steel stocks in industrialized countries10,11 show that
once steel stocks have reached a certain level, steel use may
decouple from economic development. We based our scenarios
on the hypothesis that eventually, all world regions will benef it
f rom the same services provided by steel stocks as industrialized
countries do today. For this article we assumed that service level
is coupled to stock level and that all world regions will follow
the stock pattern of the developed countries with the most
mature steel stocks. In the connected paper we explored how
service level and material use can be decoupled.14

The total regional in-use stocks are determined by
multiplying population forecasts with the respective per capita
stock pattern. There are two ways of connecting final demand,
stocks, and discards with each other: For the period 1700−
2008, the apparent final steel consumption was compiled in
previous work10 and a lifetime model was used to determine
the fraction of final consumption that has already left the in-use
stock.15 For the years 2009−2100, we needed an inverse
approach to determine the inflow from a given per capita stock
trajectory: In a year-by-year calculation, we first determined the
annual discards from past consumption using the lifetime
model, and then final steel demand from mass balance (eq 1):

= = +final demand inflow outflow stock change (1)

All processes except the use phase were characterized by
transfer coefficients that may change over time, such as the
yield loss rate in fabrication or the share of scrap used in basic
oxygen furnaces. The output of these processes was determined
by a linear model, which contains all transfer coefficients
quantified by Cullen et al.,16 with final steel demand and total
discards as exogenous drivers. The split between primary and
secondary steelmaking was chosen so that all recovered scrap
was recycled.
Below we explain our choices for the geographic resolution,

the time frame, and the model drivers.

Figure 1. System definition. BOF = basic oxygen furnace, EAF = electric arc furnace, DRI = direct reduced iron.
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Geographic Scale. Country-specific forecasts require an
accurate assessment of existing stocks and country-specific
assumptions on future stock development. This approach is
limited by the available data on steel end use and product
lifetime. A global model could not reflect the differences
between industrialized countries and the developing world. As a
compromise, we considered 10 world regions, each comprising
countries at a similar stage of economic development: North
America, Latin America, Western Europe, Commonwealth of
Independent States (CIS), Africa, Middle East, India, China,
Developed Asia and Oceania, and Developing Asia. Only the
use phase was modeled on the regional level; for all other
processes we aggregated flows to the global scale due to the
high level of international steel trade and because there is a
global market for steelmaking technology.
Time Horizon. Much of the steel produced goes into

buildings and infrastructure, which have a lifetime of many
decades or even centuries.17 The long economic lifetime of
steelmaking assets also requires a time horizon of at least 60
years (SI S2.8). In contrast, climate change mitigation requires
significant efforts within the next few decades. We chose to
model production, use, and recycling in the steel cycle until
2100, and set 2050 as target year for the scenarios on energy
consumption, material efficiency, and emissions explored in the
connected paper.14

End-Use Sectors. Material quality requirements and
lifetime vary greatly between buildings, cars, machines, laptops,
and other steel-containing products. There are no standard

end-use categories used in steel statistics, and we used the four
sectors: construction, transport, industrial equipment (machi-
nery), and metal products and containers, as a compromise
between aggregation and accuracy.

Per Capita Stock Trajectory. The time tS when the stock
reaches 99% of the assumed saturation level is coupled to other
factors, especially economic development.11 One could try to
infer the saturation time from exogenous GDP projections, but
this would merely represent a shift from one exogenous
parameter to another and would also raise the issue of
interdependency of population estimates and GDP projections.
We therefore chose to enter the saturation time directly into
the model. In previous studies a three-parameter logistic growth
curve was used to model future per capita stock.9,12 After fitting
the curve to the latest stock value and its growth rate, only one
free parameter remains, which can be either the saturation level
S ̂ or the saturation time tS. In order to choose saturation level
and time independently for the different regions, we needed to
add one parameter to the stock curve. We developed the
following generalized logistic curve, which is a synthesis of the
logistic curve and the Gompertz model, both of which are
commonly used to model saturation phenomena (eq 2):18

=
̂

+ − · · − · −̂( )
S t

S

c d t t
( )

1 1 exp( (1 exp( ( ))))S
S 0

0 (2)

Table 1. Saturation Level by Category and Region; Saturation Time

saturation level (tonnes) and lifetime (years)

region transportation machinery construction products total stock (tonnes) saturation time (tS)

1 North America 1.5 20 1.6 30 9.5 75 0.7 15 13.3 2020
2 Latin America 1.5 20 1.6 30 10 75 0.6 15 13.7 2100
3 W. Europe 1.3 20 0.9 30 10 75 0.6 15 12.8 2030
4 Former USSR 1.5 20 0.9 30 10 75 0.4 15 12.8 2030
5 Africa 1.5 20 1.6 30 10 75 0.6 15 13.7 2150
6 Middle East 1.5 20 1.6 30 10 75 0.6 15 13.7 2100
7 India 1.5 20 1.6 30 10 75 0.6 15 13.7 2150
8 China 1.5 20 1.6 30 10 75 0.6 15 13.7 2050
9 developed Asia 1 13.3 1.6 20 12 50 0.8 10 15.4 2020
10 developing Asia 1.5 20 1.6 30 10 75 0.6 15 13.7 2150

Figure 2. Assumptions on future stock patterns and resulting average global stock by end use sector.
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The parameters are: t: time, S ̂: saturation level, S0: stock at a
given t0. c and d are two shape parameters that are chosen
numerically so that two further boundary conditions hold: (i)
the model curve is tangential to the historic curve in t0 = 2008
and (ii) the stock reaches 99% of the saturation level at a given
tS.
Parameter Choice. The baseline scenario comprises

population estimates used in the IPCC AR3;19 our best
estimates of stock saturation levels and lifetimes10 (Table 1); a
gradual improvement of end-of-life recovery rates, estimated by
WorldSteel;3 and the assumption that for each year, all
recovered scrap is fed back into steelmaking. According to
historic evidence10 we assumed the following per capita
saturation levels: transportation (1.5 tonnes), machinery (1.6
tonnes), construction (10 tonnes), and products (0.6 tonnes)
(Table 1). The saturation levels for the developed regions
needed to be adapted slightly to better fit the individual historic
development (Figure 2a). Steel stocks in China have been
estimated to saturate around 2050,12 and we assumed that Latin
America and the Middle East will follow 50 years later, while
saturation on the global scale was assumed to happen around
2150.
Figure 2a shows the stock model curves resulting from

inserting the parameter choices in Table 1 into eq 2. Global
average per capita stock will grow from the present 3.7 tons to
ca. 6.5 tons in 2050, and to ca. 10 tons in 2100 (Figure 2b).
Construction accounts for 75% of the stocks, followed by
transportation (ca. 10%) and machinery (ca. 8%). Around
2060, the global average per capita stock will reach 50% of the
saturation level of industrialized countries.
Future Primary Steel Production by Region. To explore

future utilization of primary production facilities, we developed
a demand-driven capacity model that tracks the different blast
furnace cohorts in the different regions over time. After
analyzing historic blast furnace statistics, we found that the
physical lifetime of blast furnaces is typically 60−100 years.20

In times of increasing demand the average overcapacity
margin is around 8%,21 and when demand stalls, overcapacities
are demolished after a waiting period that we assume to be five
years, beginning with the oldest assets. Facilities that reach a
lifetime of 100 years are taken out of use for technical reasons
and replaced by new capacity if there is sufficient demand. We
considered decommissioning before reaching a lifetime of 60
years as uneconomic (SI S2.8). For the years until 2008, the age
structure of the primary steel sector was determined using
historic regional pig iron production figures.10

For the future primary production capacity development we
considered two cases: (i) In the globalized case”trade follows
capacity”we assumed that production is allocated to existing
assets, independent of where demand occurs, and the finished
steel is shipped to where it is needed. (ii) In the regional
approach”capacity follows demand”we assumed that
different world regions build up their own capacity as they
develop, for example, due to concerns about resource security
and independency, irrespective of whether there is steel
production capacity available elsewhere.
A detailed description of the capacity model is given in

section S2.8 in the Supporting Information.

■ RESULTS
The faster the stock reaches saturation, the more drastically
final steel demand drops after peaking in the years of fastest
stock growth (Figure 3a): China shows a pronounced peak at

ca. 550 Mt/yr around 2020, followed by smaller peaks in the
Middle East around 2050 (ca. 150 Mt/yr) and India (ca. 400
Mt/yr), Latin America (ca. 300 Mt/yr), and Developing Asia
(ca. 280 Mt/yr) between 2070 and 2090. Saturation of per
capita stock, in combination with a growing population, leads to
a slightly increasing demand for North America; in
combination with a shrinking population, it leads to an almost
50% decrease in demand for Europe by 2100. The upward
trend in steel demand in China in the late 21st century is a
direct result of our lifetime assumptions: The high present
construction demand together with the assumption of a mean
lifetime of 75 years lead to a large “replacement wave” after ca.
2070.
Regional scrap flows change less rapidly (Figure 3b): While

today, most scrap is sourced in the developed world, this will
change after ca. 2025, when China will become the largest
supplier of old scrap. By the end of the century, both steel
consumption and scrap supply will be dominated by what today
is the developing world.
We now look at steel demand and scrap supply on the global

scale (Figure 4).
Aggregated final demand will increase from 1100 Mt/yr in

2008 to ca. 1600 Mt/yr in 2050 and ca. 2000 Mt/yr in 2100
(Figure 4a). While certain regions show a peak in steel
consumption when approaching regional stock saturation, there
is no equivalent consumptions peak on the global scale before
2100. This is because the very large populations of Developing
Asia and Africa are assumed to accelerate their development
late in the 21st century, thus keeping global demand on a high
level. Around 2020, there is a local peak in global construction
demand caused by the development in China.
Today, old scrap is mostly re- or down-cycled into

construction steel, which is a large enough reservoir for steel
of lower quality. This cannot be maintained throughout the
whole century: Around 2025, old and new scrap together will
exceed construction demand and old scrap alone will exceed it
by around 2030, making it necessary to use end-of-life scrap in
machinery or transportation. The technical challenge of using
scrap in more demanding applications is discussed below. By
2050, old scrap supply will exceed final demand in China,
Western Europe, and CIS (Figure 3).
The plateau in global final steel demand around 2030 in

Figure 4a turned out to be an all-time high in primary
production (Figure 5a). The subsequent rise of total steel
demand was met by increasing secondary production. Between
2050 and 2060, EAF steel production can surpass BOF steel
output, and the late 21st century can become the steel scrap
age. A global peak in primary production around 2025 poses
new challenges to the steel industry because there are large and
young production assets for primary steel, especially in China,
that have an economic life until 2060−2100. We applied the
capacity model and considered two extreme cases of locating
future primary steelmaking capacity in the different world
regions:
In the case of ‘trade follows capacity’ (Figure 5b),

uneconomic decommissioning could be avoided, but between
2040 and 2060, ca. 200 Mt/yr of blast furnace capacity would
have to be taken out of operation before reaching end of
technical life. Between 2020 and 2070, no new primary
production assets were required.
The ‘capacity follows demand’-case (Figure 5c) lead to

continued erection of new steel production capacity in India,
the Middle East, Latin America, and Africa, but also resulted in
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large amounts of uneconomic decommissioning (ca. 500 Mt/yr
total capacity), in addition to ca. 100 Mt/yr of capacity being
closed before reaching end of technical life, predominantly in
China and Western Europe.
To test the robustness of the model parameter choices, we

performed a sensitivity analysis of the central use phase
parameters: population (±30%), saturation level (±2 tons),
saturation time (±50 years for all developing regions except
China, where a large and young steel industry allows for stable
and fast stock growth12), and a ±30% change in product
lifetimes. Only if steel stocks in all regions saturate by 2100, will
there be a pronounced “peak steel” within the 21st century
(Figure 6). For all other parameter changes the shape of both
final demand and scrap supply remains mostly the same, which
suggests that our qualitative forecasts on the future develop-
ment are usefully robust under significant changes in the
driving parameters. However, the actual production levels are
subject to large uncertainties.

■ DISCUSSION

We address questions (1) and (2) from above as well as
uncertainties and model limitations:

(1) Trends in Steel Demand and Scrap Supply. Our
results show that steel demand in at least five out of ten regions
is likely to peak within the 21st century, but that a global peak
in total steel demand will occur only if stocks in all world
regions have reached saturation by 2100. Global demand for
primary steel may peak already around 2025, and there may be
excess blast furnace capacity in the subsequent years.
Scrap flows will continue to rise significantly and even exceed

final demand in some regions, and secondary steel production
may surpass primary production in the second half of the
century.

(2a) Challenges for Primary Steel Makers. Steelmaking
facilities in Western Europe, Developed Asia, and China may
become idle after demand peaks in these regions, but shipping
finished steel to India, Latin America, and the Middle East,
where demand grows, may prolong their operation time. The
capacity model showed that merging the final demand from all
regions into one global market, as in the “trade follows
capacity”-scenario, allows all existing primary production assets
to reach at least a 60 year lifetime, despite a falling demand for
primary steel after 2025. A globalized steel supply could
compensate for regional demand variations, and open markets
for steel and scrap may facilitate the optimal use of existing

Figure 3. Final steel demand and old scrap supply by region.

Figure 4. Total final steel demand and old scrap supply by end-use sector.
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assets. Alternatively, locating assets according to regional
demand would give individual countries more control over
this vital industry, but would likely lead to increasing
overcapacity, declining prices, and subsequent recurrence of
the ‘steel crisis’ elsewhere.
(2b) Challenges to Waste Management and Secon-

dary Steel Makers. Given the population trends and our
assumptions on future stock patterns, scrap supply in China,
Western Europe, and CIS could exceed final steel demand after
2050. That, in theory, would allow these regions to operate
closed steel cycles and shut down primary steel production,
which requires that all manufactures switch to secondary steel.
However, producing high-quality steels from secondary
resources could be a challenge, because tramp elements, mainly

copper and tin, can accumulate in the recycled material, which
reduces ductility and may lead to surface defects during
forming.22,23 This concerns mainly the car industry and other
manufacturers that depend on high quality or specialty steels.
Improved sorting and material recovery in the waste manage-
ment industries may reduce the contamination with tramp
elements.22 Sweetening, that is adding small amounts of
primary steel to the melt in EAFs, is another way to keep the
concentration of tramp elements low.4 Another option is to
export old scrap to developing regions with high demand in
construction, where a copper concentration of up to 0.4% can
be tolerated.22

The material quality within the different steel scrap classes
may vary considerably.24 Operators of secondary steel plants
determine the mix of scrap from different classes for each EAF
charge. They need to find a trade-off between material costs
and the risk that the charge fails to meet the required
specification.24 Stochastic optimization routines such as a
product recipe model help to identify scrap mixes that minimize
material costs over a large number of EAF charges.24,25

Combined with our scenarios on future scrap supply, these
models could be used to determine the maximal amount of
different steel grades that can be produced from the scrap
accruing in a certain region.
Provided that effective measures to utilize all recoverable old

scrap are implemented over time, the “steel scrap age” can
commence in the late 21st century.

(2c) Challenges and Possible Environmental Con-
sequences Related to the Location of Future Primary
Steelmaking Capacity. Premature decommissioning of
existing capacities may threaten the economic prosperity of
steel companies and may lead to high local unemployment
rates.13 Industry and governments therefore have a natural
interest in long capacity lifetimes and a strong motivation for
continued investment to improve energy efficiency, which
keeps the assets competitive and makes them adhere to
environmental standards. The typical duration of a furnace
campaign is 10−20 years,26 which allows for periodic upgrades
to latest technological standards. Contrarily, moving assets to a
new location represents an option for more radical change by
increasing the furnace volume or moving to a novel iron-
making technology. Future work needs to show which of the

Figure 5. Supply of liquid metal and two extreme responses of primary
steel suppliers.

Figure 6. Sensitivity of final steel demand and supply of old scrap with respect to model drivers.
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two capacity scenarios discussed here is more likely to yield
lower energy consumption and carbon emissions in the long
run.
(3) Uncertainty and limitations. Forecasting steel

demand over the entire 21st century involves large uncertainties
as shown in the sensitivity analysis. It is not the actual numbers,
but the patterns and trends that are reproduced under many
different parameter assumptions, that make our forecasts
robust: Previous work showed that under the assumption of
saturating stocks, the occurrence of a demand peak in a certain
region is insensitive to substantial changes in population,
saturation level and product lifetime.12 This work demonstrated
that end-of-life scrap supply will continue to rise substantially
and that secondary production will finally exceed primary
production, irrespective of the parameter values chosen. We
showed that global final demand will peak by 2100 if stocks all
over the world saturate by then. These trends are central
elements of the dynamics of the future steel cycle; they need to
be considered when making reliable projections on steel
demand and recycling potential in different regions.
Our results were obtained by extrapolating historic steel use

patterns in the developed world to the entire globe. The central
assumption of future stock saturation is the main limitation of
our approach. Although it is based on solid historic evidence,
there is no mechanism that leads to a certain stock trajectory.
Stocks in buildings and infrastructure tend to accumulate,10 and
possible regional overcapacities could lead to falling prices that
in turn stimulate steel consumption, which may lead to larger
stocks. On the contrary, increasing awareness of climate change,
energy supply constraints, and other environmental impacts
may make us rethink the way we produce and use materials.
The saturated per capita stocks in several countries
demonstrate that a certain amount of steel is suf f icient to
achieve high human development;27 and the follow-up
publication will examine how service can be decoupled from
material stocks in order to further save primary steel and energy
and to substantially reduce the carbon footprint of the steel
cycle.14
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Table 1: List of industrial decarbonisation projects as identified in the Green Steel Tracker (update June 2021) (Vogl et al., 
2021). The grey shading indicates projects that require coking coal.  

Company Project name Country Location Tech-
nology 

Year 
online 

Project 
scale 

capacity 
(product) 
(Mtpa) 

ArcelorMittal 3D France Dunkirk CCS 2021 pilot pilot plant 

Tata Steel Athos Netherlands Ijmuiden 
CCUS 2026 

full 
scale 3 (CO2 capture) 

Salzgitter SALCOS / ProDRI Germany Salzgitter DR 2022 demo 1 (iron) 
ArcelorMittal Germany Eisenhüttenstadt DR 2026 pilot 1.75 (steel) 

ArcelorMittal Germany Bremen 
DR 

2026 full 
scale 

1.75 (steel) 

SSAB HYBRIT Sweden Luleå DR 2021 pilot pilot plant 

SSAB HYBRIT Sweden Gällivare DR 2026 demo 1.3 (iron) 

ArcelorMittal France Dunkirk DR 2021 full 
scale 

full scale plant 

H2 Green Steel H2 Green Steel Sweden Svartbyn 
DR 

2024 full 
scale 

5 (steel) 

Liberty Steel TBD France Dunkirk 
DR 

Not 
stated 

full 
scale 

2 (iron) 

Voestalpine TBD Austria Donawitz DR 2020 pilot 0.25 (iron) 
ThyssenKrupp 

N/A 
Germany Duisburg 

DR 2025 
full 
scale 1.2 (iron 

Liberty Steel TBD Romania Galati 
DR 

2024 full 
scale 

full scale plant 

ArcelorMittal Hamburg H2 Germany Hamburg DR 2024 demo demo plant 

LKAB TBD Sweden Kiruna, Malmberget, 
Svappavaara 

DR 2029 full 
scale 

full scale plant 

SSAB HYBRIT Sweden Oxelösund EAF 2025 full 
scale 

full scale plant 

ArcelorMittal SIDERWIN France Maizières-lès-Metz EW 2022 pilot <0.01 (steel) 

Voestalpine SuSteel Austria Donawitz SR 2020 pilot pilot plant 
Tata Steel Hlsarna Netherlands Ijmuiden SR 2017 pilot 0.06 (iron) 

Table 2: List of 2030 and 2050 climate targets by main EU steel producers (Vogl et al., 2021). 

Company Country 2030 Target 2050 Target 

Aperam Luxembourg 30% reduction (baseline 2015) Carbon neutrality 

ArcelorMittal Luxembourg 30% reduction in Europe Carbon neutrality company-wide 

British Steel UK  -  Net zero emissions 2040 for Humber region 

Dillinger Germany 
 -  

Reducing 80-95% by 2050. 
Liberty Steel UK Carbon neutrality company-wide  -  

Outokumpu Finland  -  Carbon neutrality 

Salzgitter Germany 50% reduction (30% reduction by 2026) Reducing 95% by 2050. 
SSAB Sweden 26% reduction (baseline 2018) Fossil-free 2045 (carbon neutrality 2045 in 

Finland and USA) 
Tata Steel Europe England 30% reduction in Europe and 40% reduction in 

the Netherlands 
Carbon neutrality 

ThyssenKrupp Germany 30% reduction (baseline 2018, scope 1 & 2), 16% 
reduction for scope 3 emissions 

Climate neutrality 

Voestalpine Austria 30-35% reduction by 2030-2035 if economically 
feasible

More than 80% reduction 
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Table 3: List of 2030 and 2050 climate targets by non-EU steel producers (Vogl et al., 2021). 

Company Country  2030 Target 2050 Target 

Algoma Canada  -  Carbon neutrality 

Baowu China 30% reduction by 2035 Carbon neutrality 

BlueScope Australia  -  Carbon neutrality 

China Baotou Steel China Peak carbon by 2023 Carbon neutrality 

Cleveland Cliffs USA 25% reduction (baseline 2017).  -  

Evraz UK 20% reduction (baseline 2019).  -  

Fortescue Metals Australia Carbon neutrality  -  

HBIS China 
30% reduction (Peak emissions by 2022; 10% 
reduction by 2025) 

Carbon neutrality 

Hyundai Steel South 
Korea  -  

80% emissions reduction 

JFE Japan 20% reduction (baseline 2013).  
Carbon neutrality soon after 
2050 

JISF (Japanese Iron & Steel 
Federation) 

Japan 
 -  

Carbon neutrality 

JSW Steel India  -  Carbon neutrality 

Kobelco Japan 6% reduction  -  

Kobe steel Japan 30-40% reduction (baseline 2013)  -  

Metalloinvest Russia  -  Carbon neutrality 

Nippon Steel Japan 30% reduction (baseline 2013) Carbon neutrality 

NLMK Russia 3.5% reduction by 2023 (baseline 2019).  -  
POSCO South 

Korea 
20% reduction (50% reduction by 2040) Carbon neutrality 

Severstal Russia 3% reduction by 2023 (baseline 2020)  -  

U.S. Steel USA  20% reduction (baseline 2018). Carbon neutrality 

190



Achieving carbon-neutral iron and steelmaking in Europe through the
deployment of bioenergy with carbon capture and storage

Hana Mandova a, b, Piera Patrizio b, Sylvain Leduc b, *, Jan Kj€arstad c, Chuan Wang d, e,
Elisabeth Wetterlund b, f, Florian Kraxner b, William Gale g

a Bioenergy Centre for Doctoral Training, School of Chemical and Process Engineering, University of Leeds, Leeds, LS2 9JT, United Kingdom
b International Institute for Applied Systems Analysis (IIASA), Schlossplatz 1, A-2361, Laxenburg, Austria
c Department of Space, Earth and Environment, Chalmers University of Technology, SE-412 96, Gothenburg, Sweden
d SWERIM AB, Box 812, SE-971 25, Luleå, Sweden
e Thermal and Flow Engineering Laboratory, Åbo Akademi University, Biskopsgatan 8, FI-20500, Åbo, Finland
f Energy Engineering, Division of Energy Science, Luleå University of Technology, SE-97187, Luleå, Sweden
g Centre for Integrated Energy Research, University of Leeds, Leeds, LS2 9JT, United Kingdom

a r t i c l e i n f o

Article history:
Received 20 October 2018
Received in revised form
17 January 2019
Accepted 22 January 2019
Available online 30 January 2019

Keywords:
BECCS
Bio-CCS
Blast furnace
Industry
Charcoal
CCS

a b s t r a c t

The 30 integrated steel plants operating in the European Union (EU) are among the largest single-point
CO2 emitters in the region. The deployment of bioenergy with carbon capture and storage (bio-CCS)
could significantly reduce their emission intensities. In detail, the results demonstrate that CO2 emission
reduction targets of up to 20% can be met entirely by biomass deployment. A slow CCS technology
introduction on top of biomass deployment is expected, as the requirement for emission reduction in-
creases further. Bio-CCS could then be a key technology, particularly in terms of meeting targets above
50%, with CO2 avoidance costs ranging between V60 and V100 tCO2�1 at full-scale deployment. The future
of bio-CCS and its utilisation on a larger scale would therefore only be viable if such CO2 avoidance cost
were to become economically appealing. Small and medium plants in particular, would economically
benefit from sharing CO2 pipeline networks. CO2 transport, however, makes a relatively small contri-
bution to the total CO2 avoidance cost. In the future, the role of bio-CCS in the European iron and
steelmaking industry will also be influenced by non-economic conditions, such as regulations, public
acceptance, realistic CO2 storage capacity, and the progress of other mitigation technologies.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The European iron and steel industry annually generates over
200 million tons of carbon dioxide (MtCO2) (Borkent and Beer,
2016), which amounts to 5% of all CO2 emissions produced across
EU-28 countries in 2016 (Eurostat, 2016). The majority of these
emissions come from the 30 integrated steel plants that produce
60% of the European steel output (World Steel Association, 2017).
Their high emission intensity is due to the nature of the iron and
steel production process from iron ore, which in comparison to
scrap recycling, generates two and half times more emissions per
tonne of crude steel produced (Beer et al., 2000). As the steel scrap

recycling rate is not sufficient to meet the increasing demand for
steel, ore based steel production via a blast furnace-basic oxygen
furnace (BF-BOF) route is expected to remain dominant until at
least 2050 (Pauliuk et al., 2013). Therefore, to achieve the EU
emission reduction targets for 2020, 2030 and 2050 (European
Commission, 2017), the 30 integrated plants will have to imple-
ment breakthrough technologies for CO2 emission abatement
(European Commission, 2013). A key technology that can
contribute significantly to deep emission cuts is carbon capture and
storage (CCS) (European Commission, 2011a, 2011b; ZEP, 2013). A
hybrid approach that combines CCS with biomass (bio-CCS) could
provide even further emission reductions in this industry (Arasto
et al., 2014). The average 2017 price of European emission allow-
ances of V5.80 tCO2�1 (Business Insider, 2018) and an absence of bio-
CCS specific incentives, make its application in Europe unrealistic
for the moment (EUROFER, 2013). However, the likely overshoot of
the remaining CO2 budget for limiting global warming to below 2 �C
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(UNEP, 2017), in combination with the hitherto slow transition to
low-carbon iron and steel making technologies, is increasing the
need for the deployment of significant CO2 emission reduction
measures like bio-CCS in Europe in the near future (Mintenig et al.,
2017; Scott and Geden, 2018).

Broadly speaking, the key role of negative emission technologies
is to generate negative emissions that would compensate for CO2
emissions from sectors that may have a hard time reaching carbon-
neutrality (such as agriculture, aviation or industry) (Erbach, 2015).
Specifically, bio-CCS offers a way to generate energy that is carbon
neutral/negative, which makes it suitable for co-application during
energy conversion or with energy intensive industrial processes.
Scenarios for the decarbonisation of the iron and steel industry
generally involve CCS, either on its own (Pardo and Moya, 2013;
Solano Rodriguez et al., 2017), or in combination with a top gas
recycling blast furnace process (EUROFER, 2013; Remus et al., 2013).
Due to the technical role that fossil fuels play in the iron ore
reduction process, only a limited biomass substitution is feasible
(Mousa et al., 2016; Suopaj€arvi et al., 2017). Therefore, additional
measures such as bio-CCS deployment would be needed to achieve
high levels of CO2 reduction across an integrated steel plant. The
introduction of bioenergy with CCS could theoretically achieve
carbon-neutral steelmaking (considering that bioenergy can sub-
stitute over 40% of fossil-based CO2 emissions (Mandova et al.,
2018) and that CCS can capture over 60% of the CO2 emissions
that occur on-site (IEAGHG, 2013)) without a significant retrofit of a
steel plant. However, this carbon-neutral iron and steelmaking
opportunity is currently being impeded by the challenges raised by
any deployment of bio-CCS.

Deployment of bio-CCS has so far been stagnant, with only a few
small demonstration-scale bio-CCS projects currently being oper-
ational (e.g., the Illinois Industrial CCS Project) (Global CCS Institute,
2018). Any bio-CCS application within fully fossil fuel-based pro-
cesses would necessitate simultaneously overcoming barriers to
both bioenergy and CCS implementation. Issues related to the
actual implementation and cost of CO2 capture, transport and
storage, uncertainties in the long term response of the environment
to CO2 storage, public acceptance and the ability to prolong reliance
on fossil fuels, are the main arguments limiting CCS progress (Fuss
et al., 2014). As of 2018, there are only 30 MtCO2 stored annually
worldwide (Global CCS Institute, 2018). CCS deployment will
therefore have a hard time reaching the annual CO2 storage vol-
umes required by, for instance, the International Energy Agency
(IEA) 2 �C scenario of 400 MtCO2 by 2025 (IEA, 2014). Insufficient
policy support to create a business case for CCS, for example, in the
EU Emission Trading System (ETS) (Purvis and Vaghi, 2015), makes
the required CCS expansion unrealistic over the next decade. On the
same note, sustainable biomass supply constraints, concerns
associated with competition between bioenergy and food produc-
tion, the complexity of emission accounting, as well as direct and
indirect land use change, are major arguments against increased
bioenergy use (Sanchez and Kammen, 2016).

There is currently no commercialised application of bio-CCS in
the iron and steel industry, even though bioenergy and CCS inde-
pently, are commercialised (e.g., charcoal utilisation in Brazilian
mini blast furnaces (Machado et al., 2010) and a CCS facility in Abu
Dhabi with an annual capture capacity of 0.8 MtCO2 (Global CCS
Institute, 2018; IEA, 2014)). The suitability of bio-CCS is highly
dependent on geographic location, which diversifies opportunities
for large-scale bio-CCS application across steel plants. Factors such
as industrial plant structure, the availability of CO2 storage and
transport options, sufficient sustainable biomass resources, sup-
portive regulatory frameworks, etc. (Gough and Upham, 2011),
differ for individual plants across different countries and regions.
There is currently no comparison of bio-CCS opportunities for

individual integrated steel plants, or evaluations of bio-CCS as a
strategy for carbon-neutral iron and steelmaking available for the
iron and steel industry in Europe. A few studies previously focused
on either bioenergy or CCS for iron and steel production in Europe,
but to our knowledge, no other studies have considered combining
the two technologies. Specifically, both Mandova et al. (2018) and
Suopaj€arvi and Fabritius (2013) conclude that biomass deployment
in European iron and steelmaking is limited by economic feasibility
rather than biomass availability. The CCS studies by Birat (2010) and
Remus et al. (2013) on the other hand, point out a lack of sufficient
experience with this technology. All of these studies, however,
show that neither bioenergy nor CCS would achieve a 100% emis-
sion reduction in the iron and steel sector on their own. Therefore,
research on combining both technologies as bio-CCS is important in
order to understand their compatibility, particularly if iron and
steel industry aims to achieve carbon neutrality. Such research is
also significant to understand the role of other low carbon steel-
making processes that are currently under development, including
the use of blast furnaces with top gas recycling (van der Stel et al.,
2013), the HIsarna process (Meijer et al., 2011) or hydrogen based
steel making (HYBRIT, 2017; Ranzani da Costa et al., 2013).

The objective of this work is to evaluate bio-CCS as a strategy for
achieving carbon-neutrality across European iron and steel plants
that produce steel via the BF-BOF route. Using the techno-economic
BeWhere-EU model, the work (1) identifies the importance of bio-
CCS within the technology mix when meeting different emission
reduction targets, (2) estimates the CO2 avoidance cost of the bio-
CCS deployment, and (3) discusses the potential reduction in CO2
transport costs by large scale integrated CO2 pipeline networks.
This study bridges the gap in the literature on bio-CCS opportu-
nities in the iron and steel industry and increases the general
knowledge on bio-CCS deployment costs in Europe. The outcomes
also provide an opportunity to identify potential CO2 clusters across
integrated steel plants, as well as knowledge about the possible CO2
transport networks.

2. Methodology

2.1. Modelling approach

Studying the potential of bio-CCS within a large system requires
a modelling approach that accounts for the biomass supply chain,
the considered industry, and the CCS network. The approach also
has to be able to study the interaction between the three systems
across the studied time frame, and take into account the spatial
distribution of elements as well as the technical limitations that
occur when they are applied within the same system. In our pre-
vious work using the BeWhere-EU model (IIASA, 2015), we already
linked biomass and iron and steel plants in this way (Mandova
et al., 2018). This work extends the BeWhere-EU iron & steel
model by adding a CCS framework for iron and steel, including CCS
linkage to biomass, which provides an opportunity to simulta-
neously study both the CCS and bio-CCS systems. The section below
gives a brief overview of the model, with further information
provided in the supplementary material.

The BeWhere-EU iron and steel model is written in the General
Algebraic Modelling System (GAMS), using Mixed Integer Linear
Programming (MILP) and CPLEX as solver. The concept of the model
is to split the studied geographic region (EU-28) into equally sized
grid-cells, each covering an area of 40 km � 40 km. Each grid-cell
then contains area-specific information that is important for
modelling the system, including:

� types, amounts and costs of available feedstock;
� existing biomass demand;
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� distance, mode of transport and biomass transport costs be-
tween different grid-cells;

� annual CO2 emissions and energy demand of integrated steel
plants;

� CO2 storage potential, as well as CO2 capture, transport and
storage costs.

The cost of biomass upgrading, the types of fossil fuels used in
an integrated steel plant, and different CO2 transport network
possibilities are also included in the model. Fig. 1 illustrates all
aspects considered in this work. Based on this information, the
model minimises the total cost of the system on an annual basis.
The total system cost includes the cost of the biomass supply chain,
fuel used in iron and steel plants, as well as all expenditure related
to the deployment of CCS. The opportunities for bio-CCS imple-
mentations across different plants are then studied by introducing
a range of CO2 emission reduction targets as one of the constraints.

As shown in Fig. 2, the complexity of the modelled system re-
quires the inclusion of a variety of input data, constraints and in-
ternal data calculations. Specifically, the model is composed of
three modules, where the core module BeWhere-EU iron & steel is
using the outputs of the biomass module (labelled BeWhere-EU)
and the CCS module (labelled CO2 TranStorage). In particular, the
biomass module is used to subtract the biomass requirement of the
existing industries from the total biomass potential. The CCS
module has been developed to obtain different CCS infrastructure
configurations connecting the plants to potential CO2 storage sites
using a minimum spanning tree algorithm (Hillier, 2012). The core
e iron and steel emodule connects the two modules and provides
outputs specific to the iron and steel industry study. A mathemat-
ical description of each module can be found in the supplementary
material. Table 1 presents a summary of input data values specif-
ically for costs and the following sections give further details on the
calculations performed.

2.2. Biomass supply chain

The biomass supply chain considers feedstock supply, transport
and upgrading. The total theoretical biomass potential within the
EU in 2020 is estimated to be 8.5 EJ year�1. This potential includes
stumps, stemwood and logging residues of coniferous and non-
coniferous trees, with costs ranging from V0.20 up to V8.30 GJ�1

(with price depending on the type of wood and country of origin)
(Dees et al., 2017). To incorporate biomass sustainability aspects in
the modelling, only 70% of the theoretical potential is considered.
The model allows inter-European biomass trade, as well as biomass
imports from non-EU countries to specific harbour locations. The

imported biomass from non-EU countries is assigned a cost 20%
higher than the average biomass cost in the country where a spe-
cific harbour is located, in order to account for additional expen-
diture due to import taxes and long-distance transport. Biomass
harvested outside the EU is generally imported already pre-
processed, for example, in the form of pellets. However, as the
current work assumes that biomass upgrading to the final product
is done on-site of the iron and steel plant, the modelling approach
required raw biomass import from outside of the EU. The cost of
biomass imports from outside the EU ranges from V3.56 to
V6.01 GJ�1 (exact values are available in the supplementary ma-
terial). Transport of biomass from supply points to demand points is
considered by truck, train and ship, with the specific cost of each
biomass type approximated on energy basis. Form of transport and
the corresponding distances are obtained from spatial data using
the network analysis tool in the ArcGIS software. The studied
biomass demand includes the pulp and paper industry (total of
1.4 EJ year�1) (CEPI, 2017), sawmills (1.6 EJ year�1) (FAO, 2016) and
heat and power plants (1.0 EJ year�1) (Platts, 2017). In total,
2.0 EJ year�1 of available biomass potentially suitable for iron and
steel production is identified from the biomass module (BeWhere-
EU) after meeting the existing demand. The distribution of the
available biomass in relation to the 30 integrated steel plants is
shown in Fig. 3.

Upgrading of any biomass to bio-products: wood pellets, tor-
refied fuel and charcoal, is assumed to take place on-site at iron and
steel plants, at production costs ofV2.15 GJ�1 for wood pellets (Uslu
et al., 2008), V2.68 GJ�1 for torrefied fuel (Uslu et al., 2008) and
V2.41 GJ�1 for charcoal (Norgate et al., 2012). The production costs
(both converted and original values as presented in the supple-
mentary material) have been scaled up or down using purchasing
power parity (European Commission, 2016). CO2 emissions related
to biomass harvesting, upgrading and transport are not included, as
the study considers only direct emissions based on steel
production.

2.3. Technologies for CO2 emission reduction in integrated steel
plants

In total, 30 integrated steel plants e the full number of currently
operating plants using BF-BOF across EU-28 countries e are
considered. In order to maintain transparency under limited data
availability and confidentiality, this work assumes that each plant
has the same technology and structure as a typical West European
plant, as described in the IEA Greenhouse Gas (GHG) report
(IEAGHG, 2013). The energy demand of each plant is estimated
from the plants' annual hot rolled coil (HRC) production. This is

Fig. 1. Aspects considered within the bio-CCS supply chain in this study.
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obtained from each plant's data on hot metal production in 2016
(VDEh data exchange, 2017), which is then further calibrated so
that country specific crude steel production corresponds to data
published by the World Steel Association for the same year (World
Steel Association, 2017). In addition, it is assumed 1 t of hot metal
produces 1.113 t of crude steel and 1.027 of hot rolled coil, as pre-
sented in the IEAGHG report (IEAGHG, 2013).

Substitution of fossil fuels by biomass is considered on an en-
ergy basis. Fig. 4 demonstrates the bioenergy integration possibil-
ities in a typical integrated steel plant for different coal-based fuels.
It is important to note, that due to differences between fossil fuels
and bio-products in terms of mechanical strength, reactivity,
chemical composition, heating value, etc., only partial substitution
opportunities are provided (Fick et al., 2014). Table 7 in the sup-
plementary material provides further details on the maximum
substitution possibilities of each coal-based fuel by the specific bio-
product considered in this work. In the BeWhere-EU iron & steel
module then, bioenergy is first integrated into the iron and steel
plants based on the supply cost in comparison to that of conven-
tional fossil fuels. Generally, the bio-products are not economically
competitive with fossil fuel prices (ranging from V3.52 to
V5.94 GJ�1 (IEAGHG, 2013)) and so, no fossil fuel substitution is
experienced in the model. Therefore, the bio-products are also
introduced based on the amount of emissions they could poten-
tially offset, in order to meet the imposed emission reduction tar-
gets, while keeping a record of the additional costs incurred by each
individual integrated steel plant. These aspects are at the core of the
BeWhere-EU iron & steel module and follow the model develop-
ment process presented in our previous work (Mandova et al.,
2018).

The integration of CCS in iron and steel plants is considered in
terms of the deployment of post-combustion capture, which can
eliminate emissions from existing plants without significant
retrofit. The shorter shut-down time and lower capital investment
in comparison to other CO2 capturing technologies (e.g., pre-
combustion capture, oxy-fuel combustion capture or capture from
industrial process streams (IPCC, 2005)) make it a more likely near-
term capture option. This work uses the specifications of the CO2
post-combustion capture technology that incorporates standard
monoethanolamine (MEA) solvent for iron and steel plants, as

described in the IEAGHG report (IEAGHG, 2013). As per the report,
two cases of CO2 capture possibilities are considered:

� Case 1: CO2 is captured only from flue gases from the hot stoves
and steam generation plant. The net emission intensity of the
final steel product (set to 2.09 tCO2 tHRC�1 ) can be reduced by a
maximum of 50% (to 1.04 tCO2 tHRC�1 ) (IEAGHG, 2013).

� Case 2: On top of capturing all CO2 from the units listed in Case 1,
additional CO2 is captured from flue gases coming from the coke
ovens and lime kilns. The maximum CO2 avoidance potential
would increase to 60% (resulting in an emission intensity of
0.828 tCO2 tHRC�1 ) (IEAGHG, 2013).

Because of multiple CO2 sources across the plant, CO2 capture
across an integrated steel plant is more challenging than, for
example, from a power plant. Therefore, despite assuming a 90%
capture rate for all of the CO2 absorbers, the other e uncaptured e

sources of CO2 emissions across the integrated steel plant and the
increased CO2 emissions attributed to the extra energy demand
from the CO2 capture installation result in a net emission reduction
of maximum 60%. The estimated CO2 capture cost for each plant in
2017 includes the expenditure related to retrofitting the plant and
extra energy use. The cost varies across the plants based on national
electricity prices for the industry (Eurostat, 2017). In general, the
average CO2 capture costs applied are V64.50 tCO2�1 and V70.40 tCO2�1

for the first and second capture case, respectively. The calculations
performed can be found in the supplementary material. Integration
of the different options for post-combustion CO2 capture within
integrated steel plants is illustrated in Fig. 4. As CCS avoids the
release of CO2 into the atmosphere, this work assumes zero emis-
sion intensity of captured fossil-based CO2, and a negative emission
value for captured bio-based CO2.

2.4. CO2 transport and storage

In terms of considering the transportation of large amounts of
CO2 and probable public opposition to onshore CO2 storage
(Margriet Kuijper, 2011), this work focuses only on CO2 transport
using pipelines for CO2 deposition in offshore storage locations. In
the CCS module (CO2 TranStorage) the shortest pipeline network

Fig. 2. Summary of inputs and outputs considered for this study. Values used for each input parameter is provided in the supplementary material.
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that connects all CO2 sources with storage locations, is defined. The
connections are established by adapting an existing minimum
spanning tree algorithm (GAMS, n.d.), the idea of which is to con-
nect all vertices without any cycle, while minimising the total
weight of all its edges (Hillier, 2012). To account for obstacles
related to the pipeline routing, an extra 10% and 20% are added to
the distance (measured as a straight line in ArcGIS) for offshore and
onshore pipelines, respectively.

The cost of building the pipelines and the final CO2 transport
cost for each plant are calculated using the IEAGHG CO2 transport
cost curves (IEAGHG, 2005), scaled by the 2005 to 2017 inflation
factor of 1.2 (Official Data Foundation, 2018). A concurrent devel-
opment of the proposed CO2 pipeline network is assumed, which is
why the extra expenditure resulting from gradual CO2 network
development that would likely evolve in practice, is not considered.
In addition, the network focuses only on connecting the 30 inte-
grated steel plants, excluding possibilities for network connection
with other plants (such as power, heat, cement, chemicals, etc.) and
the corresponding possibilities for further cost reductions due to
economies of scale.

The key factors influencing the cost are thepipeline lengthand the
specific CO2 flow. The CO2 transport cost estimates also include the
cost of compression up to supercritical pressure (above 73.8 bar),
investment, operational andmaintenance costs, aswell aswhether it
is an onshore or offshore pipeline (IEAGHG, 2005). In addition, the
calculation also takes into account the extra CO2 flow as a result of
increasing the amount of CO2 produced at a plant due to the instal-
lationof CCS technology. A furtherdescriptionof theCO2pipeline cost
calculations can be found in the supplementary material.

As mentioned above, only offshore CO2 storage in saline aquifers
or depleted oil and gas fields is considered, with locations around
Europe shown in Fig. 5. The storage/injection capacities are ob-
tained from the Chalmers CO2 storage database (Kj€arstad and
Johnsson, 2007). The storage and injection capacities, particularly
in aquifers, are highly uncertain. The values listed in the Chalmers
CO2 storage database should therefore be considered as rough
preliminary estimates. The cost of CO2 storage is set to V10.80 tCO2�1

for depleted oil and gas fields and V15.60 tCO2�1 for saline aquifers
(ZEP, 2011) (scaled by an inflation factor of 1.09 for 2010 to 2017
(Official Data Foundation, 2018)).

Table 1
Summary of cost input values considered for this study. Further details are given in the supplementary material.

Input value Citation Note

Biomass feedstock
Domestic

coniferous trees
V0.0 e V6.9 GJ�1 Dees et al.

(2017)
Spatially explicit prices

Domestic non-
coniferous trees

V0.1 e V8.3 GJ�1 Dees et al.
(2017)

Spatially explicit prices

Non-EU feedstock V3.6 e V6.0 GJ�1 Value 20% higher than average biomass cost in the country of the importing harbour.

Biomass transport
Lorry ~V0.00255 GJ�1 km�1 Average values dependent on the distance travelled, as defined in a work by B€orjesson and Gustavsson (1996),

and fuel cost in the country. Further details are provided in the supplementary material.Train ~V0.00299 GJ�1 km�1

Freight ~V0.00210 GJ�1 km�1

Biomass upgrading
Pelletisation V1.03 e V2.98 GJ�1 Uslu et al.

(2008)
Country specific values defined using purchasing power parities (European Commission, 2016).

Torrefaction V1.28 e V3.72 GJ�1 Uslu et al.
(2008)

Slow pyrolysis V1.15 e V3.34 GJ�1 Norgate et al.
(2012)

Fossil fuel cost
Coking coal V3.98 GJ�1 IEAGHG

(2013)
2017 values obtained using a 2010e2017 inflation rate.

Coke V5.35 GJ�1 IEAGHG
(2013)

PCI V3.17 GJ�1 IEAGHG
(2013)

Coke breeze V5.35 GJ�1 IEAGHG
(2013)

CO2 capture cost
CASE 1: V54.4 e V93.4 tCO2�1 IEAGHG

(2013)
2017 values obtained using a 2010e2017 inflation rate. Country specific values obtained based on the national
2017 non-household electricity prices (Eurostat, 2017). Further details on calculations performed are given in
the supplementary material.CASE 2: V53.1 e V96.5 tCO2�1 IEAGHG

(2013)

CO2 transport cost:
Individual network V0.523 e V36.7 tCO2�1 (IEAGHG,

2005)
2017 values obtained using a 2005e2017 inflation factor. Further details are provided in the supplementary
material.

Collaborative
network

V0.191 e V63.3 tCO2�1 (IEAGHG,
2005)

CO2 storage
Saline aquifers V15.8 tCO2�1 ZEP (2011) 2017 values obtained using a 2010e2017 inflation rate.
Depleted oil and

gas fields
V10.8 tCO2�1 ZEP (2011)
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2.5. Scenario setting

To help answer our questions, we explore a range of scenarios
that vary across two dimensions: (1) the CO2 emission reduction
goal to be achieved, and (2) the configuration of the physical CO2
infrastructure.

To study the increasing importance of bio-CCS in the technology
mix, we impose European emission reduction targets ranging from
0 up to 100%, with a 5% step level. The analysis focuses only on the
CO2 emissions occurring on-site for the integrated steel plants, in
other words, it does not consider the produced emissions during
fuel transportation, upgrading or production as such a study would
require a detailed Life Cycle Analysis (LCA). The follow up discus-
sion takes place on both plant and country level, in order to

evaluate whether any country has an outstanding opportunity for
bio-CCS deployment that would be able to significantly reduce CO2
emissions on its own.

To account for the possibility of several plants sharing a CO2
pipeline system, two CO2 networks, classified as individual or
collaborative, are considered (Fig. 6). In both cases, the costs are
calculated for a “plateau flow” of CO2 (a CO2 pipeline network
where all plants start delivering their maximum CO2 volumes from
day one). It is important to note that achieving the proposed
collaborative network would be difficult in practice since it is un-
likely that all plants will deploy CCS/bio-CCS at the same time.

A number of non-economic barriers that can potentially influ-
ence CO2 pipeline construction can be identified. This includes, for
example, the 1996 London Protocol prohibiting the export of CO2

Fig. 3. Location-specific biomass availability (locally sourced) after the demand from
existing bio-based industries has been met. Seven trade points for biomass supply
from outside of the EU-28 countries were considered.

Fig. 4. Possibilities for bioenergy integration and post-combustion CO2 capture in an integrated steel plant.

Fig. 5. Locations of CO2 sources and offshore storage locations relative to the location
of integrated steel plants. Data on storage locations taken from Chalmers CO2 storage
database (Kj€arstad and Johnsson, 2007).
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for storage (International Maritime Organization, 2006), expected
local opposition (Margriet Kuijper, 2011) or previous studies
disclosing certain pipeline networks.

3. Results

3.1. The importance of bio-CCS for various CO2 reduction targets

The optimal technology mix to meet different CO2 emission
reduction targets is shown in Fig. 7. After considering the three
technologies e biomass, CCS, and bio-CCS e it emerged that the
application of bio-CCS is required across all plants to achieve a 100%
CO2 reduction (of 189 MtCO2 year�1) within the European iron and
steelmaking industry. However, the deployment of bio-CCS is not
the most favourable technology for all plants in terms of meeting
low EU emission reduction targets. As Fig. 7 demonstrates, the

deployment of biomass on its own is a key strategy to reduce up to
20% (38 MtCO2 year�1) of the total CO2 emissions coming from in-
tegrated European steel plants. In addition, all countries provide a
similar share of CO2 emission reduction in relation to their total
emissions for the lower targets. This demonstrates that no indi-
vidual country would present an outstanding opportunity for the
quick introduction of low-cost biomass that would in turn help to
significantly reduce the total iron and steelmaking related emis-
sions in the EU. Rather, the results show that a collaborative effort
from all plants is necessary. For targets above a 20% reduction, a
new technology (CCS) is introduced on top of the old one (from
here on referred to as bio-CCS), particularly for plants in the
Netherlands, France, Sweden and Belgium. At a 50% emission
reduction target, the bulk of the reduction is met by installations of
bio-CCS, which becomes the key technology for meeting any tar-
gets beyond the 50% mark. Germany and the United Kingdom (UK)

Fig. 6. Notional a) individual vs. b) collaborative CO2 pipeline network based on minimum distance criteria and capacities of the CO2 storage reservoirs.

Fig. 7. Changes in the technology mix based on different targets imposed on total CO2 emissions from the European iron and steel plants. Pure CCS technology is not represented as
it was never selected.
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are the last countries seen to introduce a shift from biomass to bio-
CCS. The figure also shows that no country introduces CCS without
also including biomass at any target. These results demonstrate
that for European integrated steel plants, biomass or bio-CCS is
preferable over the deployment of CCS alone.

Overall, the resulting maximum achievable emission reduction
for the steel plants is 191 MtCO2 year�1, which would lead to a
negative emission potential of 2 MtCO2 year�1. This result, however,
cannot be seen as significant due to the estimated error range of the
obtained results, and so no negative emission opportunities across
the European iron and steel industry are presented.

3.2. CO2 avoidance cost of bio-CCS

Fig. 8 shows that the CO2 avoidance cost of emissions due to the
deployment of biomass and of CCS within a bio-CCS system are
comparable on plant level, particularly when comparing high levels
of biomass substitution with the lowest costs of CCS deployment.
Complete CO2 emission reduction across European iron and steel
plants using bio-CCS will cost on averageV80 tCO2�1 avoided, ranging
fromV59 tCO2�1 for a plant in France toV97 tCO2�1 for a plant in the UK.

The range of the CO2 avoidance costs of bio-CCS is due to
different economics behind the deployment of biomass and CCS in
each plant. For example, avoiding CO2 emissions using biomass
costs on average V61 tCO2�1 at the maximum technically-feasible
substitution. For the plant in Romania however, the CO2 is avoi-
ded using biomass at costs as low asV40 tCO2�1 . The lower estimate of
the CO2 avoidance cost using biomass for certain plants can be
explained by a combination of factors, including the availability of
cheap feedstock in the plant vicinity, short transport distances
between the feedstock supply locations and the plant, or compet-
itive prices for feedstock upgrading to the final bio-products in the
countries where the plants are located.

The economics of CCS on the other hand, are influenced by the
distance of the plants to the storage locations, the amount of CO2
transported annually, the type of CO2 storage reservoir, as well as
country-specific electricity prices. The resulting average CO2
emission reduction cost using CCS technology is estimated at V92
tCO2�1 avoided. This cost includes the technology investment, as well
as the operational cost related to CO2 capture, transport and its
injection into the reservoirs. In general, CCS deployment is themost

expensive for plants in Germany and the UK, as the biggest expense
related to CCS deployment is the CO2 capture cost (around 76% of
the overall CO2 avoidance cost), which is heavily influenced by the
cost of electricity in the country.

Initial biomass substitution is cheaper than the deployment of
CCS, as the CO2 avoidance cost for CCS technology exceeds the CO2
avoidance cost for initial biomass substitution, as presented in
Fig. 8. However, plants in the Netherlands and Belgium have CO2
avoidance costs by bio-CCS that exceed the costs of CCS on its own
(V67 tCO2�1 and V64 tCO2�1 for the Netherlands, and V81 tCO2�1 and V71
tCO2�1 for Belgium, for bio-CSS and CCS, respectively). In these cases,
biomass is economically preferable to CCS for only very low emis-
sion reduction levels, and the introduction of CCS on top of biomass
is expected even at lower emission targets, before the maximum
technically feasible substitution by biomass is achieved. It is
important to note that zero emissions across European integrated
steel plants can only be reached at maximum biomass substitution
in combination with full CCS deployment.

3.3. The role of CO2 transport and possibilities for cost reduction

CO2 transport cost constitutes only a relatively small part of the
CO2 avoidance cost using bio-CCS, (on average 6% of the total cost).
The potential reduction of the CO2 transport cost when applying a
collaborative CO2 pipeline network instead of an individual one is
studied in Fig. 9. The figure demonstrates both, plants for which
collaborative networks will not provide any significant CO2 trans-
port cost benefits (plants located close to the central line) and
plants for which cluster networks will result in significant re-
ductions of the CO2 transport costs (plants in the coloured area). As
can be observed, the biggest iron and steel plants (located in the
zoomed-in box of transport costs of V7 tCO2�1 or less) do not signif-
icantly divert from the central slope line. Hence, it can be seen that
the big iron and steel plants would not gain a significant economic
advantage from collaborative CO2 pipeline networks, due to the
large volumes that will be transported from these plants already.
On the other hand, collaborative CO2 networks would significantly
benefit smaller iron and steel plants. Cost reductions exceeding 60%
could be expected for the small plants in Austria, Hungary and
Poland, while for the smallest plants in Germany and Italy, the re-
sults show possible cost reductions of over 90%. Medium plants in

Fig. 8. CO2 avoidance cost of bio-CCS application for each plant achieved when meeting different CO2 reduction targets across the whole European iron and steel industry.
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Slovakia, Czech Republic, Finland, etc. could also benefit from
collaborative pipeline networks, with transport cost reductions
between 10 and 20%. The Swedish plant in Oxel€osund (SWE2) is the
only plant for which a collaborative pipeline network would be
unprofitable, due to a significant increase in the total CO2 transport
distance from this plant. Potential storage sites have been identified
in the Swedish part of the Baltic Sea, just 250 km southeast of the
Oxel€osund plant but storage and injection capacity in these reser-
voirs are still highly uncertain due to a lack of data (Rokke et al.,
2016). Moreover, both potential storage sites identified in the
Swedish part of the Baltic Sea are classified as Natura 2000 areas
which possibly could affect activities related to transport and in-
jection of CO2 (Natur Vards Verket, 2018).

4. Discussion: perspective for bio-CCS deployment across
European integrated steel plants e from modelling to reality

The modelling results demonstrate that bio-CCS can achieve a
100% CO2 emission reduction across European integrated steel
plants. However, these results are related to the emissions occur-
ring only on-site, and rely heavily on the assumption of carbon
neutrality of biomass. As emissions of the bio-CCS system are also

produced off-site due to land use change, biomass harvesting,
transport and upgrading, as well as due to CO2 capture, transport
and storage, iron and steelmaking in Europe would not be carbon-
neutral from the whole system perspective. For example, work by
Fajardy and Mac Dowell (2017) calculated (for a specific case of US
switchgrass and BECCS application) that technically, only 45% of the
geologically stored biological-based CO2 emissions could be
considered as negative emissions. Therefore, the deployment of
biomass or bio-CCS in the iron and steel industry could still result in
a significant amount of emissions contributing to the total Euro-
pean carbon budget. A detailed LCA specific to each plant would be
required to estimate the real environmental benefits of those
technologies.

With increasing biomass demand from other sectors also look-
ing to reduce their CO2 emissions (e.g., as feedstock for trans-
portation fuel production or for the chemical industry), the biomass
market can be expected to undergo significant transformations,
which may in turn lead to price increases. Olofsson (2019) analysed
the impact on regional biomass markets of introducing biomass to
an integrated steel plant in Sweden (SWE1, in this study). He found
that while the total welfare effect in the region would be relatively
small, certain market segments, in particular regarding secondary

Fig. 9. Impact of collaborative CO2 pipeline network on CO2 transport cost, compared to individual networks. Plants located close to the bottom right corner would experience the
greatest cost reduction from the collaborative pipeline network. The closer a plant gets to the central line the less cost reduction per tCO2 transported can be expected from joining
the collaborative pipeline.
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biomass, could potentially be heavily impacted, leading to signifi-
cant price effects for both the steel plant and other biomass users in
the region.

The introduction of bio-CCS can present a valuable opportunity
for CO2 emission reduction and the defossilisation of the European
iron and steel industry, which could also be deployable in a rela-
tively short term. The creation of an economic environment within
the EU and characterised by policy certainty (for example, giving
extra credits under the EU-ETS system for bio-CCS) that would
make the investments in CCS/bio-CCS a strategic decision for the
industry (ZEP, 2018), is key for this transition. The average CO2
avoidance cost ofV80 tCO2�1 identified in this workwould translate to
a noticeable increase in steel production cost. Even though Rootz�en
and Johnsson (2016) argued that a carbon price of V100 tCO2�1 would
increase the price of the final steel product (e.g., a car) by only a tiny
fraction, the economic disadvantage of European steel against
cheap imports from particularly China, might be further enhanced.
This could in turn lead to plant shutdowns, which would also create
a significant impact further down the line of the value chain by, for
instance, losing a high number of steel-related jobs in Europe.
Therefore, bio-CCS, especially in the European iron and steel in-
dustry, will not be deployed without a valid economic case and a
stable policy regime.

Apart from economic barriers, the application of bio-CCS might
not be possible due a variety of social, technical and legislative is-
sues, mostly related to CO2 transport and storage. While the in-
clusion of these aspects in the modelling was outside the scope of
this work, it is, however, still important to highlight them. The in-
tegrated steel plants would have to overcome issues such as
negative public perception, uncertainties in CO2 storage capacities
around Europe, issues related to the 1996 London Protocol, and
temporary bans on onshore CO2 storage in some countries, even
though these issues are occurring outside of their borders. How-
ever, as has been shown in this work, the costs of CO2 transport and
storage constitute minor contributions towards the total cost of
CCS/bio-CCS deployment, and non-economic barriers related to
those parts might be of decisive importance.

If bio-CCS is excluded as a technology option, the maximum
emission reductions are limited to 20% by exclusively using the best
presently available technologies. The deployment of innovative
technologies that are currently in development or pilot scales
would thus be necessary to meet the targets for the iron and steel
industry (Pardo andMoya, 2013). Of the emerging technologies, top
gas recycling, which requires the retrofitting of the existing blast
furnace fleet, is closest to application (Moya and Pardo, 2013).
HIsarna or direct reduction processes such as ULCORED, Midrex,
HYL or ULCOWIN are also being discussed, even though their
deployment is currently facing either technology readiness issues
(expected by 2030 or even 2040) or economic barriers (CO2
avoidance costs of over V100 tCO2�1 ) (Pardo and Moya, 2013). Op-
portunities for iron ore reduction using hydrogen, such as the
HYBRIT (HYBRIT, 2017) and H2FUTURE (“H2FUTURE Green
Hydrogen,” n.d.) projects in Sweden and Austria, respectively, are
now also becoming available. By 2035, the industry hopes to have a
process in place (Vattenfall, 2018) that could play a leading role in
European iron and steel making from 2050 onwards (Sgobbi et al.,
2016). It is not possible to predict which technologies and/or
combinations of technologies are likely to emerge, but emission
reductions beyond 40%will still mean their co-applicationwith CCS
(EUROFER, 2013). Therefore, overcoming CCS barriers should be a
priority if CCS were to become the key technology for emission
reduction in this industry in the near future (ZEP, 2018). The
introduction of bio-CCS could achieve high emission savings in a
relatively short time, since bio-CCS requires comparatively small
retrofits to plants, while the more innovative technologies still face

considerable research and development before they will be ready
to be deployed.

5. Conclusion

This work explores the CO2 emission reduction potential of bio-
CCS in integrated steel plants across the EU and compares oppor-
tunities for its deployment across the 30 operating plants. Our
findings show that bio-CCS can play a role in achieving carbon-
neutrality across these plants when considering only emissions
produced on-site. However, bio-CCS would not be an economically
favourable option when aiming to reach specific CO2 emission
reduction targets below 20% for which an autonomous deployment
of biomass over full bio-CCS is more favourable. Therefore, biomass
can be considered a strategic solution for an initial decarbonisation,
of which the CO2 emission reduction potential could be enhanced
through the additional deployment of CCS (resulting in bio-CCS), if
required.

In this study, an average CO2 avoidance cost using bio-CCS in
European iron and steel plants is calculated to V80 tCO2�1 . This is
indeed a large additional expenditure that would significantly in-
crease the steel production cost of the plants, even for the most
suitable ones. The work shows that an initial biomass substitution
is cheaper than CCS deployment, but then costs related to the high
level of biomass utilisation are similar to the deployment cost of
CCS. Despite CO2 capture accounting for the biggest share of CO2
avoidance cost by CCS, the opportunities in cost reduction actually
emerge in CO2 transport as plants start sharing CO2 pipeline net-
works. Especially for small integrated steel plants, the CO2 trans-
port cost could be reduced by up to 90%. Opportunities for the
reduction of CO2 capture costs could also occur in the future. Cost of
a first-of-a-kind capture plant is usually significantly greater than
the cost of amature nth-of-a-kind (Rubin et al., 2015). This has been
demonstrated at, for example, the Shand power plant, based on
lessons learnt from the Boundary Dam, or discussed in a work by
van den Broek et al. (2009). Hence, there is a high likelihood that
the CO2 avoidance cost of using bio-CCS could be even lower than
V80 tCO2�1 in the future. However, in the present, a significant cost
reduction of bio-CCS is difficult, and the EU has to propose stronger
economic incentives that would ensure a competitive iron and steel
industry in the EU, if carbon-neutrality using bio-CCS is defined as
the way to go.

From specifically a geographical viewpoint, no country presents
an outstanding opportunity for bio-CCS. In general, the technology
is most likely to be developed in France, the Netherlands, Belgium
and in one of the plants in Sweden, since these plants achieve the
lowest bio-CCS deployment costs. On the other hand, the least
favourable countries are Germany and the UK due to the compa-
rably high costs of CO2 capture.

It is important to mention that if we want bio-CCS to be
developed at a large scale in Europe, non-economic barriers of a
regulatory-social-environmental naturemust also be resolved, or at
least accounted for in the policy agenda. Further study is necessary
to identify the most essential problems that the EU or specific
countries and regions are facing. It is recommended that a sensi-
tivity analysis of the impact of overcoming these barriers on the
CO2 avoidance cost for each plant should be included in such a
study.
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A B S T R A C T

Carbon capture and storage (CCS) will have an essential role in meeting our climate change mitigation targets. 
CCS technologies are technically mature and will likely be deployed to decarbonise power, industry, heat, and 
removal of CO2 from the atmosphere. The assumption of a 90% CO2 capture rate has become ubiquitous in the 
literature, which has led to doubt around whether CO2 capture rates above 90% are even feasible. However, in 
the context of a 1.5 ◦C target, going beyond 90% capture will be vital, with residual emissions needing to be 
indirectly captured via carbon dioxide removal (CDR) technologies. Whilst there will be trade-offs between the 
cost of increased rates of CO2 capture, and the cost of offsets, understanding where this lies is key to minimising 
the dependence on CDR. This study quantifies the maximum limit of feasible CO2 capture rate for a range of 
power and industrial sources of CO2, beyond which abatement becomes uneconomical. In no case, was a capture 
rate of 90% found to be optimal, with capture rates of up to 98% possible at a relatively low marginal cost. Flue 
gas composition was found to be a key determinant of the cost of capture, with more dilute streams exhibiting a 
more pronounced minimum. Indirect capture by deploying complementary CDR is also assessed. The results 
show that current policy initiatives are unlikely to be sufficient to enable the economically viable deployment of 
CCS in all but a very few niche sectors of the economy.   

1. Introduction

1.1. Carbon capture and storage (CCS)

For some time, CO2 capture and storage (CCS) has been understood 
to be integral to the reliable, and affordable mitigation of climate change 
and limiting warming to no more than 2 ◦C (IPCC, 2014). In this context, 
the concept of “90% capture” has, more or less, become ubiquitous in 
the literature, from both academic and policy perspectives. However, 
even with 90% capture, there is still the potential for appreciable re-
sidual CO2 emissions from ostensibly decarbonised point sources. These 
emissions are incompatible with the 1.5 ◦C target arising from the 2015 
Paris agreement (United Nations, 2018; Callendar, 1938; Keeling et al., 
1976; Hansen et al., 2008), and, importantly, these residual emissions 
necessarily drive the deployment of carbon dioxide removal (CDR) 
technologies,1 such as bioenergy with CCS (BECCS), which, in turn, 
exacerbates sustainability concerns in this context (Fajardy et al., 2018; 
Fajardy and Mac Dowell, 2018, 2017; Smith et al., 2015). There is 
therefore an urgent need to better understand the costs that are associ-
ated with beyond 90% capture in different contexts, and challenge the 

potential narrative that higher rates of capture are excessively difficult, 
which could, in turn, act to limit the role of CCS in a sustainable future. 

1.2. Scope 

In this contribution, we present a brief history of the development of 
CCS technology, aiming to provide insight into the origins and rationale 
behind the various assumptions that underpin much of the analysis 
presented in the contemporary literature. We then go on to present a 
detailed study of the costs of CO2 capture applied to different point 
sources, and aim to provide insight into the various technical, economic, 
and policy factors required to enable the delivery of zero emissions fa-
cilities in an affordable manner. The policy factors include financial 
incentives such as production and investment tax credits, and access to 
capital. In particular, we quantify which incentives and in what context 
yield the most impact in reaching net-zero. Whilst we use 
chemisorption-based post-combustion capture technology to illustrate 
this, the point is general, and this analysis can be usefully extended to 
any CO2 capture technology. 

One aim of this study is to quantify the capture rates at which the 

* Corresponding author at: Centre for Process Systems Engineering, Imperial College London, South Kensington Campus, London SW7 2AZ, UK.
E-mail address: niall@imperial.ac.uk (N. Mac Dowell).

1 Also known as negative emissions technologies (NETs).
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marginal cost of additional flue gas capture becomes greater than or 
equal to the expected cost of deploying CDR. CDRs are a suite of tech-
nologies that cover amongst others: afforestation, Bio-Energy with CCS 
(BECCS), and direct air capture (and carbon storage) DAC(CS) (Royal, 
2018; Baker et al., 2020; Hepburn et al., 2019; Minx et al., 2018; Fuss 
et al., 2018; Nemet et al., 2018; NAP, 2019). All these technologies 
remove carbon from the atmosphere and they differ significantly in the 
way they capture and store CO2 as well as their potential scale and 
predicted cost (Haszeldine et al., 2018). Afforestation covers activities 
such as planting trees or facilitating the regeneration of trees. BECCS 
uses biomass (e.g., wood pellets) as feedstock, which has over its lifetime 
removed carbon from the atmosphere. The emissions arising from con-
verting the biomass into an energy product (e.g., electricity, hydrogen) 
are captured and geologically stored, thereby providing a net removal of 
CO2 from the atmosphere (Fajardy et al., 2018; Fajardy and Mac Dowell, 
2018, 2017). DAC(CS) has notably gained attention and a range of 
start-up companies are actively working on developing and commerci-
alising this technology. There is no general consensus on the methods, 
amount of energy and work, as well as cost of DAC(CS). Current DAC 
plants utilise the captured carbon. 

1.3. Examining the history of CCS and origins of 90% capture rate 

The technology that underpins contemporary post-combustion CO2 
capture, e.g., acid gas scrubbing, was first proposed in the early 1930s by 
Bottoms (1930), and shortly thereafter by Allen and Michalske (1933). 
Both patents claim the process of using aqueous alkanolamines to 
separate CO2 out of a gas mixture, however, the key difference was 
amine types considered and process topology. Allen and Michalske 
(1933) proposed triethanolamine and sodium carbonate as the absorp-
tion liquid, whereas Bottoms (1930) suggested primary, secondary and 
tertiary amines, diamines and alkanolamines. Triethanolamine was the 
first commercially available amine (and is still the only large-scale 
commodity amine) and was later displaced by monoethanolamine 
(MEA), diethanolamine or diglycolamine (Maddox and Campbell, 1982; 
Kohl and Nielsen, 1997) due to their preferred properties. Absorption 
with MEA was primarily used in natural gas sweetening and dieth-
anolamine in refinery applications. Commercial CO2 production met the 
demand for non-oil use in the liquid CO2 and dry ice market, the 

beverage industry and urea production. Enhanced oil recovery opera-
tions started injection of CO2 gas in the early 1970s, using natural 
sources at first, and then CO2 captured from anthropogenic sources as 
demand increased (Kohl and Nielsen, 1997; Quinn, 1930; Sommers, 
1933; Anada et al., 1983; Rump et al., 1977; Sparrow et al., 1988). 

The concept of capturing and storing CO2 for climate change mitigation 
was first proposed by Marchetti in 1977 (Marchetti, 1977). Marchetti 
described a geo-engineering operation including the collection, transport 
and disposal of CO2. This body of work considered CO2 capture from 
different gas streams, including exhaust from coal, gas and oil-fired power 
plants and industrial processes such as steam methane reforming. Impor-
tantly, Marchetti was the first to investigate the relationship between cost 
and the rate of CO2 capture, specifically comparing 90% and 50% capture. 
Importantly, no rationale was provided for choosing these capture rates – 
the choices were essentially arbitrary. 

Steinberg et al. built upon this existing work, and explored various 
applications for CO2 capture processes, including power generation 
(Steinberg et al., 1977b; Albanese and Steinberg, 1980a; Steinberg and 
Albanese, 1980), industrial processes, e.g., hydrogen production 
(Steinberg and Cheng, 1989), and even direct air capture (Wilcox et al., 
2017), until the early 1980s when interest in separation from power 
plant flue gases took over (Steinberg, 1983a,b, 1992; Steinberg et al., 
1984, 1987, 1977a; Steinberg and Albanese, 1978; Albanese and 
Steinberg, 1979, 1980b). 

Mustacchi et al., (1978) (Mustacchi et al., 1978) studied different 
approaches to CCS using ocean CO2 storage, capturing CO2 from coal 
and gas-fired power plants. One method that involved bubbling flue gas 
directly through seawater in order to capture approximately 95% of the 
CO2. The second method employed a solvent, namely amines, sodium 
potassium hydroxide or glycerin triactetate, to first capture the CO2 
from the flue gas, and then dissolving this separated CO2 in the deep 
ocean to achieve a capture rate of 99%. Although this system captured 
more CO2, total capture cost was also greater, with the heat exchanger 
contributing to one third of the total cost. 

In 1980, following the precedent set by Marchetti (Marchetti, 1977; 
Nordhaus, 1975), Steinberg and Albanese (Albanese and Steinberg, 
1980a; WorkshopMunster, 1980) compared two CO2 capture rates of 
50% and 90% in CCS systems that use MEA scrubbing, potassium car-
bonate scrubbing, molecular sieves, refrigeration (cryogenic), and 

Fig. 1. Timeline of key publications studying CCS in the context of different CO2 capture rates.  
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seawater absorption. A rigorous techno-economic analysis of a generic 
CO2 separation process studied the effect of various CO2 removal effi-
ciencies; 100%, 75%, 50%, 25% and 0%. This analysis was, to the best of 
our knowledge, the first to provide insight into the impact of capture 
rate on cost, energy requirement and net power plant efficiency of a 
coal-fired power plant. Subsequently, in 1982, Horn and Steinberg 
(1982) evaluated the CO2 mitigation potential of an oxy-combustion 
process2 compared to a conventional power plant with CO2 capture. 
Again, Horn and Steinberg (1982) explored different capture systems,3 

assuming the same capture rate of 90% for all cases. 
Hendriks et al. (1989) (Hendriks et al., 1989; Blok et al., 1989) 

studied the performance of absorption-based CO2 capture from pulver-
ized coal (PC), natural gas combined cycle (NGCC), and integrated 
gasification combined cycle (IGCC) power plants. Despite the variablity 
in CO2 concentration, the evaluation a priori assumed 90% capture rate 
for the three flue gas types. Similarly, Booras and Smelser (1991) 
(Booras and Smelser, 1991) or Herzog et al. (1990) also assumed 90% 
capture rate in a techno-economic analysis of absorption-based CO2 
capture retrofitted in a coal-fired power plant (pulverized and gasifica-
tion). In following years, use of the 90% capture rate assumption 
continued for evaluation studies on the performance of 
absorption-based post-combustion capture (Yagi et al., 1992; Leci and 
Goldthorpe, 1992; IPCCCCS, 2005). 

The relationship between scale, CO2 concentration, process condi-
tions with capture rate and process performance (e.g., reboiler duty and 
cost) was also analysed in more recent studies (Mores et al., 2014, 2012, 
2018; Flø et al., 2016, 2015; Òsk Garðarsdòttir et al., 2018), with some 
evaluating techno-economic performance using capture rates as high as 
99% (Abu-Zahra et al., 2007a,b; Feron et al., 2019; Jiang et al., 2020; 
Hirata et al., 2020). The foregoing review is illustrated in Fig. 1 and we 
discuss more historic context (Wilson et al., 1992; Mariz, 1998; Kwong 
et al., 1991; Meissner, 1982; Pauley, 1984; Pauley et al., 1984; Nobel 
Prizes, 2018; Keith, 2000; Dyson, 1977; Baes et al., 1977; St. Clair and 
Simister, 1983; Arnold et al., 1982; Barchas and Davis, 1992; Sander and 

Mariz, 1992; Chapel et al., 1999; Alders, 1992; Williams, 1978; Wolsky 
and Brooks, 1985; Cheng, 1986) and more recent studies in the appendix 
(Abu-Zahra et al., 2007a,b; Feron et al., 2019; Jiang et al., 2020; Hirata 
et al., 2020; Mores et al., 2014, 2012, 2018; Flø et al., 2016, 2015; Òsk 
Garðarsdòttir et al., 2018). 

1.4. Net-zero with absorption-based CCS and complementary CDR 

By 2020 several countries including Norway, Finland, Sweden, 
Denmark, France, Iceland, Japan, Switzerland, Portugal Costa Rica, and 
United Kingdom announced legally binding net-zero emissions targets. 
While the individual definitions of net-zero vary, it generally means that 
anthropogenic greenhouse gas (GHG) emissions4 need to be offset by 
corresponding removal of said GHGs. For the UK, the target of net-zero 
emissions is set for the year 2050 which is in line to limit global warming 
to 1.5 ◦C. Fossil fuel processing companies such as Royal Dutch Shell, 
Total, Equinor, Occidental, Repsol, and BP made recent announcements 
to transform their businesses to meet net-zero targets but this excludes 
the life cycle emissions of their products by 2050.5 The following com-
panies from different sectors have also announced net-zero targets and 
several other major organisations are expected to follow: Nestlé 
(Switzerland, consumer products), Qantas (Australia, airline), Duke 
Energy (USA, utilities and power), ThyssenKrupp (Germany, steel), 
HeidelbergCement (Germany, cement), Vale (Brazil, mining and 
metals), Microsoft (USA, software), Delta (USA, airline). 

To meet net-zero targets, the CO2 capture rate should be as high as 
economically viable and as close to 100% as technically possible. However, 
modifications in the capture plant design and operating strategy may be 
required which will lead to increased cost. The following example high-
lights the challenge: The flue gas from a gas-fired power plant contains 
approximately 4 mol% CO2. After capturing 99% of the CO2, the resulting 

Fig. 2. Flowsheet of an archetypal post-combustion CO2 capture plant comprising an absorber-stripper configuration.  

2 Called a “carbon dioxide power plant” at the time (Allam and Spilsbury, 
1992).  

3 e.g., MEA, potassium carbonate, molecular sieves, refrigeration, and 
seawater absorption. 

4 e.g., CO2, CH4, N2O.  
5 with the exception of Repsol; their plan includes scope three emissions, i.e., 

other indirect emissions that occur in the company’s value chain such as use of 
sold product, business travel or waste disposal. 
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CO2 composition is 400 ppm, which is lower than current atmospheric CO2 
concentrations (approximately 415 ppm). The CO2 separation at the top of 
the absorber becomes as challenging as direct air capture.6 

A capture rate of 100% is very challenging with an absorption-based 
system and residual emissions will need to be indirectly captured by 
CDR.7 The economic viability will further limit the capture rate to the 
range of 90–99%. In other words, it would be easier to recover that final 
one percent from air, as opposed to trying to capture it directly from the 
processed flue gas. In this context, it is imperative to be clear that the use of 
indirect capture via CDR to deliver net-zero emissions is not an alternative 
to mitigation. Rather, it is an integrally co-deployed technology to deliver 
net-zero in an affordable way. Importantly, given that the CDR options will 
be providing a service directly to the emitters, the costs associated with the 
provision of this service will naturally be born by the private sector, e.g., 
following the “polluter pays” principle. Moreover, given that it is increas-
ingly likely that atmospheric CDR will need to be scaled up post-2050 to 
deliver a globally net-negative paradigm, this approach of early co- 
deployment will help bootstrap the creation of this new industry. 

2. Methodology

In this contribution, we use a model of an archetypal CO2 capture
process to study the impact of capture rate on cost. Fig. 2 illustrates the 
process topology of the model, which does not consider upstream pro-
cesses or downstream CO2 compression. It is implemented in gPROMS 
(gPR ModelBuilder, 2020) and incorporates a non-equilibrium descrip-
tion of heat and mass transfer, and uses 30 wt% aqueous mono-
ethanolamine (MEA) as a solvent. For the analysis in this study, a 
steady-state model was used to evaluate a wide range of CO2 capture 
rates, lean solvent loadings θlean and gas CO2 concentrations yCO2 . 

The novel feature of this model is that unit sizes (e.g., columns, heat 
exchangers, pumps) are variable and re-calculated for every change in 
operating conditions including flue gas flowrate and composition. This is 
an important feature necessary to accurately assess the challenges at 
high capture rates. The diameter of both absorber and stripper columns 
is estimated using a 70% flooding approach and the associated pressure 
drop is calculated using the Billet and Schultes method (Billet and 
Schultes, 1991). The molar flue gas flowrate was kept constant at 
17.7 kmol/s (corresponds to 500 kg/s at yCO2 = 4 mol%) unless other-
wise stated. The design purity of CO2 in the gaseous stream leaving the 
condenser is fixed to 95 mol-% (Abbas et al., 2013) for all flue gases and 
operating conditions. Table 1 summarises key operating conditions. 

The solvent flowrate is a function of operating conditions including 

flue gas composition yCO2 and lean loading θlean. The interfacial vapour- 
liquid equilibrium (VLE) was calculated via a semi-empirical equation 
derived using experimental data up to 140 ◦C from the literature (Jou 
et al., 1995; Tong et al., 2012; Lee et al., 1976; Austgen et al., 1991) (see 
appendix Fig. 12) and had an average absolute relative deviation (% 
AAD) of less than 8%. The model assumes thermal equilibrium between 
the lean solvent and flue gas at the top of the absorber. 

The limiting lean loading corresponds to the equilibrium loading at 
the top of the absorber which is a function only of the limiting lower 
partial pressure and temperature. The limiting lean loading calculated 
by using an isothermal VLE fit at 40 ◦C is plotted over the capture rate for 
a range of flue gas compositions in Fig. 3.8 Higher capture rates mini-
mise the operating window of lean loadings with a sharp drop at capture 
rates larger than 97%. If the solvent enters the absorber with a lean 
loading that is greater than or equal to the equilibrium loading at the top 
of the absorber, then the specified capture rate cannot be reached. Fig. 3 
shows that operating the plant at higher lean loading reduces the 
working capacity of the solvent, limiting the maximum achievable 
capture rate especially for low concentration gases (e.g., 1 mol%). Thus, 
the cost-optimal lean loading is a function of both inlet CO2 concen-
tration in the gas phase and the desired capture rate. The model has been 
validated against pilot plant data and process modelling studies (Oex-
mann and Kather, 2010) (see Appendix A for more details). 

The capture costs are calculated using a factorial methodology 
including the unit size and construction material in the capital expen-
diture (CAPEX) and steam, electricity, cooling and maintenance in the 
operating expenditure (OPEX). The CAPEX is discounted using a capital 
recovery factor CRF. The sum of annualised CAPEX and OPEX is known 
as total annualised cost (TAC) and indicates the costs of capturing one 
tonne of CO2 out of a flue gas with a specific CO2 composition yCO2 . We 
report capture cost instead of cost avoided to increase the flexibility 
towards different applications, i.e., avoiding a metric that corresponds to 
a specific reference scenario. Costs of consumables are taken from 
(Brennan and Golonka, 2002) and all costs are converted into October 
2019 costs via the chemical engineering plant cost index (CEPCI) 
method. For completeness, all economic parameters except the shell 
material factors are listed in Table 2. 

Fig. 3. Impact of capture rate and flue gas composition on limiting maximum 
lean loading that leads to saturation at top of the absorber at 40 ◦C. Lean 
loading has to be smaller than the limit to achieve a specified capture rate. 

Table 1 
Summary of key default operating conditions.  

Parameter Value 

Absorber operating pressure 110 kPaa 

Absorber solvent inlet temperature 40 ◦C 
Flooding factor 70% 
Flue gas flowrate 10–1000 kg/s  

Default: 17.7 kmol/s 
CO2 fraction in flue gas 1–30 mol% 
Capture rate 60–99.5% 
CO2 purity 95% 
Reboiler pressure 159 kPa 
Steama 420 K and 2.5 bara

a The steam quality corresponds to values if steam were extracted at the 
crossover between intermediate- and low-pressure (IP-LP) steam turbines. 

6 Note that in this example the whole process would be net-negative as more 
CO2 is removed than created by the source plant as one would be capturing the 
CO2 present in the inlet air.  

7 In the sense of ‘mopping up’ residual emissions with complementary CDR/ 
NETs. Note that the term “offsetting” is reserved for other purposes (Encyclo-
pædia Britannica, 2011). 8 while assuming a constant 5 kPa pressure drop. 

P. Brandl et al.

206



International Journal of Greenhouse Gas Control 105 (2021) 103239

5

3. Results and Discussion

3.1. Effect of plant scale

A net-zero target means that a fleet of different flue gas sources needs 
to be decarbonized with a varying impact on sequestered CO2, e.g., a 
steel/iron plant would capture up to seven times more total CO2 
(MtpaCO2 ) at the same flue gas flowrate and capture rate than a typical 
gas-fired power plant. Given that power and industrial plants signifi-
cantly differ in size, it is important to quantify the impact of plant scale 
on cost as a function of gas CO2 concentration. These results are illus-
trated in Fig. 4 below. Typical flue gas composition values are indicated 
with white vertical lines, including a typical gas-fired power plant, gas- 
fired power plant with exhaust gas recycle (EGR) and coal-fired power 
plant, also the maximum yCO2 = 30% covers common industrial pro-
cesses such as hydrogen, ammonia and iron/steel (Leeson et al., 2017; 
Bains et al., 2017; Anthony and Clough, 2019).9 

Typical flowrates of representative power plants are 914 kg/s for a 

528 MWnet supercritical coal-fired power plant (650 MWg), and 905 kg/s 
for a 506 MWnet natural gas-fired combined cycle plant, which correspond 
to the upper flowrate limit in Fig. 4. A typical combined flue gas flowrate 
for a large steel plant is around 500 kg/s accounting for the lime and coke 
production as well as the hot stoves10 (Leeson et al., 2017). For reference, 
examples of the largest single point CO2 sources are listed in Table 3. 

Across the range of flue gas flow rates, cost is relatively constant at 
the high CO2 concentrations yCO2 > 10% (blue region). In general, there 
is limited evidence of any impact of scale, except in the case of relatively 
low flow rates and low CO2 concentrations. Interestingly, there does 
appear to be a particular tipping point in CO2 concentration; at rela-
tively low CO2 concentrations, there is a strong relationship between 
CO2 concentration and cost. At CO2 concentrations beyond approxi-
mately 10%, the strength of this relationship appears to decline. 

3.2. The cost-optimal lean loading 

Previous studies (Abu-Zahra et al., 2007a,b; Soltani et al., 2017) have 
identified that the lean loading directly impacts the energy requirement of 
a post-combustion plant. Fig. 5 shows the impact of the lean loading for 
three typical power plants flue gases (yCO2 = 4% gas-fired, yCO2 = 8% 
gas-fired with exhaust gas recycle EGR, and yCO2 = 12% coal-fired) on the 
total annualised cost.11 The missing data points at high capture rate and 
high lean loading (in the top right corners of each plot in Fig. 5) are due to 
the lean loading reaching the limiting loading and a further increase in 
capture rate is not possible. This effect is more prominent for yCO2 = 4% 
than for yCO2 = 12% due to their differing limiting loading shown in Fig. 3. 

The OPEX shows a distinctive minimum while the CAPEX is spread 
more evenly at capture rates smaller 95%. The TAC shows a significant 
cost increase at high capture rates which is caused by the CAPEX. In 
comparison with the cases of lower yCO2 , the yCO2 = 12% flue gas has the 
lowest cost, which begins to level out at lean loading of 0.175 molCO2 / 
molMEA. For yCO2 = 4%, the total annualised cost (TAC) is much higher 
and levelling occurs at lower lean loading of 0.15 molCO2 /molMEA. Fig. 5 
illustrates the cost-optimal lean loading for different yCO2 , e.g., lean 
loading that provides the lowest TAC. 

Fig. 6 shows the impact of increasing the capture rate on the cost- 
breakdown for yCO2 = 4% at a constant lean loading of 0.15 molCO2 / 
molMEA; this represents a horizontal line through the right plot on the 
top row of Fig. 5. The main driving force behind the cost increase at 
higher capture rates is the absorber which significantly increases in size. 
The low (and remaining) CO2 concentration in the gas phase towards the 
top of the absorber requires a larger mass transfer area, which can only 
be achieved by increasing the height of the unit. This causes a significant 
non-linear cost increase. The maintenance cost are a fixed share of the 
total CAPEX and increases mainly because of the increasing absorber 
contribution. The total CAPEX contribution (marked with pattern) gains 
in significance with increasing capture rates. 

Fig. 4. Impact of flue gas flowrate and CO2 concentrations on total annualised 
costs (TAC) with common flue gas sources at a capture rate of 90%. Black lines 
indicate annual captured CO2 at 1 MtpaCO2 and 0.1 MtpaCO2 being the minimal 
threshold to be eligible for the §45Q tax credit. 

Table 2 
Summary of key economic parameters in line with (IEAGHG, 2012).  

Parameter Value 

Weighted average cost of capital 
(WACC) 

10% 

Annuity period 25 years 
Capital recovery factor, CRF 0.11 
Plant availability 92% 
Lang-Factor 3.7 
Short-run marginal costs $44.7/MWhelec 

Solvent degradation 1.6 kgMEA /tCO2 cap

Cost MEA $1.1/kgMEA (Dow, 2018) 
Cost water $3.9/tH2 O (Brennan and Golonka, 2002)  
Cost cooling water $0.07/tH2O (Ulrich and Vasudevan, 2006)  
Cost steam $20.4/tSteam (Brennan and Golonka, 2002) 
Cost plant operator $100,000/Operator (Brennan and Golonka, 

2002) 
Shifts 3/d (King, 1999) 
Cost ceramic Raschig rings $36.0/ft3 (Couper, 1990) 
CEPCI Oct 2019 599.3 (CEPCI, 2020)  

Table 3 
Summary of largest single point sources of CO2 as listed by (IEAGHG, 2012).  

Source MtpaCO2  Reference 

Gas power 23.5 Surgut 2, Russia 
Coal power 25.2 Niederhaussen, Germany 
Hydrogen 1.2 Mobil Schmierstof, Germany 
Ammonia 4.8 BASF Ludwigshafen, Germany 
Iron / Steel 24.5 ThyssenKrupp Hamborn, Germany  

9 These representative concentrations are based on typical industrial pro-
cesses with exhaust gas at atmospheric pressure. However, concentration can 
highly depend on the process conditions and may vary in practice. 

10 Excluding the power plant.  
11 Fig. 14 shows a close-up of the same data at high capture rates which are 

likely needed to meet a net-zero target. 
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3.3. Effect of exhaust gas composition and rate of separation on the cost 
of CO2 capture 

Figs. 7 and 8 show an analysis demonstrating the influence of flue gas 
CO2 composition and capture rate on the total cost at their individual 
optimal lean loading. Instead of capture rate, the total amount of CO2 

captured (MtpaCO2
) was evaluated to fairly account for the full mitiga-

tion potential of the different flue gas sources. This approach illustrates 
the non-linear trade-off between a lower capture rate of a concentrated 

Fig. 5. Impact of lean loading and capture rate on annualised OPEX (left column), CAPEX (middle column) and total annualised cost TAC (right column) for CO2 
capture from flue gases for a gas fired yCO2 = 4% (top row), gas fired with exhaust gas recycling yCO2 = 8% (middle row), and coal-fired power plant yCO2 = 12% 
(bottom row). The colour bar indicates cost; note the changing scale. 

Fig. 7. Total annualised costs as a function of capture rate and CO2 concen-
tration. The colour indicates flue gas CO2 concentration in which red represents 
dilute and purple is highly concentrated streams. For each yCO2 curve, the 
process is operated at the optimal lean loading at 90% which achieves the 
lowest TAC. 

Fig. 6. Impact of increasing the capture rate on the cost breakdown for a gas 
fired yCO2 = 4% power plant: Main cost increase originates from absorber. 
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stream compared to an increased capture rate of a dilute flue gas.12 

Figs. 7 and 8 demonstrate that capturing from a dilute (red) stream is 
more expensive than from a concentrated (purple) flue gas. In addition, 
the range of mitigation potential (MtpaCO2

) differs up to a factor of 30 
between the most concentrated source yCO2 = 30% and most dilute 
source yCO2 = 1%. The cost increases for flue gas streams of lower CO2 
content, with the difference increasing non-linearly with dilution (see 
Fig. 15). As a consequence, the total mitigation potential of concentrated 
sources such as industrial flue gases is much more favourable compared 
to low-concentration streams, e.g., from gas power plants. The capture 
costs of dilute streams are higher compared to the more concentrated 
ones. Capture cost also increases with capture rate (see Fig. 15). At 
yCO2 = 2% (top red curve), the cost minimum is in the range of <80% 
capture, whereas at yCO2 = 30% (bottom purple curve) the cost mini-
mum is at capture rates of <97%. From inspection of Fig. 15, it is clear 
that, for no gas stream considered here, does a 90% capture rate 
constitute a clear “optimum”. Moreover, the rate at which the cost of 
capture increases at beyond 90%, e.g., the marginal cost, varies as a 
function of CO2 concentration, with low concentration streams being 
systemically more costly. Interestingly, the low concentration streams 
exhibit a more pronounced minimum, and a more gradual increase in 
the cost of capture. 

3.4. Effect of marginal cost on economic feasibility and residual emissions 

Marginal cost of capture is introduced in this section to assess the 
impact of beyond 90% capture in more detail. We define the marginal 
cost of capture as the derivative of TAC with respect to capture rate 
(caprate) at constant CO2 concentration. 

marginal cost :

=
∂TAC

∂caprate

⃒
⃒
⃒
⃒

yCO<mml:math><mml:msub><mml:mrow/><mml:mn>2</mml:mn></mml:msub></mml:math>

(1) 

The derivative can be accurately linearised with caprate2 > caprate1. 

∂TAC
∂caprate

⃒
⃒
⃒
⃒

yCO2

≈
ΔTAC

Δcaprate

⃒
⃒
⃒
⃒

yCO2

=
TACcaprate2 − TACcaprate1

caprate2 − caprate1

⃒
⃒
⃒
⃒

yCO2

(2) 

Using the results in Fig. 15 as an example: For yCO2 = 4%, cap-
rate1 = 97% and caprate2 = 98% the costs are TAC97% = $99.4/tCO2 and 

TAC98% = $113.7/tCO2 . It follows that the marginal costs for increasing 
the capture rate from 97% to 98% is: 

marginal cost ≈
$113.7/tCO2 − $99.4/tCO2

98%cap − 97%cap

⃒
⃒
⃒
⃒

yCO2 =4%
= $14.4

/

(tCO2 ⋅%) (3) 

This value can be directly found in Fig. 16 in which the data is plotted 
over the capture rate. The unit of the marginal cost is $/(tCO2 ⋅%), which 
represents the additional cost per tonne of captured CO2 required to 
capture one more percent of CO2 from the flue gas. This methodology is 
applied to the TAC results shown in Fig. 7 to generate Figs. 8 and 16. The 
marginal cost remains almost constant until the capture rate reaches 
90% for yCO2 = 2% and 98% for yCO2 = 30%. All other concentrations 
lay within those boundaries; hence, the “upper” limit of acceptable 
marginal cost depends on the CO2 composition of the feed flue gas. This 
limit will be referred to as “critical capture rate”. 

The most dilute flue gas shows the sharpest incline compared to more 
concentrated streams. This means increasing the capture rate beyond 
90% at concentrated flue gases comes not only at lower marginal cost 
but it also significantly captures more CO2 compared to increasing the 
capture rate with a more dilute flue gas. This makes concentrated 
streams a “low hanging fruit” and low-concentrated sources (e.g., gas- 
power) a challenge. Even for the most concentrated streams the upper 
limit is 98% capture which indicates a net-zero industry and power 
sector is not possible without negative emissions to absorb the residual 
emissions. CDRs are likely going to remove the equivalent of 2% of the 
source’s CO2 for very concentrated streams and up to 10% for low- 
concentration streams. 

As can be observed, beyond a certain point, the marginal cost of 
capture becomes prohibitively expensive, and an indirect capture via 
CDR technologies becomes more cost effective. In the following we give 
an overview of recent cost estimates for those technologies as reported 
by The Royal Society and The Royal Academy of Engineering (UK) 
(Royal, 2018) and National Academies of Sciences, Engineering, and 
Medicine (USA) (NAP, 2019). 

Afforestation is estimated to sequester 1.2 GtCO2 for under $30/tCO2 

and 0.4 GtCO2 pa at less than $3/tCO2 . Future cost estimates for affores-
tation and reforestation range from $15/tCO2 to $30/tCO2 for the year 
2100 (Griscom et al., 2017; Smith et al., 2015). A study focusing solely 
on California (Baker et al., 2020) estimates the cost to be $16.4/tCO2e. 
The National Academies report estimates the cost to be up to $20/tCO2 

(NAP, 2019). It is important to note that these studies do not account for 
the increased cost associated with the impermanence of afforestation as 
a carbon sink. Doing so would inevitably increase the cost of carbon 
removal via afforestation. 

Cost estimates for BECCS range between $140/tCO2 up to $270/tCO2 

and are highly sensitive to assumptions on biomass cost, electricity 
price, and efficiency (Bhave et al., 2017). The National Academies report 
estimates the cost to be up to $105/tCO2 for biomass to power, ac-
counting for the produced electricity, and $37 − 132/tCO2 in the case of 
biomass to fuel with biochar. 

The theoretical minimum energy requirement for DAC(CS) is 30 kJ/
molCO2 (0.68GJ/tCO2 ) (Lackner, 2013; Brandani, 2012; Wilcox, 2012; 
House et al., 2011). There is no consensus about the work required in a 
real process with it being estimated to be ten times the minimum (House 
et al., 2011) and disputed by Realff and Eisenberger (Realff and Eisen-
berger, 2012). Therefore, the cost estimates for DAC(CS) vary greatly 
between sub $100/tCO2 and well above $1000/tCO2 excluding transport 
and storage cost (Fuss et al., 2018). This is also due to significantly 
differing assumptions on the availability of low carbon and low cost 
electricity or free waste heat. Typical cost estimates agnostic of the 
technology are $200 − 600/tCO2 (McGlashan et al., 2012; Sanz-Pérez 
et al., 2016; Keith et al., 2018). The report for California (Baker et al., 

Fig. 8. Total annualised costs as a function of capture rate and CO2 concen-
tration (colour). Marginal cost defined as the derivative of the total annualised 
costs (see Fig. 7) with regard to the capture rate as a function of CO2 
concentration. 

12 The study was conducted at constant molar flue gas flowrate as listed in 
Table 1. Figs. 15 and 16 show the same data for a range of flue gases plotted 
over the capture rate. 
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2020) estimates the near-term costs of DAC(CS) to be roughly $266/tCO2 

for sorbent-based, geothermal plants and $230/tCO2 for 
absorption-based natural gas plants.13 Regardless of technology and 
methodology to estimate the costs, DAC(CS) will set the upper cost 
boundary compared to the other CDR technologies considered in this 
study. 

Whilst the precise cost of CDR is as yet uncertain, in this study we 
adopt $140/tCO2 as the price at which CDRs might become more cost- 
effective. To this end, we have highlighted the region in which CDRs 
are in direct competition with an increased capture from a single plant 
source in Fig. 8. From a purely economic perspective it is better to not 
capture some of the CO2 that is passing through the capture unit, and 
instead, indirectly capture the residual emissions via CDRs. As Fig. 8 
shows, this offset will be particularly important for more dilute gas 
streams at the higher capture rates (see Fig. 15). The tipping point at 
which a specific CDR technology outperforms additional capture can be 
easily identified by intersecting a horizontal line with the corresponding 
trend for the specific flue gas composition. 

3.5. Financing net-zero CCS projects 

In this section, we compare three financial financial incentive 
mechanisms and analyse which ones are most effective to deliver a net- 
zero transition by enabling higher capture rates with absorption-based 
CCS plants. The three analysed mechanisms are 1. production tax 
credits, 2. investment credits, 3. loans which provide access to cheap 
capital (low CRFs). 

The current situation of CCS is similar to wind and solar photovoltaic 
(PV) technologies in the 1970s. In the wake of the energy crises, R&D 
initiatives were followed up with tax incentives to drive deployment of 
wind and solar, for example, the US investment tax credit (ITC)14 pro-
vided a 30% reduction in federal taxes for solar electricity generation 
projects. The ITC is on a per-kW basis, compared to the production tax 
credit (PTC) which is on a per-kWh basis. Deploying renewable energy 
was originally motivated by avoiding price volatility associated with 
fossil fuels, improving energy security, and shifting energy shares from 
nuclear (e.g., Energiewende in Germany). It took decades for renewables 
to progress and it required a combination of mandated portfolio stan-
dards and public subsidy, in the form of tradable tax credits or grants. 

Although the value of CCS technologies is widely recognised (e.g., 
facilitates the decarbonisation of industry, power, heat and provides 
CDR), the deployment of CCS has been limited. Some financial incentive 
measures for CCS are already in place with tax credits (e.g., §45Q in the 
USA), investment credits (e.g., §48A in the USA), Low Carbon Fuel 
Standard (e.g., LCFS in California, USA), or CO2 prices (e.g., the emis-
sions trading scheme (ETS) in the EU) resembling the ITC and PTC. 
Those measures reduce the barrier to entering a market, but they do not 
of themselves create a market. In an era of low oil prices, CO2 as an input 
to EOR is unlikely to be a reliable means to scale CCS on its own. 

§45Q (26 U.S. Code §45Q Credit for carbon dioxide sequestration)
provides a tax credit of up to $35/(tCO2 ) for CCU or EOR, and up to $50/ 
(tCO2 ) for permanent storage over 12 years and a minimum of 
0.1 MtpaCO2 (0.5 MtpaCO2 for electricity generation). Construction has to 
begin before the year 2024 and rigorous accounting of lifecycle emis-
sions ensures DAC(CS) and BECCS are eligible too. Hence, §45Q re-
sembles the PTC for renewable power in the USA.15 In this study, we 
assume a §45Q-like tax credit of $50/(tCO2 ) to be available for all CCS 
projects with a lifetime of 25 years covering the whole annuity period. 

The investment credit 26 U.S. Code §48A (Qualifying advanced coal 

project credit) offers an investment credit of up to 30% of the capital 
expenditure for advanced coal-based generation technologies (20% for 
IGCC) with a maximum of $2.55 bn. We envision a §48A-like investment 
credit ultimately being made available to all CCS projects, not just coal- 
fired power generation with a 30% reduction in associated CAPEX. This 
is in line with the current ITC for solar PV in the USA. 

Loan guarantees, master limited partnerships, and private activity 
bonds are able to reduce the cost of capital. Under loan guarantees, a 
government covers a borrower’s debt in case the borrower defaults on its 
loan from private creditors e.g., banks. This reduces the interest rate and 
the CRF. All of the results presented thus far have assumed an interest 
rate of 10% and an economic lifetime of 25 years leading to a CRF of 
11%. Fig. 17 illustrates the impacts of interest rate and annuity period 
on the CRF. Previous studies (Abu-Zahra et al., 2007b; Feron et al., 
2019) use a similar discount period of 25 years but often lower interest 
rates, typically 8%. Economic and technical assumptions (see Table 2) 
will differ from study to study, affecting the comparability of results 
across different studies. This section examines the effect of the CRF on 
the results for CO2 capture from gas-fired and coal-fired power plants, 
and two industrial sources for reference. The interest rate is adjusted 
incrementally while keeping the annuity period constant, thus changing 
the CRF via interest rate i, producing the results in Fig. 9 (colour cor-
responds to CRF value). In general, a higher CRF (blue) represents a 
more aggressive investment while low CRF (red) represents for example 
loans from national banks (the US Fed’s base rate is 0.25% at time of 
writing). The US §45Q tax credit of $50 per captured tonne of CO2 is 
highlighted with the pink horizontal dashed line. 

The gas-fired (4 mol% CO2 content) curve exhibits a distinct mini-
mum TAC, which shifts higher as the CRF decreases and also shifts to 
higher CO2 capture rate (MtpaCO2 ). At higher CO2 content (coal flue gas 
and industry), the TAC curve also shifts higher with increased CRF, 
however, the magnitude of increase is smaller than the gas-fired sce-
nario. The distinct minimum that can be observed for the gas case flat-
tens out for the concentrated streams. Across all of the CRF values, the 
gas-fired case has higher TAC than the coal-fired scenario. The relative 
difference in TAC between CRF = 2% and CRF = 22% for a 90% capture 
rate is 85% for the gas-fired case and 36% for the coal-fired case, 
respectively. At a capture rate near 98%, the relative difference in-
creases to 230% for the gas-fired case and 98% for the coal-fired case, 
respectively. This is due to the decreasing CAPEX share with increasing 
CO2 composition. 

The relative difference in total cost between the different CRF as-
sumptions (8%(Abu-Zahra et al., 2007b) vs. 11%) grows with increasing 
capture rate, e.g., ~25% relative difference at 98% capture rate for the 
gas-fired case. Therefore, this analysis illustrates that the cost of capital, 
and associated financing arrangements will have a significant impact on 
the total cost, influencing the critical capture rate and economic 

Fig. 9. Impact of capital recovery factor CRF on total annualised costs TAC for 
gas-power yCO2 = 4%, coal-power yCO2 = 12% and two industrial sources 
yCO2 = 20% and yCO2 = 30% with changing capture rate expressed as MtpaCO2 . 

13 Assuming zero cost CO2 capture on the natural gas-fuelled oxy-combustion 
kiln.  
14 Also known as the federal solar tax credit.  
15 Capturing CO2 measured in tonnes resembles the production of renewable 

energy measured in kWh. 
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feasibility of the process. Increasing the capture rate beyond 90% drives 
up the CAPEX and the CRF becomes even more important. Thus, the 
different CRF cases spread over a wider TAC range at lower concentra-
tion and mechanisms that decrease CRF have a greater impact. In 
summary, a reduced CRF both reduces the total cost and increases the 
cost-optimal rate of capture. 

Transitioning to a net-zero power and industry sector becomes 
CAPEX intensive (as shown in Fig. 5). The impact of an investment-type 
credit is shown in Fig. 10. Two cases with (dotted line) and without 
(solid line) including the investment credit are compared. The coloured 
area corresponds to the cost saving by including the investment credit. 
The case including the investment credit generally leads to lower costs 
for any flue gas composition. Its impact is highest at lower concentration 
flue gases and higher CRF, which is in line with the CAPEX intensity of 
those scenarios. The effectiveness of an investment credit is indirectly 
proportional to the CRF, thus providing access to cheap capital (e.g., low 
CRF) lessens the impact of an investment credit. This limitation high-
lights the need to carefully balance policy mechanisms that lower CRFs 
and provide investment credits as one potentially weakens the other. It is 
important to point out that making an investment credit available for all 

CCS projects will likely be of greater benefit to projects dealing with low- 
concentration flue gases (e.g., gas-fired power) compared to concen-
trated streams (e.g., steel plant) at the same size. In combination with the 
§45Q tax credit (pink horizontal line), the results indicate that CO2 
capture from concentrated flue gas stream yCO2 = 30% is close to being
economically feasible using a realistic CRF≈ 10 % (see green dotted
line).

Break-even is achieved when the combination of tax credits, in-
vestment credits and policies leading to low CRFs are able to completely 
finance all capture costs (excluding transport and storage). Our results 
indicate that a single policy on its own will not be sufficient, and a 
balanced portfolio of investment credits and tax credits will likely be 
required. Therefore, significant technology improvements over the 
MEA-based system considered here would be required to close this gap, 
even in the presence of generous tax credit schemes. 

Fig. 11 quantifies the gap which needs to be closed by technology 
improvements in terms of OPEX and CAPEX, showing the most cost 
efficient way of reducing OPEX or CAPEX to break-even (dashed white 
line). The black lines indicate the corresponding TAC (excluding any 
investment credits) with capture rates of 90% up to 99% for a gas-fired 
power plant (solid black line) and a coal-fired power plant (dashed black 
line). The capture unit would break-even when the cost are at or below 
$50/(tCO2 ). The most effective way to reach this target is via reducing 
both CAPEX and OPEX. In the case of gas-power, both CAPEX and OPEX 
will each need to be reduced by 70%. For coal-power, the CAPEX needs 
to be reduced by 68%, whereas the required OPEX reduction is 25%. In 
addition to financial incentive mechanisms, cost reductions can be 
achieved by utilising an advanced solvent in a modern process topology 
such as the advanced flash stripper (Rochelle et al., 2011). This study is 
based on 30 wt% MEA and it is almost certain that advanced solvents 
and more efficient process topologies(Rochelle et al., 2011; Bui et al., 
2018) will significantly drive down the costs (Brandl et al., 2018). 

4. Conclusions

Since its inception in 1977, the assumption of 90% CO2 capture rate
has been adopted across the majority of CCS studies. The review of 
historical literature suggests that this capture rate was arbitrarily 
selected and does not represent a hard limit. This study evaluates the 
effects of key techno-economic factors on the feasibility of high CO2 
capture rates >90% in absorption processes using 30 wt% aqueous MEA. 
The factors considered in this assessment include plant scale, e.g., vari-
able flue gas flow rate, gas CO2 concentration. e.g., yCO2 ranging from 
1 mol% to 30 mol%, process operating conditions, e.g., lean loading, and 
economic parameters, e.g., capital recovery factor and tax credits. 

The results show that the specific cost of capture ($/tCO2 ) remains 
relatively constant at a given CO2 concentration for flue gas flow rates 
greater than 200 kg/s. For lower flue gas flow rates <200 kg/s, TAC 
varies with flue gas flow rate. Therefore, economies of scale has an 
observable effect on the cost of CO2 capture. The TAC is shown to be 
lower for high gas CO2 concentrations yCO2 > 10% across the range of 
flue gas flow rates considered. 

Total capture cost (e.g., TAC) tends to increase at capture rates <95% 
at lower lean loading due to the higher solvent regeneration energy 
requirements, which increases OPEX and CAPEX (stripper/reboiler size). 
At higher capture rate >95% or lower gas CO2 content, the TAC cost 
increases due to the requirement of a larger absorber size (increases 
CAPEX). The CO2 capture rate, gas CO2 content and lean loading each 
have a strong impact on the economic feasibility of a CO2 capture pro-
cess. Thus, it is essential to evaluate the combined effects of lean 
loading, CO2 capture rate and gas CO2 content simultaneously. 

We showed that higher capture rates that are much needed for a net- 
zero transition are economically feasible at low marginal costs, e.g., a 
maximum capture rate of 90% for yCO2 = 2%, or 98% for yCO2 = 30%. 
Thus, claims of capture rates higher than 90% are both technically 
feasible and economically reasonable in reaching GHG emissions 

Fig. 11. Specific capture cost (excluding any investment credits) expressed in 
terms of OPEX and CAPEX with capture rates of 90% up to 99% for a gas-fired 
power plant (solid black line) and a coal-fired power plant (dashed black line). 
Most effective way of breaking even with §45Q tax credit at $50/(tCO2 ) is 
reducing both OPEX or CAPEX, i.e., moving along dashed white line). 

Fig. 10. Comparing the impact of the §48A investment credit made available 
for all CCS projects and impact of capital recovery factor CRF on total 
annualised costs TAC for gas-power yCO2 = 4%, coal-power yCO2 = 12% and 
two industrial sources yCO2 = 20% and yCO2 = 30% with changing capture rate 
expressed as MtpaCO2 . CRF values are 2% (red), 12% (green), 22% (blue). 
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reduction targets with negligible increase to the overall system costs. 
However, residual emissions are likely going to be a minimum of 2% for 
concentrated streams and up to 10% for low concentration streams. 
These residual emissions need to be indirectly captured by comple-
mentary carbon dioxide removal technologies, e.g., afforestation, 
BECCS, or DAC(CS), in order to meet the net-zero target. We quantified 
the capture rate limit at which the cost of additional flue gas capture 
(marginal cost) are equal to or higher than the expected cost of 
deploying CDRs. 

Three different financial instruments, namely tax credit, investment 
credit, and cost of capital, were analysed. The sensitivity analysis on 
capital recovery factor (CRF) demonstrates economic assumptions such 
as interest rate can have significant impact on the total cost, influencing 
the critical capture rate and economic feasibility of the process espe-
cially for low concentration streams. We find that the most effective 
policy measures and financial incentive mechanisms to support net-zero 
CCS projects is a combination of investment and tax credits (similar to 
US §45Q and §48A) being made available for all CCS projects throughout 
their economic lifetime (e.g., 25 years) and lowering the CRF to mod-
erate levels e.g., 8% via loan guarantees. Lowering the CRF reduces the 
impact of any investment credit and thus needs to be carefully balanced. 
Even in the presence of generous financial schemes, additional tech-
nology improvements over the MEA-based system considered in this 
study would be required for CO2 capture to break-even. 
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Appendix A 

A.1 List of abbreviations and nomenclature

LCFSLow Carbon Fuel StandardITCinvestment tax creditPTCproduction tax creditBECCSbioenergy with carbon capture and storageCAPEXCAPEX
annualised capital expenditureCCScarbon capture and storageCCUcarbon capture and utilisationCDRcarbon dioxide removalCEPCIchemical engi-
neering plant cost indexCRFcapital recovery factorDAC(CS)direct air capture (with carbon storage)EORenhanced oil recoveryETSemissions trading 
schemeIGCCintegrated gasification combined cycleIPCCintergovernmental panel on climate changeMEAmonoethanolamineMHIENGmitsubishi 
heavy industries engineeringMtpamega ton per annumNGCCnatural gas combined cycleOPEXOPEX operating expenditureTACTAC total annualised 
costVLEvapour liquid equilibriumWACCweighted average cost of capital 

A.2 Additional context regarding the capture rate of 90%

In the following paragraphs we give a chronological overview of additional key studies and events that were omitted from the main body regarding
the development of CO2 capture and the concept of CCS. In particular, we aim to identify if a convention or general consensus regarding an optimal 
capture rate has potentially been reached and if this value is the result of techno-economic optimisation. 

Nordhaus (1975) published work on storing captured CO2 in the deep ocean already in 1975 and his work is regarded as the first economic model 
of global warming which was subsequently awarded the Nobel Prize in 2018 (Nobel Prizes, 2018). He and his colleague Marchetti, who developed the 
idea, acknowledge that CO2 capture and transport by pipeline was already established in the 1970s. In 1977 Marchetti (1977) originally described a 
geo-engineering (Keith, 2000; Dyson, 1977) operation including the collection, transport and disposal of CO2 focussing on coal, gas, and oil fired 
power plants and additionally included industrial processes such as steam methane reforming or simultaneous SO2 and CO2 capture from coal-fired 
flue gases in his analysis. His idea of storing CO2 in the deep ocean current e.g., off the coast of Gibraltar (“Gigamixer”) differs from today’s general 
consensus which favours depleted oil and gas fields and other natural formations for long-term disposal of carbon dioxide (Mustacchi et al., 1978). 
Marchetti concluded that increasing the capture rate from 50% to 90% doubles the total cost. Also in 1977, Baes Jr. (Baes et al., 1977) from the Oak 
Ridge National Laboratory stated the need of a CO2 control system and analysed CO2 storage possibilities in the deep ocean (including floating power 
stations), depleted oil and gas fields, and the south pole (dry-ice storage) (WorkshopMunster, 1980). 

Much of the early CCS related literature refers to the standard/archetypal absorber-stripper configuration already known from Bottoms but credit 
Steinberg’s Brookhaven National Laboratory report series from the late 1970s (Steinberg et al., 1977a; Steinberg and Albanese, 1978; Albanese and 
Steinberg, 1979, 1980b) for the process topology. 

Mustacchi et al., analysed in 1978 the disposal of CO2 in the ocean using seawater for absorption assuming a coal and gas power plant emitting 
800 tCO2/h (coal) and 508 tCO2/h (gas). From those streams either 95% would be removed by bubbling it through seawater, or, 99% would be 
sequestered by dissolving CO2 in the deep ocean after it was captured utilising amines, sodium potassium hydrooxides, or glycerin triactetate. 
Mustacchi et al., found the heat exchanger system contributes one third to the total capture cost for a 15 wt% MEA system. 

Cheng and Steinberg point out that the capture rate at larger plants e.g., larger than 100 MW should be increased in order to avoid installing a costly 
CO2 control system at plants smaller than 5 MW (Cheng, 1986). They argue that this comes at practically zero cost because the specific cost is less 
sensitive to small increases in capture rate at large scale facilities. Cheng, Steinberg, and Albanese compare MEA scrubbing, potassium carbonate 
scrubbing, molecular sieves, refrigeration (cryogenic), and seawater absorption at 50% and 90% (Albanese and Steinberg, 1980a; WorkshopMunster, 
1980). They vary the capture rate of a technology-agnostic capture unit and report the energy penalty associated to a coal-fired power plant which is to 
the best of our knowledge the oldest study analysing the capture rate impact on energy requirement and cost. However, the group around Steinberg 
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does not give a reference for their assumptions on the capture rate. 
The first reports about successfully operating post-combustion capture fitted to power plants were published by St. Clair and Simister (1983) (gas 

power), Meissner (fuel oil) (Kwong et al., 1991), Pauley (boiler and reformer exhaust gas) (Pauley et al., 1984) and Arnold et al., (Arnold et al., 1982; 
Barchas and Davis, 1992) (gas and coal power) in the early 1980s. The Kerr-McGee plant at Trona, California built by Parsons captured up to 630 short 
tons of CO2 per day ≈0.2 Mtpa with two parallel trains from a coal fired flue gas (Kwong et al., 1991). Kwong et al. (1991) and Meissner (1982) report 
that the MEA plants built by Parsons achieved capture rates higher than 90% at low partial pressures of CO2. DOW custom designed their FT-1 
technology and FS-1 solvent for gas-fired flue gas conditions (yCO2 = 8.5%) to deliver a 1120 tCO2/d plant to Carbon Dioxide Technology Corpora-
tion in Lubbock, Texas in 1982 achieving capture rates up to 98% (Pauley, 1984). An early report about the Econamine FG technology (Mariz, 1998) 
also assumes a 90% “recover ratio” while Sander in (Sander and Mariz, 1992) acknowledged that a capture rate between 85% and 95% is achievable 
depending on the flue gas composition. Chapel et al. (1999) confirmed Sander’s finding about the range in 1999 but also assumed 90% going forward. 
The predecessor of CANSOLV reportedly achieved capture rates of 90% with little operating effort and up to 99% for a flue gas with 15 mol% CO2 in 
1992 (Wilson et al., 1992). Approximately ≈1 Mtpa is successfully captured from natural gas and stored at Sleipner in Norway since 1996 (Ringrose, 
2018). 

The IPCC special report on CCS (IPCCCCS, 2005) lists in tables 3.7 to 3.13 studies which are analysing CO2 capture systems with their achieved 
capture rates giving a good overview for the 2000s. The reported capture rates are in the range [85%; 95%] with the vast majority assuming 90%. Most 
studies acknowledged the wide range of flue gases that could be partially decarbonised. Yet, most plants were built for coal- or coke-fired processes 
contributing to the link between (clean) coal and CCS. 

The extensive literature review included the following conferences that were attended by the field’s leading researchers including the first in-
ternational conference on CO2 removal (Alders, 1992). The objective was to find if the capture rate was discussed and identified as a parameter that 
needs to be optimised. No general consensus regarding the capture rate was found at those conferences based on their proceedings (e.g., (Williams, 
1978; WorkshopMunster, 1980; Wolsky and Brooks, 1985)).  

• Interaction of Energy and Climate Change, 1980, Münster, Germany
• Recovering Carbon Dioxide from Man-Made Sources, 1985, Pacific Grove, USA
• Global Greenhouse Problem, 1990, Massachusetts Institute of Technology
• CO2 reduction and removal: Measures of the next century?, 1991, Laxenberg, Austria
• The engineering response to global change, 1991, Daytona Beach

Abu-Zahra et al. (2007a,b) identified the lean loading to be a crucial parameter in optimising the cost associated with a commercial-scale capture
plant utilising MEA fitted to a 600 MWe coal-fired power plant. The CO2 capture rates considered in this evaluation were 80%, 90%, 95%, and 99%, 
and the weight fraction of MEA was also varied (20–40 wt%). The capture rate was found to have insignificant impact on the regeneration energy at 
low loadings and a stronger influence at high loadings. Their study demonstrated that capture rates as high as 99% result in minor increases in 
regeneration energy and cost. 

Flexible operation of CCS is potentially more profitable than steady state operation (Mac Dowell and Shah, 2014; Mechleri et al., 2017; Craig et al., 
2017). Flexible operation involves varying the CO2 capture rate in accordance with trends in electricity, e.g., decrease CO2 capture rate during peak 
electricity prices (more profitable to generate electricity), or increase capture rate during off-peak. Flø et al. (2016, 2015) analysed flexible operation 
of the Brindisi CO2 capture pilot plant, which treats 0.45% of the total 660 MW power plant exhaust gas. 

IEA GHG published a report (IEA, 2006) about near-zero emissions comparing post-combustion capture from coal and gas, as well as 
pre-combustion capture from coal and oxy-combustion of coal. They report no marginal cost increase for oxy-combustion, a medium cost increase for 
pre-combustion, and an exponential cost increase for post-combustion. Their study finds that 1. a conventional chemisorption-based process cannot 
achieve 100% capture rate, 2. the operating window regarding the lean loading being narrowed at higher capture rates, 3. higher capture rates require 
taller absorbers, and 4. they set the base case for MEA at 85% capture rate. They also mention that MHIENG’s KS-1 solvent achieves higher rates. 

Feron et al. (2019) follow a similar approach used by Abu-Zahra et al. (2007a,b) to analyse the performance of an MEA-based capture plant in-
tegrated with an ultra-supercritical coal-fired and a natural gas combined cycle plant. The study considered three capture rates of 90%, 95%, and 99% 
and calculated the levelised cost of electricity (LCOE). In addition, the value of intercooling during operation with high capture rate was evaluated. 
Intercooling decreases the average temperature in the absorber and, thus, increases the corresponding loading but also slows down the reaction rate. 
Furthermore, the minimal required thermodynamic work to separate CO2 decreases at cooler temperatures. Feron et al. (2019) found there was only a 
minor increase to cost (both LCOE and cost-avoided) when using 99% capture rate compared to 90% capture for both flue gas types. The cost-avoided 
for the natural gas-fired case at 95% capture was lower than at 90% capture. These observations concur with early work by Cheng and Steinberg 
(Cheng, 1986), which indicated that capture cost are insensitive to small changes in capture rate for large-scale CCS facilities >100MW 

Mores et al., optimised the coupling between a capture unit and a 700 MWnet natural gas-fired combined cycle plant with a minimum capture rate 
of 90% reaching up to 95%. They find minimal mitigation cost to be around 89% (Mores et al., 2018). In another study, Mores et al., found bypassing 
13.4% of the flue gas and capturing 95% in three parallel capture trains with an overall capture rate of 82% to be cost-optimal (Mores et al., 2014, 
2012). Òsk Garðarsdòttir et al. (2018) analysed the impact of scale and CO2 compositions on cost for a constant capture rate of 90%. They focused on 
pulp and paper, onshore oil, H2 production, iron and steel, cement, and the chemical industry in Sweden. Garðarsdòttir et al., found that economy of 
scale has a stronger impact on capture cost than an increase in CO2 concentration. 

Co-firing a fossil fuel with biomass reduces the total emissions. The relationship between capture rate, process topology, and co-firing share was 
analysed by Jiang et al. (2020) for a 550 MWnet supercritical coal-fired power plant. They assumed capture rates of 90%, 95%, or 99.7%, biomass 
co-firing shares of 5% or 10%, and using both archetypal and advanced flash stripper configurations. Jiang et al., results show that the capital 
expenditure dominates the total cost and suggest that co-firing coal with biomass is viable to achieve near-zero and even negative emissions. The 
nearly linear trend between capture rate and LCOE agrees the results presented by Feron et al. (2019). 

The capture cost of MHIENG’s16 advanced KM CDR process utilising their KS-1 solvent applied to a 650 MWgross coal-fired power plant increases 
only by 3% when the capture rate is increased from 90% to 99.5% (Hirata et al., 2020). These results agree with previous studies about competitors’ 

16 Mitsubishi Heavy Industries Engineering. 
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technologies (Wilson et al., 1992; Mariz, 1998; Kwong et al., 1991; Meissner, 1982; Pauley, 1984; Pauley et al., 1984). No study analysed in this 
literature review found a major technical bottleneck which limits increasing the capture rate beyond 90%. 
A.3 VLE and validation

Fig. 12 shows the semi-empirical VLE correlation (solid lines) used in this work which is developed for screening purposes. The data points were 
collected from numerous publications (Jou et al., 1995; Tong et al., 2012; Lee et al., 1976; Austgen et al., 1991) and the fit shows good agreement 
within the range of interest. The lowest possible partial pressure is derived from yCO2 = 1 mol%, 99.5%, pabs = 110 kPa, and assuming a 5 kPa pressure 
drop. This limit is indicated by a vertical dashed line at 0.005 kPa. The highest possible partial pressure corresponds to pure CO2 in the stripper. In 
addition to the semi-empirical VLE correlation, an isothermal fit (dotted line in Fig. 12) was derived using only data at 40 ◦C which is the solvent’s inlet 
temperature at the top of the absorber. The isothermal fit is more accurate than the semi-empirical correlation for a given temperature (compare solid 
and dotted lines for 313 K in Fig. 12). 

The reboiler heat duty is broken down into three shares:  

• Sensible heat QSens which is required to heat up the rich solvent to stripping temperature

Fig. 12. VLE fit (solid lines) for 30wt% aq. MEA with data points for multiple 
temperatures ranging from 25 ◦C to 120 ◦C. The limit corresponds to the lowest 
possible partial pressure (99.5% from yCO2 = 1mol%). The dotted line is an 
isothermal fit for 40 ◦C in order to derive the limiting maximum lean loading 
corresponding to saturation at the top of the absorber. 

Fig. 13. Heat duty breakdown and comparison to Oexmann’s work for 7M 
MEA in (Oexmann, 2011) for a coal-fired flue gas and similar stripping tem-
perature (115 ◦C vs. 120 ◦C) and similar L/G ratio ≈3 kg/kg. Absolute values 
are listed in Table 4. 

Table 4 
Absolute shares of latent, sensible, and absorption heat contributing to the total 
specific reboiler duty.  

Reboiler duty in MJ/kgCO2  QAbs QLatent QSens 

Brandl 2020, 5M MEA 1.48 2.08 0.77 
Oexmann 2011, 7M MEA 1.10 1.74 0.46  

P. Brandl et al.

214



International Journal of Greenhouse Gas Control 105 (2021) 103239

13

• Latent heat QLatent which is required to create the stripping steam and is dispatched as cooling load in the condenser

• Heat of reaction (including the heat of ab-/desorption) QAbs which is required to release the CO2 from carbamate

Fig. 13 and Table 4 show a good agreement of the developed model with Oexmann’s model (Oexmann, 2011) for similar operating conditions. In
addition, L/G trends show good agreement with those reported in literature (Feron et al., 2019) and the minimal reboiler duty was found to be at 
0.16 CO2 /molMEA for a coal-fired power plant and 90%. More details about the model can be found in (Brandl et al., 2018). 

Fig. 14. Impact of lean loading and capture rate on OPEX (first column), annualised CAPEX (second column), and total annualised cost TAC (third column) for CO2 
capture from flue gases for a gas fired yCO2 = 4% (first row), gas fired with exhaust gas recycling yCO2 = 8% (second row), and coal-fired power plant yCO2 = 12% 
(third row). The colour bar indicates the cost. Note the missing data at high lean loadings is due to the limiting maximum lean loading imposed by the high capture 
rate (see Fig. 3). 

Fig. 15. Total annualised cost TAC plotted over capture rate. Same data as 
shown in Fig. 7 but highlighting the relative effect of capture rate compared to 
total amount of CO2 captured. 

Fig. 16. Marginal cost defined as the derivative of the total annualised costs 
(see Eq. (2)) with regard to the capture rate as a function of CO2 concentra-
tion (colour). 
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A.4 Results
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A B S T R A C T

This paper explores the potential of achieving negative emissions in steelmaking by introducing bioenergy with
carbon capture and storage (BECCS) in multiple steelmaking routes, including blast furnace and HIsarna smelt
reduction, and Midrex and ULCORED direct reduction. Process modelling and life cycle assessment were used to
estimate CO2 balances for 45 cases.

Without bioenergy or CCS, the estimated life cycle CO2 emissions for steelmaking were 1.3–2.4 t CO2/t steel.
In our model, aggressive BECCS deployment decreased net CO2 to the order of −0.5 t to 0.1 t CO2/t steel. CCS
showed a larger mitigation potential than bioenergy, but combined deployment was most effective.

As BECCS use increased, CO2 from background supply chains became more relevant. In the high BECCS cases,
if decarbonized electricity is assumed, net CO2 estimates decreased by 400−600 kg CO2/t steel. Conversely, at
700 g CO2/kWh, all cases appeared to be net CO2-positive. Accounting for the “carbon debt” of biomass, beyond
biomass supply chain emissions, increased net CO2 estimates by approximately 300 kg CO2eq/t steel.

We conclude that CO2-negative steel is possible, but will require significant interventions throughout the
production chain, including sustainable biomass cultivation; efficient steel production; CO2 capture throughout
steel and bioenergy production; permanent storage of captured CO2; and rigorous monitoring.

1. Introduction

Preventing catastrophic climate change requires the rapid and im-
mediate decarbonization of human activities to sharply reverse the
current trajectory of increasing greenhouse gas emissions, likely even
beyond carbon neutrality (IPCC, 2014). Indeed, all scenarios limiting
global warming to 1.5 °C in the IPCC special report entailed global net
negative greenhouse gas emissions within the next 50 years (IPCC,
2018). Negative emissions are intended to both remove historic CO2

from the atmosphere and to compensate for continued residual emis-
sions. In the IPCC 1.5 °C scenarios, these negative emissions result from
agriculture, forestry, land use change, and from the use of bioenergy
and carbon capture and storage (BECCS).

As illustrated in Fig. 1, BECCS involves the uptake of atmospheric
carbon by biomass, which is later combusted for energy, and the re-
sulting biogenic CO2 is captured and sent to permanent storage.
Achieving negative CO2 emissions requires the physical removal of CO2

from the atmosphere followed by permanently preventing that CO2

from re-entering the atmosphere. Furthermore, any emissions resulting
from the process of removal and storage, (e.g. from losses, energy use,

biomass production, land use change, infrastructure construction, pro-
duction of combustible co-products) must be accounted for. To result in
a decrease of atmospheric CO2, the net carbon balance of the entire
negative emission technology system must be negative (Tanzer and
Ramírez, 2019).

The IPCC 1.5 °C scenarios include 100–1100 Gt CO2 of cumulative
negative emissions through the end of the century. The interquartile
range of scenarios assume large-scale BECCS use beginning in 2030 and
scaling up to 7–16 Gt CO2/yr by 2100. However, the feasible scale of
negative emissions is under debate from both biophysical and tech-
noeconomic perspectives (e.g. Smith et al., 2015; Smith and Torn,
2013). Furthermore, top-down decarbonization scenarios typically do
not consider where BECCS could feasibly be incorporated. Dec-
arbonization scenarios allocate BECCS use to power sector (IPCC,
2018), to an unspecified combination of power and industry (IPCC,
2014; UNEP, 2017; Kriegler et al., 2014; Millar et al., 2017), or to
power and transport fuel production (Muratori et al., 2017). The IEA
(2017) is more specific, allocating 4.5 Gt of cumulative CO2 reductions
to 2060 from BECCS use in the industrial sector and 15 Gt in power.

Many studies have focused on the design, economics, and
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environmental impacts of BECCS in power (e.g. Meerman et al., 2013;
Schakel et al., 2014; Mac Dowell and Fajardy, 2017). A demonstration-
scale power plant using bioenergy with carbon capture has recently
come online the UK (Drax Group plc, 2019), though the fate of the
captured CO2 is still undecided. If the CO2 is reused for short-lived
applications, such as fuel, fertilizer, or carbonated beverages, it will be
re-emitted to the atmosphere, and therefore cannot result in negative
emissions.

In industry, there is already an extant BECCS installation: a bioe-
thanol plant with integrated CCS in Illinois, USA (Office of Fossil
Energy, 2017). Industries, such as steel, cement, ethanol, and ammonia
emit CO2 directly in processes such as combustion, reduction, calcina-
tion, and fermentation. Additionally, these industries are responsible
for indirect CO2 emissions from electricity use, which vary depending
on the level of electrification of the specific industrial installation and
the CO2 intensity of the electricity provision. Further CO2 emissions
arise in upstream and downstream supply chains. Therefore, the tech-
nical viability of BECCS or other negative emission technologies must
be evaluated for individual industrial configurations.

Steel is the largest industrial emitter of CO2, directly emitting 2.1 Gt
of CO2 globally in 2010 (Fischedick et al., 2014), primarily from the
combustion of 1000Mt of coal (World Steel Association, 2019). Dec-
arbonization options for steel include increasing the efficiency of ex-
isting carbon-based iron-reduction (DOE, 2015), reducing iron using
hydrogen, or electrolysis of iron using renewable energy (Quader et al.,
2016 Abdul Quader et al., 2016), all of which could move steelmaking
towards carbon neutrality. However, BECCS is the only substantive
opportunity to integrate atmospheric carbon removal and storage into
steelmaking, and thus the only substantive opportunity to produce
carbon-negative steel. Steelmaking slag does contain an alkali fraction
that could be carbonated by atmospheric CO2, but due to its uncertain
and relatively low carbon storage potential (0.1−0.6 kg CO2/kg slag)
(Renforth, 2019; Huijgen et al., 2005), slag carbonation was not in-
cluded in this study.

Currently, there is little knowledge available on the use of BECCS or
other negative emission technologies in the steel industry. However,
bioenergy and CCS use are both existing concepts in steel production.
The partial replacement of blast furnace coal with charcoal is an es-
tablished procedure in Brazilian steelmaking (Sonter et al., 2015).
Charcoal has also been shown to be a viable partial replacement for fuel
used in ore agglomeration and coke making processes (Suopajärvi et al.,
2018).

The use of carbon capture at steel mills is in early commercializa-
tion, with approximately 1.0Mt of fossil CO2 per year captured at
Emirates Steel in the United Arab Emirates, ArcelorMittal in Belgium,
and Shougang Steel in China, though in all cases, the CO2 is destined for
reuse in other industries (Global CCS institute, 2018). Reuse of captured
CO2, also called CO2 utilization or carbon capture and utilization (CCU)
can reduce CO2 emissions by displacing the need to produce the carbon-

based products by other means, but unless it results in long-term sto-
rage, CO2 reuse will result in net positive CO2 emissions.

As of April 2020, the only publicly available research on specific
BECCS configurations in steel production is Mandova et al. (2019). The
authors consider cost-optimized BECCS scenarios for 30 blast furnace
steel plants in Europe, concluding that BECCS could be used to achieve
carbon neutrality within the boundaries of the steel mill itself. How-
ever, as the paper notes, a gate-to-gate CO2 assessment is insufficient to
determine whether negative emissions can be achieved. Our work fur-
ther fills this knowledge gap by expanding the system of consideration
to encompass the cradle-to-grave supply chains of steel, bioenergy, and
CCS, and including steelmaking technologies beyond the blast furnace.

This paper estimates a first-order decarbonization potential of
BECCS-in-steel as part of a larger research project investigating the
scale on which carbon-negative industries could contribute to global
decarbonization. The intention is not to provide a comprehensive or
optimized assessment of BECCS-in-steel configurations, but rather to
explore the possibility and scale of negative emissions in commercial
and emerging steelmaking technologies.

This paper considers the integration of BECCS into several steel-
making technologies, including the commercial technologies of blast
furnace ironmaking with basic oxygen furnace steelmaking (BF-BOF)
and Midrex direct reduction of iron with electric arc furnace ir-
onmaking (DRI-EAF), as well as the novel technologies of BF-BOF
steelmaking with top gas recycling, HIsarna ironmaking with BOF
steelmaking, and ULCORED DRI-EAF. For each technology, we esti-
mated life cycle CO2 emissions for nine cases of wood-based bioenergy
use and CCS. To allow for a more equal basis of comparison, all tech-
nologies were modeled as if they are available on a commercial scale,
regardless of their current state. Each case assumed that the steel mill
was situated in a generic western European site. This “what if 2050
technology were available today” scenario ignores potential changes in
the background supply chains (such as biomass production or elec-
tricity generation) that may also occur towards 2050, to reduce the
potential confounding effects of additional uncertainty in these systems.
A series of sensitivity analyses explore the significance of these back-
ground systems, and other model assumptions, to understand what
changes may need to be made if BECCS-in-steel is to be implemented on
a large scale in the decades to come.

2. Methodology

To achieve carbon negative steel, three things must occur:

1 Fossil sources of carbon must be replaced with atmospheric sources
of carbon. E.g., carbon removed from the atmosphere via the by
photosynthesis of biomass.

2 The removed atmospheric carbon must be permanently prevented
from returning to the atmosphere. E.g., by the capture and geologic

Fig. 1. Bioenergy and CCS (BECCS), simplified. Negative CO2 emissions can result when the quantity of atmospheric CO2 removed and stored is greater than the CO2

emissions of the bioenergy and CCS supply chains. Adapted from Tanzer and Ramírez (2019).
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storage of CO2 produced from the combustion of biomass.
3 CO2 emissions elsewhere in the supply chains of steelmaking, at-
mospheric carbon removal, and CCS cannot exceed the atmospheric
carbon removed and permanently stored.

Thus, to explore the possibility of negative CO2 emissions, it is ne-
cessary to consider the carbon balance over the complete life cycle of
the technology under consideration. Therefore, we constructed a pro-
cess model that included steel production, biofuel processing, CO2

capture and storage, and electricity generation. We used the resulting
mass balances to estimate upstream and downstream CO2 removals and
emissions using generalized data from a life cycle inventory database.
Together, the CO2 removals and CO2 emissions of the cradle-to-grave
steel life cycle were used to estimate the overall CO2 balance for each
technology.

Our process models were designed to estimate the material and
energy inflows, product and waste outflows, and direct CO2 emissions
for each case of steelmaking technology, bioenergy, and CCS use. The
boundaries and flows of the model are summarized in Fig. 2. These
models included the iron and steel furnaces, steel rolling plant, elec-
tricity generation and, as needed, lime kilns, coke ovens, ore agglom-
eration, and/or air separation. Biofuel processing was included in the
bioenergy cases, and the CCS cases additionally included CO2 capture,
compression, transport, injection into geological storage, and asso-
ciated energy production.

Initially, the five steelmaking technologies were modeled without
any bioenergy or CCS as a baseline case. Then, for each technology, we
considered cases of limited and high bioenergy use and limited and high
CCS. These 45 cases were analyzed to explore the impact of steelmaking
technology, bioenergy use, and CCS use on the CO2 balances. A series of
sensitivity analyses further explored key assumptions in the model,
including electricity generation, steam boiler efficiency, CO2 transport
distance, methane emissions, carbon debt of biomass, steel composi-
tion, and biofuel production efficiency.

Section 2.1 describes the process models for each steelmaking

technology. Section 2.2 describes the bioenergy and CCS cases with
their relevant model changes. Finally, Section 2.3 describes the life
cycle CO2 accounting methods.

2.1. Steelmaking process models

For each case, process models estimate the inflows and outflows of
the production of hot rolled coil (HRC) of carbon steel. A custom python
model was built to calculate mass balances for each of the unit pro-
cesses shown in Fig. 2, linking the process flows to generate mass bal-
ances for the steel plant as a whole. The models used fixed ratios of
inputs and outputs based on pre-existing literature models, as detailed
in the technology descriptions below. The models focus on flows of
metal, carbonaceous materials, and energy carriers. While they do not
extensively account for chemical reactions or enthalpy flows within
individual processes, these models allows for a standardized compar-
ison of a greater number of configurations, thus to explore the impacts
of different system configurations on the overall CO2 balance of
emerging technologies.

For each technology, the process models assumed commercial-scale
production, using efficiencies from modern western European steel-
making. The ironmaking process is unique for each technology and they
are described in Section 2.1.1. As much as possible, auxiliary processes,
detailed in Section 2.1.3, used the same data sources and assumptions
for all technologies, to increase the comparability of the results. Ad-
ditionally, the energy content and emission factors of fuels were stan-
dardized, using factors from the IPCC (2019), shown in Table 1. Fuel
was assumed to be fully combusted. Similarly, limestone and other
carbonated fluxes were assumed to be fully calcinated. In all cases, the
reference data and assumptions were verified with additional literature,
as noted throughout the following sections.

Modern steel mills recycle waste heat and combustible offgases to
satisfy the heat demand of endothermic processes, with blast furnace
gases typically providing about 5 GJ/t HRC (Joint Research Centre,
2010). Commonly, the offgas energy exceeds the process heat demand,

Fig. 2. Process model with system boundaries, including bioenergy and CCS use.
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and is used to co-generate electricity or exported (IEAGHG, 2013; Joint
Research Centre, 2010). To maintain the comparability of the models,
the reuse of offgases in steel mill processes was kept in alignment with
the reference models, but co-generation of electricity or export heat was
disregarded. All electricity was assumed to be imported from the grid.
The integration of bioenergy and CO2 capture was assumed to not im-
pact the existing heat integration. Any additional heat required by CO2

capture or bioenergy processes was assumed to be produced via an
independently-fired steam boiler.

2.1.1. Ironmaking technologies
The primary characteristics of the five ironmaking technologies are

summarized in Table 2, including inflows of fuels, electricity, iron ore
pellets and sinter, oxygen, and flux. The features of each technology are
discussed in Sections 2.1.1.1 to 2.1.1.5. Full reduction of iron was as-
sumed, and the hot iron was assumed to be immediately converted to to
steel in a steelmaking furnace with an inflow of 83% hot metal and 17%
scrap steel. The unalloyed liquid steel was then cast and rolled, exiting
the steel mill as hot rolled coil.

2.1.1.1. Blast furnace ironmaking. In the modern blast furnace
steelmaking process, powdered iron ore is agglomerated into pellets
and/or sinter. The agglomerated ore is combined in the blast furnace at
1600−2000 °C with coke as the primary energy source and reducing
agent. Fluxes of lime, limestone, and/or dolomite are used to remove
impurities, such as sulfur. Pulverized coal injection (PCI) and
supplemental oxygen are commonly used to increase productivity and
reduce coke demand. Less commonly, natural gas, oil, waste plastic, or
charcoal is injected instead of pulverized coal (Joint Research Centre,
2010). The resulting liquid iron, containing 3–5% of carbon, is sent to a
basic oxygen furnace (BOF) for steelmaking. The BF-BOF process is
responsible for 70% of global steel production, with CO2 emissions of
2.0–3.0 t CO2/t steel (Hasanbeigi et al., 2016)

Our BF-BOF model is based on the reference design in IEAGHG
(2013), whose parameters are summarized in Table 2. Fuel use aligns
with the average EU blast furnace fuel consumption reported in the Best
Available Techniques Reference Document for Iron and Steel (Joint
Research Centre, 2010), though Kurunov (2010) and Lungen and
Schole (2019) report fuel use of 300 kg coke and 200 kg pulverized
coal. The ore burden is also in line with the Joint Research Centre
(2010), and both higher and lower fractions of pellet use is reported in
Lungen and Schole (2019).

2.1.1.2. Blast furnace ironmaking with top gas recycling. Top gas
recycling (TGR) is an emerging technology to reduce the demand for
fresh coke and coal in a standard blast furnace by recycling its offgases
back into the furnace, supplemented with oxygen to increase
combustion efficiency. The offgases contain uncombusted CO and H2

and typically have an energy content of 2.7–4.0MJ/Nm3 (Joint
Research Centre, 2010). Their reinjection can reduce the demand for
fresh coke and coal. In pilot tests at Tata Steel in IJmuiden, the
Netherlands, the use of TGR reduced blast furnace coke demand from
360 to 230 kg per tonne of iron (Stel et al., 2014). The parameters in the
commercial-scale model of TGR ironmaking in IEAGHG (2013), shown
in Table 2, were used in this model and are aligned with the pilot test

results in Stel et al. (2014).

2.1.1.3. HIsarna smelt reduction of iron. HIsarna ironmaking uses a
multi-stage furnace with an oxygen environment and counterflow of
combustible gases to maintain smelting temperatures. This allows for
the use of low-quality coal and iron pellets or fines, rather than coke
and sinter. The resulting liquid iron is essentially the same as from a
blast furnace and can be processed to steel in a basic oxygen furnace
(Meijer et al., 2015). The HIsarna model in this study is based on the
published results of pilot testing (Meijer et al., 2015), as well as
communication with a research manager at Tata Steel. The pilot tests
were conducted with a 40 kt/yr furnace at Tata Steel in IJmuiden,
Netherlands. The construction of a 500 kt/yr HIsarna demonstration
plant in Jamshedspur, India was announced at the end of 2018 (Waard,
2018).

In the pilot tests, 750 kg coal was needed per tonne of iron, as the
small furnace size led to energy losses of 26% (Meijer et al., 2015). A
commercial 1Mt/yr HIsarna furnace is expected to reduce heat loss to
11% (Meijer et al., 2015), and this higher efficiency was used in this
model. The oxygen demand and iron ore demand, in Table 2, have been
kept the same as in the pilot testing, with additional data from Tata
steel.

2.1.1.4. Midrex direct reduction of iron. Direct reduction of iron (DRI)
accounted for 7% (89mt) of global steel production in 2017 (World
Steel Association, 2018). DRI reduces iron ore without liquefaction,
producing a porous solid form known as sponge iron. DRI requires less
energy than blast furnace iron reduction (DOE, 2015), but sponge iron
is unstable and is typically processed to steel in electric arc furnaces
(EAF).

Globally, over 60% of DRI uses the Midrex process (Midrex
Technologies, 2019), which typically uses natural gas or a syngas
produced from coal or other steelmaking offgases. The fuel gas is con-
verted into a H2 and CO rich reducing gas via a reformer, which is also
used to recycle furnace gases. The model in this study, whose primary
parameters are in Table 2, was based on the Midrex model from
Lockwood Greene Technologies (2000). This model has slightly higher
energy use (< +1.0 GJ/t iron) than DOE (2015) or Joint Research
Centre (2010), but was the most complete reference model available.

2.1.1.5. ULCORED direct reduction of iron. ULCORED is a proposed DRI
furnace with an oxygen environment and uses partial oxidation to
prepare the furnace gas. The offgases from the ULCORED furnace are
expected to be nearly pure CO2, and CO2 removal is integrated into the
design of the gas recycling process. This technology has been modeled
in simulation. Pilot testing has been proposed by ULCOS and LKAB but
has not begun (IEA, 2017). The model in this study follows the
ULCORED model detailed in Sikstrom (2013), with parameters in
Table 2.

2.1.2. Steelmaking
Liquid iron from smelt reduction ironmaking is converted into steel

in a basic oxygen furnace (BOF). Sponge iron from DRI is sent to an
electric arc furnace (EAF), which melts it prior to its conversion into
steel. In both BOF and EAF furnaces, oxygen is injected to reduce the
steel’s carbon content. Steel scrap, iron, and/or fluxes are added to the
steelmaking furnace to control the composition. In all models a 17%
scrap rate was assumed, following IEAGHG (2013). Afterwards, the li-
quid crude steel is sent for alloying and shaping. Our study assumes the
production of hot rolled coil of pure carbon steel, without any alloying
metals. The parameters of steelmaking and finishing are given in
Table 3.

2.1.3. Auxiliary processes
The model for each steel production route included the production

of coke, pellets, sinter, lime, oxygen, and electricity. In reality, steel

Table 1
Energy contents and emission factors of fuels used in this model. (IPCC, 2019)

Fuel type GJ/t kg CO2/GJ

coking coal 28.2 94.7
bituminous coal 25.8 96.1
natural gas 48.0 56.0
charcoal 29.5 111.9
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mills may purchase some or all of these products rather than produce
them on-site. However, our model internalized these processes to un-
derstand their influence on the system. Table 4 lists the parameters used
for the auxiliary processes. Values from IEAGHG (2013) were used for
as many processes as possible, to increase standardization between

cases. The exceptions are the DRI-specific pellet production and EAF
steelmaking (Table 3), which are from the Midrex DRI model source,
Lockwood Greene Technologies (2000), verified with DOE (2015). The
heat demand of these auxiliary processes were assumed to be satisfied
via heat integration at the steel mill, in accordance with the reference
models. Therefore, the exact distribution of heat was not modeled. It
was assumed all electricity was produced using natural gas in a com-
bined cycle power plant. The emission intensity of electricity genera-
tion was explored in a sensitivity analysis.

2.2. BECCS cases

The decarbonization potential of BECCS in steelmaking is largely
unknown, though several options of biofuel use (Suopajärvi and
Fabritius, 2012) and carbon capture (IEAGHG, 2018) are available.
Therefore, for each technology, nine cases of bioenergy use and CCS
were explored. These included the use of bioenergy alone, the use of
CCS alone, the use of both bioenergy and CCS, and a base case of no
bioenergy or CCS. Cases of both “limited” and “high” bioenergy use and
“limited” and “high” CCS use were included. The limited cases con-
sidered only bioenergy use and/or CCS at the iron-making furnace,
which is the largest source of CO2 emissions in the steelmaking process.
The high cases consider highly ambitious but still technologically fea-
sible uses of bioenergy and CCS. The bioenergy cases are summarized in
Table 5 and the CCS cases in Table 6.

2.2.1. Bioenergy use
In BF-BOF steelmaking, the replacement of coal and coke with

biofuel is limited by the need to maintain certain mechanical properties
to control the burn rate of the fuel. This study uses charcoal replace-
ment rates that likely allow for the quality of the product to be main-
tained without significant alteration to the production process
(Suopajärvi and Fabritius, 2012). For HIsarna steelmaking, bioenergy
use cases were based on discussions with a research manager from Tata
Steel. All charcoal was assumed to be produced in hot tail kilns, which
are used for the charcoal produced for the steel industry in Brazil
(Pennise et al., 2001). The model parameters for charcoal production
are summarized in Table 7.

For the DRI steelmaking models, a wood-based biosyngas replaced
natural gas as the reducing agent in the DRI furnace. Theoretically,
Midrex DRI can use 100% syngas; this is already seen with syngas de-
rived from coal, coke oven gas, and other steelmaking offgases (Midrex,
2014). In theory, any fuel gas with a quality ratio of >+

+ 2CO H
CO H O
% %

% %
2

2 2
can be used for DRI, but in practice, a ratio of 11 or higher is desired
(Cheeley, 1999). Therefore, a high-purity and high-energy biosyngas
was assumed, based on a model of commercialized production of bio-
syngas intended for Fischer-Tropsch fuel synthesis (Zhu et al., 2011),
using the model parameters are summarized in Table 7.

2.2.2. Carbon capture and storage
The model parameters of CO2 capture are summarized in Table 8.

For each steelmaking technology, the CO2 capture technology and en-
ergy use was chosen to align with the differences in process, CO2 con-
centration, and available literature, based on IEAGHG (2018). Vacuum
pressure swing absorption (VPSA) was assumed for high-concentration
CO2 streams from the oxygen environment furnaces in BF-BOF with
TGR, HIsarna, and ULCORED DRI ironmaking, as well as for biosyngas
production. For flue gases from all other processes, MEA-based amine
scrubbing was used. The limited CCS cases considers the capture of
offgases from only the ironmaking, except in the DRI cases with bioe-
nergy use, where CO2 capture is also applied to the high-purity CO2

stream in biosyngas production, which only requires compression and
transport. In the high CCS cases, all flue gas streams of steel and biofuel
production are captured, except those from electricity and steam gen-
eration.

Table 3
Summary of steelmaking process model parameters.

Parameter Value

BASIC OXYGEN FURNACE STEELMAKING per tonne of liquid steel
liquid iron demand 901 kg
steel scrap demand 190 kg
flux demand (as CaO) 76 kg
oxygen demand 75 kg
electricity demand 20 kWh
data source IEAGHG (2013)

ELECTRIC ARC FURNACE STEELMAKING per tonne of liquid steel
sponge iron demand 901 kg
steel scrap demand 190 kg
flux demand (as CaO) 12 kg
oxygen demand 15 kg
fuel demand 21 kg natural gas
electricity demand 698 kWh
data source Lockwood Greene Technologies

(2000)

STEEL FINISHING AND ROLLING per tonne of hot rolled coil
steel losses 74 kg
flux demand (as CaO) 5 kg
oxygen demand 10 kg
electricity demand 141 kWh
data source IEAGHG (2013)

Table 4
Summary of auxiliary process parameters (from IEAGHG (2013) unless
otherwise noted).

Parameter Value

SMELT FURNACE PELLET PRODUCTION per tonne of pellet
fuel demand 0.7 GJ bituminous coal
flux demand 19 kg
electricity demand 75 kWh

DRI FURNACE PELLET PRODUCTION
based on Lockwood Greene Technologies (2000)

per tonne of pellet

fuel demand 1.3 GJ natural gas
flux demand 14 kg
electricity demand 70 kWh

SINTER PRODUCTION per tonne of sinter
fuel demand 1.8 GJ coke breeze
flux demand 75 kg
electricity demand 32 kWh

LIME PRODUCTION per tonne of lime
electricity demand 30 kWh

COKE PRODUCTION per tonne of coke
coking efficiency 78%
electricity demand 35 kWh

OXYGEN PRODUCTION per tonne of O2

electricity demand 385 kWh

ELECTRICITY GENERATION
fuel type natural gas
generation efficiency 57%

STEAM HEAT GENERATION per GJ of steam
fuel type natural gas
combustion efficiency (LHV) 90%
electricity demand 5 kWh
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Some processes, such as the ULCORED DRI gas recycling and bio-
syngas production produce pure CO2 streams as part of their process
design. In the “no CCS” cases, these pure CO2 streams are assumed to be
vented or used in short-lived products. Therefore, all CO2 produced
within the system boundaries in the “no CCS cases” is treated as
emissions.

For all CCS cases, the captured CO2 was compressed to supercritical

conditions, using 90 kWh per tonne of CO2 (IEAGHG, 2013). The
compressed CO2 was transported 100 km by long-distance pipeline to
onshore geologic storage, with a fugitive emission rate of 1% of CO2

transported (IPCC, 2005), and assuming electricity use of 7 kWh/t CO2

for repressurization and injection (Khoo and Tan, 2006).
In this study, no specific steel mill location was assumed. As access

to suitable storage can vary widely, a sensitivity analysis was performed

Table 5
Cases of bioenergy use cases considered in this study.

Steelmaking
Technology

Limited Bioenergy Use (LB) High Bioenergy Use (HB)

BF-BOF Replacement of PCI with pulverized charcoal, and 100%
replacement of steam boiler natural gas with wood chips

As LB, plus 5% charcoal replacement of coking coal, and 50% replacement of
agglomeration coal with charcoal, and 100% replacement of steam boiler natural gas
with wood chips

BF-BOF with TGR Replacement of PCI with pulverized charcoal, and 100%
replacement of steam boiler natural gas with wood chips

As LB, plus 5% charcoal replacement of coking coal, 50% replacement of
agglomeration fuel with charcoal, and 100% replacement of steam boiler natural gas
with wood chips

HIsarna-BOF 20% replacement of furnace coal with charcoal, and 100%
replacement of steam boiler fuel with wood chips

45% replacement of furnace coal with charcoal, 50% replacement of agglomeration
fuel with charcoal, and 100% replacement of steam boiler natural gas with wood
chips

MIDREX DRI-EAF 50% replacement of DRI natural gas with wood biosyngas, and
100% replacement of steam boiler natural gas with wood chips

100% replacement of DRI fuel with wood biosyngas, 50% replacement of
agglomeration fuel with charcoal, and 100% replacement of steam boiler natural gas
with wood chips

ULCORED DRI-EAF 50% replacement of DRI natural gas with wood biosyngas, and
100% replacement of steam boiler natural gas with wood chips

100% replacement of DRI fuel with wood biosyngas, 50% replacement of
agglomeration fuel with charcoal, and 100% replacement of steam boiler natural gas
with wood chips

Table 6
Cases of CO2 capture considered in this study.

Steelmaking Technology Limited CCS (LC) High CCS (HC)

BF-BOF Capture of blast furnace gas only Capture of all steelmaking and charcoal production flue gas streams
BF-BOF with TGR Capture of blast furnace gas only Capture of all steelmaking and charcoal production flue gas streams
HIsarna-BOF Capture of HIsarna furnace gas only Capture of all steelmaking and charcoal production flue gas streams
Midrex DRI-EAF Capture of pure CO2 streams from DRI and biosyngas production only Capture of all steelmaking and biosyngas production flue gas streams
ULCORED DRI-EAF Capture of pure CO2 streams from DRI and biosyngas production only Capture of all steelmaking and biosyngas production flue gas streams

Table 7
Summary of model parameters for biofuel production.

Parameter Charcoal Production (hot tail kiln) biosyngas production (Fischer-Tropsch synthesis quality)

Feedstock demand (per tonne of biofuel) 1520 kg wood (dry basis) 2930 kg wood chips (dry basis)
CO2 production (per tonne of biofuel) 1382 kg (flue gas) 1240 kg (pure)

193 kg (flue gas)
Other inputs (per tonne of biofuel) 192 kg O2

2 kg MEA
biofuel energy content (per tonne of biofuel) 29.5 GJ 21.5 GJ
biofuel CO2 emission factor (per GJ of biofuel) 112 kg 65 kg
data source Pennise et al. (2001) Zhu et al. (2011)

Table 8
Summary of model parameters for CO2 capture.

Parameter BF-BOF BF-BOF with TGR HIsarna Midrex DRI ULCORED Auxiliary Processes1

Capture Type MEA-based amine
scrubbing

VPSA VPSA MEA-based amine
scrubbing

VPSA MEA-based amine scrubbing

CO2 Capture Rate2 90% 90% 90% 90% 90% 90%
Electricity Demand 136 kWh 172 kWh 127 kWh 136 kWh Included3 136 kWh
Heat Demand 3.0 GJ 0 0 3.0 GJ Included3 3.0 GJ
Monoethanolamine demand 1.0 kg n.a. n.a. 1.0 kg Included3 1.0 kg
Data Source IEAGHG (2013) Ho et al. (2013) Ho et al. (2013) IEAGHG (2013) Sikstrom (2013) IEAGHG (2013)

1 : In the high-capture case, streams of lower-concentration CO2 from auxiliary processes (e.g. the coke oven, lime kilns, and charcoal production) were modeled to
be processed using MEA-based amine scrubbing, with the same parameters as that of BF-BOF flue gas assumed. For biosyngas production, VPSA was assumed.

2 : Percentage of CO2 in flue gas that is captured.
3 : VPSA already integrated into ULCORED process, so no additional energy use is required.
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to explore the influence of CO2 transport distances.

2.3. Life cycle CO2 emissions

The process models described above were used to estimate the di-
rect CO2 emissions of the steel mill, as well as CO2 capture and bioe-
nergy upgrading. Additionally, the emissions of upstream and down-
stream supply chains were estimated for the system summarized in
Fig. 3. The CO2 emissions of the background system were estimated
using life cycle inventory data from ecoinvent 3.5 (Wernet et al., 2016).

This study included the emissions of CO2 from fossil and biogenic
sources and CO2 emissions attributed to land transformation. Removals
of CO2 from the atmosphere were also included for biomass production.
Table 9 summarizes the main upstream CO2 inventory data used for this
study. The influence of CH4 emissions was considered in a sensitivity
analysis, as was the impact of delayed carbon reuptake for biogenic CO2

emissions, so called carbon debt. These and a number of other sensi-
tivity analyses explore the influence of the configuration assumptions in
the outcomes of this study.

3. Results

This study modeled the life cycle CO2 balances of two commercia-
lized and three emerging steelmaking technologies considering dif-
ferent cases of bioenergy use and carbon capture with permanent

storage. The main results, using the initial model parameters are pre-
sented first, follow by the sensitivity analyses. Numerical results of CO2

production, emissions, removals, and storage for all cases are available
in the supplemental information.

For clarity, only net life cycle CO2 balances are presented in t CO2/t
HRC. All other quantities are presented in kg CO2. All quantities are
rounded to the nearest 100 kg (0.1 t) to maintain a consistent level of
detail.

3.1. Overall results

Fig. 4 presents the estimated life cycle CO2 balances for each case of
technology, bioenergy, and CCS modeled using our base assumptions.
Without any bioenergy use or CCS, BF-BOF steelmaking has estimated
life cycle emissions of 2.4 t CO2/t HRC, of which 1400 kg/t HRC are
from the blast furnace. The addition of TGR to the BF-BOF model de-
creased estimated furnace emissions to 1100 kg CO2/t HRC and life
cycle emissions to 2.0 t CO2/t HRC. For HIsarna-BOF, which has fewer
auxiliary processes, life cycle emissions are 2.1 t CO2/t HRC, of which
1500 kg/t HRC are furnace emissions.

For DRI-EAF steelmaking, estimated life cycle CO2 emissions
without bioenergy or CCS are 1.5 and 1.3 t CO2/t HRC for Midrex and
ULCORED. Ironmaking furnace emissions account for 500–600 kg CO2/
t HRC. In both cases, approximately 400 kg CO2/t HRC resulted from
electricity use, primarily for the electric arc furnace. Overall, electricity
use was 1150 kWh/t HRC in DRI-EAF, compared to 300–400 kWh/t
HRC for smelt reduction technologies.

For all technologies, upstream emissions are between 200–300 kg
CO2/t HRC, accounting for approximately 15% of the life cycle emis-
sions of smelt reduction steelmaking and 20% for DRI steelmaking. Fuel
production is responsible for roughly half of upstream emissions in all
cases.

The CO2 emissions for the baseline cases are within 85–99% ac-
cordance with the reference literature, when considered from the same
system boundaries, despite having a coarser level of detail. Most of the
difference is attributable to the use of harmonized emission factors and
auxiliary process efficiencies, which may differ slightly from the re-
ference literature. A comparison of the results of this study with the
reference literature and an explanation of the differences are available
in the supplemental information.

Next, we considered cases of CCS use without bioenergy. CCS alone
results in permanent CO2 storage, but without the removal of atmo-
spheric carbon cannot result in negative emissions. In smelt reduction
steelmaking, the limited CCS cases only captured CO2 from the

Fig. 3. LCA System Boundaries.

Table 9
Upstream LCI data, from ecoinvent 3.5 (Wernet et al., 2016).

Substance CO2 Emissions

iron ore 63 kg CO2/t iron ore
CaCO3 5 kg CO2/t CaCO3

steel scrap 121 kg CO2/t steel scrap
hot rolled coil, disposal 9 kg CO2/t hot rolled coil
coal, bituminous 201 kg CO2/t coal
coal, coking 241 kg CO2/t coal
natural gas 356 kg CO2/t natural gas
wood chips1 38 kg CO2/t wood (dry)
dry cleft timber1 33 kg CO2/t wood (dry)
monoethanolamine 4581 kg CO2/t MEA
CO2 transport2 0.1 kg CO2/tkm

Substance Atmospheric CO2 Removals
wood chips 1810 kg CO2/t wood (dry)
dry cleft timber 1810 kg CO2/t wood (dry)
1: Excludes carbon debt
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ironmaking furnace and resulted in 1000–1300 kg CO2/t HRC sent to
permanent storage. However, CO2 production increased by 10% from
the baseline case, due to the energy demand of CCS. The net result is
35–50% lower life cycle CO2 to 1.6 t CO2/t HRC for BF-BOF and
1.1–1.2 t CO2/t HRC for BF-BOF with TGR and HIsarna-BOF. For DRI-
EAF steelmaking, approximately 500 kg CO2/t HRC was captured and
stored, with total CO2 production increasing 1–3% and life cycle CO2

emissions decreasing 25–35% to around 1.0 t CO2/t HRC.
The high CCS cases applied CO2 capture to all flue gas streams ex-

cept steam and electricity production. The additional CCS use, without
bioenergy, only further reduced the net life cycle CO2 significantly for
BF-BOF steelmaking, which decreased to 1.2 t CO2/t HRC without TGR
and to 0.8 t CO2/t HRC with TGR. In all other cases, life cycle CO2 did

not decrease more than 100 kg CO2/t HRC compared to the limited CCS
case. The energy demand of CCS accounts for approximately 90% of
additional CO2 produced. The remaining sources of increased CO2

production include the transport and storage of CO2 and the production
and disposal of MEA. Overall, the high CCS cases show a 5% increase in
CO2 production for ULCORED steelmaking, a 15% increase MIDREX
DRI, BF-BOF with TGR, and HIsarna steelmaking, and a 25% increase
for BF-BOF steelmaking; all directly correlated with the throughput of
the CO2 capture unit. Overall, the full integration of CCS into the steel
mills reduced estimated gate-to-gate CO2 emissions by 40–70%, with
total life cycle CO2 emissions decreasing 30–40% for DRI steelmaking
and 50–60% for smelt reduction.

In the cases of bioenergy use alone, CO2 is removed from the

Fig. 4. Estimated life cycle CO2 of steelmaking by technology and case of bioenergy use and CCS use.
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atmosphere via the photosynthesis of biomass, but that CO2 is returned
to the atmosphere after the biomass is combusted. Thus, bioenergy use
alone can reduce CO2 emissions but cannot result in negative emissions.
Without CCS, the limited bioenergy cases resulted in 20–25% reduction
in net life cycle CO2 from the baseline (BF-BOF: 2.0, TGR: 1.5, HIsarna:
1.8, Midrex: 1.2, ULCORED: 1.0 t CO2/t HRC) and 30–40% reduction in
the “high” cases (BF-BOF: 1.7, TGR: 1.3, HIsarna: 1.3, Midrex: 0.9,
ULCORED: 0.8 t CO2/t HRC). Total CO2 emitted increased 100−500 kg
CO2/t HRC for smelt reduction steelmaking and 300−1000 kg CO2/t
HRC for DRI steelmaking. In all cases, the increase in CO2 production
resulted primarily from the transformation of raw biomass (wood) into
a high-energy biofuel: charcoal for smelt reduction and biosyngas for
DRI.

BECCS combines atmospheric CO2 removal and permanent CO2

storage and can theoretically result in negative emissions, if the amount
of atmospheric carbon removed and stored is higher than the amount of
CO2 emitted across the complete life cycle systems of steel, bioenergy,
and CCS. In all cases, BECCS led to both higher total CO2 generation
and lower net CO2 than the use of bioenergy or CCS alone. Within the
assumptions and boundaries in this model, six cases were estimated to
be carbon neutral or carbon negative. Additionally, for all five

technologies, the “limited bioenergy, limited CCS” case resulted in
lower net CO2 than either the “no bioenergy, high CCS” or “high
bioenergy, no CCS” cases. For both bioenergy use and CCS, the limited
uses cases include interventions at the iron furnace, which is the largest
point source of carbon in all cases. Therefore, the high use cases see
small marginal reductions in CO2, compared to the limited use cases.

For BF-BOF steelmaking, with and without TGR, the net CO2 esti-
mates for the “limited bioenergy, high CCS” case is 300–400 kg/t HRC
lower than the “high bioenergy, limited CCS” cases, due to the stricter
limits on bioenergy use in the blast furnace arising from the need to
maintain the mechanical properties of the fuel. In the “limited bioe-
nergy, high CCS” case, BF-BOF with TGR approaches carbon neutrality
(0.1 t CO2/t HRC). This is in contrast HIsarna and DRI steelmaking, all
of which are near or below carbon-neutral (–0.3 to 0.1 t CO2/t HRC) in
the “high bioenergy, limited CCS” case, but at 0.2−0.5 t CO2/t HRC in
the “limited bioenergy, high CCS” case. The HIsarna and DRI pathways
have fewer point sources of emissions, as well as higher potentials for
bioenergy use, thus allowing for higher marginal decarbonization es-
timates from bioenergy use in the ironmaking furnace.

In the “high biomass, high CCS” case, the estimated CO2 balance of
all technologies approach or exceed net carbon neutrality, with CO2

Fig. 5. Sensitivity analysis of electricity carbon intensity (A), biomass carbon debt (B), CO2 transport distance (C), and steam boiler efficiency (D) in the cases of high
bioenergy and high CCS use for all technologies.
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production between 2000–4000 kg/t HRC, CO2 emissions of
900–1700 kg/t HRC, and CO2 removal between 1100–1700 kg/t HRC.
Only BF-BOF steelmaking remainscarbon-positive at 0.1 t CO2/t HRC.
The net CO2 of BF-BOF with TGR is only slightly lower, at −0.1 t CO2/t
HRC, but the reduced fuel consumption resulted in 1000 kg/t HRC less
CO2 produced than in BF-BOF alone.

For DRI-EAF steelmaking, the life cycle CO2 emissions in the “high
biomass, high CCS” case are net negative, estimated at −0.5 t CO2/t
HRC for Midrex and −0.3 t CO2/t HRC for ULCORED. In DRI steel-
making, CO2 captured from biosyngas production is over half of the
total CO2 captured. In comparison, charcoal CO2 accounts for 20–30%
of CO2 captured from smelt reduction technologies.

3.2. Sensitivity analyses

The above results consider the use of BECCS in different steelmaking
technologies under a specific set of assumptions of technological con-
figuration, emission accounting, and the efficiency of background sys-
tems. Below, we explore the impact of some of these assumptions, in-
cluding the carbon intensity of electricity, CO2 transport distance,
steam boiler efficiency, methane emissions, charcoal kiln efficiency,
carbon debt, and the use of alloying metals. The supplemental in-
formation contains the numerical results of the sensitivity analysis as
well as the results of sensitivity analyses that had little impact on the
results, including the inclusion of upstream emissions of factory and
equipment use; atmospheric CO2 removal in the background supply
chain; and the HIsarna burden composition.

3.2.1. Electricity production
The base model assumed that all electricity was generated using

natural gas, with an electricity emission factor of approximately 400 g
CO2/kWh. However, if electricity is produced from coal, the carbon
intensity can reach 850–1020 g CO2/kWh (IEA, 2019) Conversely,
decarbonization of electricity is a central component the EU’s ambition
to be carbon-neutral by 2050 (European Commission, 2018). Fig. 5(A)
shows the impact of a CO2 emission factor of electricity between
0–1000 g CO2/kWh in the “high bioenergy, high CCS” cases, as the high
BECCS cases are those with the highest electricity demand, and thus
highest sensitivity to its emission factor.

Without bioenergy or CCS, the reduction of electricity’s carbon in-
tensity from 400 g CO2/kWh to 0 g CO2/kWh results in 100–200 kg/t
HRC less CO2 for smelt reduction steelmaking and 500 kg t/HRC less
CO2 for DRI-EAF steelmaking. The use of bioenergy has little impact on
electricity use, and the difference in electricity demand between the
baseline and high BECCS case results almost entirely from CCS.

At a CO2 intensity of around 700 g CO2/kWh, slightly above the
average carbon intensity of electricity production in China in 2017
(IEA, 2019), net CO2 estimates are positive for all technologies. At 300 g
CO2/kWh, similar to that of the EU grid in 2018 (IEA, 2019), all high
BECCS net CO2 balances were negative. Full decarbonization of elec-
tricity decreases the net CO2 of the high BECCS cases by 400 kg CO2/t
HRC for smelt reduction steelmaking and 600 kg CO2/t HRC for the
more electricity-intensive DRI-EAF steelmaking.

3.2.2. Boiler efficiency
In the baseline model, a 90% boiler efficiency is assumed for the

provision of heat for CO2 capture. Depending on size and configuration,
boiler efficiency may be lower, particularly for high-moisture fuels,
such as wood chips. Overall, boiler efficiency has a noticeable yet
limited impact on net CO2. As shown in Fig. 5(D) for the high BECCS
cases, a 30% decrease in boiler efficiency increased the net CO2 of any
case by no more than 100 kg CO2/t HRC.

3.2.3. CO2 transport distance
In the baseline case, a CO2 transport distance of 100 km is assumed.

Mandova et al. (2019) identified CO2 pipeline routes between 30 steel

plants and off-shore storage aquifers, with pipeline distances ranging
from 1 to 799 km. Therefore, our sensitivity analysis considered pipe-
line distances of 0–1000 km, as shown in Fig. 5(C) for the high BECCS
cases. For all technologies, increasing the transport distance from
100 km to 1000 km increases net life cycle CO2 emission by less than
100 kg CO2/t HRC.

3.2.4. Carbon debt
CO2 from bioenergy combustion is emitted all at once, but the

equivalent (re-)uptake of atmospheric CO2 by biomass takes a number
of years dependent on the rotation period of the crop. Even when the
biomass is sustainably grown, with attention to replanting and land use
change, as is assumed in our model, the delay in CO2 reuptake and
changes in soil carbon, bacterial activity, and albedo occurring as a
response to biomass harvest increase the global warming potential of
biogenic CO2 emissions (Cherubini and Strømman, 2011). These fac-
tors, collectively known as the “carbon debt” of biomass, represent the
greenhouse gas emission reduction that the use of biofuel must provide
to be carbon neutral (Fargione et al., 2008). The “carbon debt” is in-
dependent of other CO2 emissions in the biomass supply chain, such as
those from fertilizer use or equipment and energy use in harvest and
transport.

Guest et al. (2013) calculated “GWPbio” factors, estimating the
global warming potential of these processes in kg CO2-eq per kg of
biogenic CO2 emitted. These factors are relative to the rotation period
of the biomass and the time horizon of the study. At the 100-year time
horizon, annual crops having a negligible GWPbio factors (0.003 kg
CO2eq/kg biogenic CO2), but long-rotation crops, such as hardwood
timber with a 100-year rotation period are estimated to have a GWPbio
factor of 0.44 kg CO2eq/kg biogenic CO2.

Fig. 5(B) shows the impact of these GWPbio factors on the net CO2

emissions of the high bioenergy cases. At a GWPbio factor of 0.25 (on a
100-year time horizon), corresponding to a rotation period of roughly
60 years, all technologies have a net-positive CO2 balance.

3.2.5. Methane emissions
The base model only considered CO2, which is responsible for 90%

of the global warming potential of steel production (World Steel
Association, 2011). A full greenhouse gas accounting was outside the
scope of this paper, but Fig. 6 shows the influence of including the
estimated methane emissions of charcoal production in the hot tail kilns
and the methane emissions of upstream processes from ecoinvent.

Fig. 6. Estimated impact of CH4 emissions from charcoal production and
background systems on life cycle CO2-eq (100-year time horizon).

S.E. Tanzer, et al. International Journal of Greenhouse Gas Control 100 (2020) 103104

11 229

Valentin Vogl
Highlight



Methane emission data was not available for the biosyngas production.
As in the base model, all fuel carbon used for steelmaking is assumed to
be fully combusted.

For cases without charcoal use, methane emissions add 100–200 kg
CO2eq/t HRC, over 90% of which is from fossil fuel supply chains. In
the high biomass cases for smelt reduction, methane produced for
charcoal add an additional 200 kg CO2eq/t HRC, leading their net life
cycle CO2-eq estimates to increase to a net positive 0.2−0.4 t CO2eq/t
HRC.

While outside the scope of this study, methane leakage could play
an important role in the greenhouse gas balance of steelmaking, due to
its high global warming potential and the formation of methane in both
the steelmaking gases and the energy supply chains. For the high BECCS
case of Midrex DRI-EAF, which had the lowest net CO2, only 20 kg/t
HRC of methane leakage are necessary anywhere in the supply chains of
steel, bioenergy, and/or CCS for the system to have a net positive global
warming potential (on a 100-year time horizon).

3.2.6. Charcoal production
The base model assumed that charcoal was produced in industrial

hot tail kilns with CO2 emissions of 1400 kg CO2/t charcoal. Hot tail
kilns are used to produce charcoal for the steel industry in Brazil.
However, they are less efficient than Missouri kilns, which can have
CO2 emissions between 400–700 kg CO2/t charcoal (Pennise et al.,
2001). Without CCS, the use of a highly efficient kiln with CO2 emis-
sions of 500 kg CO2/t charcoal reduced the estimated net CO2by 200 kg
CO2/t HRC. In the high BECCS cases, CO2 capture is assumed to be
applied to charcoal production, so while CO2 production is reduced by a
similar amount, net CO2 emissions decrease by less than 100 kg CO2/t
HRC as compared to the high BECCS case with hot tail kilns. Further
results of the charcoal kiln efficiency analysis are available in the
supplemental information, including for less efficient kilns, although
these are unlikely to be used on an industrial scale.

3.2.7. Alloying metals
The base model assumed the production of unalloyed carbon steel.

Using data from ecoinvent (Wernet et al., 2016), the use of the small
amounts of nickel, chromium, and magnesium in “low alloyed” steel
add 500 kg CO2/t HRC to the life cycle net CO2 in all cases. The sour-
cing of the large amounts of chromium and nickel in 18/8 stainless steel
add an additional 3600 kg CO2/t HRC to life cycle net CO2, requiring
that any possibility of carbon negative stainless steel address the CO2

emissions of the chromium supply chain. The decarbonization of the
chromium supply chain is outside the scope of this study, but as the
steel industry is the primary consumer of chromium (Singerling et al.,
2018), it is an aspect that requires further attention.

4. Discussion

This study considered a “tomorrow’s technology today” scenario
where current and emerging steelmaking technologies were considered
on an equally commercialized basis, as they might exist in 20–40 years’
time, while using present-day CO2 emission data for the background
supply chains. This reduced the uncertainty in the model and limited
the changes in net CO2 to changes in the steelmaking supply chain.
However, the data quality is thus inherently unequal between the dif-
ferent technologies and is more uncertain particularly for HIsarna-BOF
and ULCORED DRI-EAF steelmaking.

In the base BF-BOF model, which most closely represents the cur-
rent dominant steelmaking technology, over 80% of life cycle CO2

production resulted directly from the steelmaking process. However, in
the high BECCS case, CO2 from steelmaking increases slightly, but it’s
relative share drops to 60% of life cycle CO2 production, as CO2 from
bioenergy production and CCS energy use increase. Similarly, for DRI-
EAF, direct emissions from steelmaking represent 50% of life cycle CO2

production in the base case and 30% in the high BECCS case. In a

BECCS-in-steel system, the carbon intensity of the background sectors,
particularly for energy sourcing including biomass production, fossil
fuel extraction, and electricity generation, become more important, and
therefore require greater rigor when estimating the CO2 balance of a
specific BECCS-in-steel implementation. The influence of the composi-
tion of the steel, including both recycled scrap content and alloying
metals (see Section 3.2.7) also deserve great attention.

It is important to emphasize that negative CO2 emissions do ne-
cessarily imply negative global warming potential. Though CO2 is re-
sponsible for over 90% of steelmaking’s global warming potential
(World Steel Association, 2011) the impact of additional greenhouse
gases, such as methane, dinitrogen oxide, and fluorocarbons, are not
accounted for in this study, though the impact of methane from char-
coal productions was briefly discussed (Section 3.2.5).

Below, we briefly address some further considerations of BECCS-in-
steel beyond our model, including the practicality of implementation,
inefficient negative emissions, and resource use.

4.1. Implementation considerations

The CO2 emissions of steel production are dominated by those
emitted during the steelmaking process, with the ironmaking furnace
being the single largest source of CO2 emissions for all technologies.
The choice of ironmaking method affects not only the CO2 emissions in
the baseline case, but also the effectiveness of BECCS.

4.1.1. Bioenergy use
In BF-BOF steelmaking, the replacement of coal with charcoal is

limited by the need to maintain the mechanical properties of the fuel to
maintain consistent furnace parameters, and therefore maintain the
quality of the iron. In DRI-EAF steelmaking, the use of a gas fuel the-
oretically allows for complete replacement with biosyngas, and in this
model showed a greater potential for negative emissions than BF-BOF
steelmaking. However, there is current commercial use of charcoal in
blast furnaces, but no commercial DRI plant currently uses biosyngas.
The production of charcoal is also an established commercialized pro-
cess that produces a homogenous end product, whereas the production
of high-quality biosyngas is an emerging industry with heterogenous
feedstocks and products. This lack of experience may prove a greater
hurdle to widespread bioenergy use in DRI-EAF than in BF-BOF steel-
making, even if the decarbonization potential for bioenergy in DRI-EAF
steelmaking is greater.

The bioenergy supply chain has complex impacts on global
warming, as captured partially in carbon debt factors in 3.2.4, related to
land use change, albedo, soil carbon disruption, and the delay between
CO2 (re)uptake and biomass combustion. Wood-based bioenergy is of
particular concern for European biomass production, as spruce and pine
can have rotation periods as long as 100–150 years northern European
countries (Bauhus et al., 2010), with a carbon debt factor of 0.4 kg
CO2eq/kg biogenic CO2 (Guest et al., 2013). In contrast, eucalyptus in
equatorial regions can have a rotation period as short as 5–10 years
(Bauhus et al., 2010), implying a carbon debt factor of < 0.1 (Guest
et al., 2013). However, if used in European steelmaking, equatorial
biomass adds the additional complexities of long distance transport and
multiregional supply chain governance. In our model, biosyngas was
assumed to be produced from wood, but biosyngas can also be pro-
duced from annual crops (e.g. Swanson et al. (2010); Carpenter et al.
(2010)), which could substantially decrease the carbon debt burden.

4.1.2. CO2 capture
In contrast, CO2 capture has been commercially applied to DRI-EAF

steelmaking, where gas cleaning and reforming is an integrated process.
In BF-BOF steelmaking, which produces offgases with more con-
taminants, CO2 capture is not yet commercialized.

Top gas recycling theoretically allows for easier CO2 capture at a
blast furnace by increasing to the CO2 concentration of the offgases, but
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this technology is still under development. Top gas recycling can also
increase the fuel efficiency of iron production, but it reduces the
available energy from the blast furnace offgases, so if less energy is then
available for the previous use of the offgases (e.g. heat in other steel-
making processes or electricity export), additional energy may be
needed to satisfy those processes, thus potentially generating additional
CO2 emissions elsewhere.

In the high CCS cases, we assumed that all flue gases were processed
for CO2 capture, except those of electricity and steam generation. While
technologically possible, this may prove economically or spatially im-
practical, requiring extensive ductwork, and tradeoffs between com-
bining and transporting flue gases of different pressures, temperatures,
and CO2 concentration, or CO2 capture, units at multiple point sources
(Hurst and Walker, 2005). However, integrated steel mills typically
extensively redirect combustible off gases, and therefore are likely to
have the expertise necessary to design gas transport solutions for CO2

capture.

4.2. “Inefficient” negative emissions

The lower net CO2 emissions of HIsarna over BF-BOF with TGR and
of Midrex DRI-EAF over ULCORED DRI-EAF in the high BECCS case
illustrate a counterintuitive phenomenon wherein a BECCS system with
lower energy efficiency can result in lower net CO2 than a BECCS
system with a higher energy efficiency. This is due to the larger
quantity of CO2 that is removed from the atmosphere to supply bioe-
nergy and then is subsequently captured and permanently stored, re-
sulting in more negative CO2 emissions. In the more efficient systems,
the lower bioenergy demand leads to less CO2 removal from the at-
mosphere and subsequently less storage of removed atmospheric CO2.

Such “inefficient” systems can generate more negative CO2 emis-
sions by using more resources (e.g. wood, electricity) for the same
quantity of steel production. However, this necessarily increases costs,
as well as competition for limited resources. Unless negative emissions
are themselves sufficiently economically valued, the “inefficient” gen-
eration of negative emission will not be appealing. This concept of in-
efficient production to increase negative emissions has been explored
for power generation in Mac Dowell and Fajardy (2017).

4.3. Resource demand

The change in demand for energy resources—biomass, fossil fuels,
and electricity— from the baseline cases to the high BECCS case is
summarized in Table 10. While the high BECCS cases decrease net CO2

by 1500–2400 kg CO2/t HRC from the baseline cases, it increases total
primary energy demand by an average of 6 GJ/t HRC including an

average of 500 kWh of final electricity demand and 800 kg (dry mass) of
wood per tonne of steel.

A first estimate suggests that if all blast furnace steel production in
Europe (100Mt/year) was fitted with top gas recycling and im-
plemented the high BECCS cases, annual European steel industry CO2

emissions would decrease by 260Mt, and the net CO2 balance of
European BF-BOF steelmaking would be −10Mt CO2/year, under the
assumptions and system boundaries here considered. This case also
requires an addition 52Mt/year of dry wood, which is approximately
25% of the total European forestry harvest (Eurostat, 2019; Fonseca and
Task Force Members, 2010), as well as an additional 50 TW h/year of
electricity, increasing European industrial electricity usage by 5%. This
increased demand is also expected to compete with the electrification
and decarbonization efforts in other industries and the power sector,
compounding pressure on available renewable energy resources.

5. Conclusions

In this paper, 45 cases of steelmaking technology, bioenergy use,
and CCS use were modeled to explore the impact of BECCS on the net
life cycle CO2 of steelmaking. Each case was modelled using a fixed-
ratio input-output process model for the production of steel, auxiliary
inputs, bioenergy, and CCS, at a commercial-scale modern integrated
steel mill in Western Europe. The results of the process model were used
to estimate the emissions of the upstream and downstream supply
chains. As this study focused on exploratory work, the systems were not
optimized, and a number of parameters were explored in non-stochastic
sensitivity analyses.

In our model, the use of CCS alone resulted in higher net CO2 re-
ductions than the use of bioenergy alone, but the combination of
bioenergy and CCS resulted in greater net CO2 reductions than the sum
of separate interventions. In particular, the use of both bioenergy and
CCS at the ironmaking furnace showed greater decarbonization po-
tential than site-wide deployment of either bioenergy or CCS alone.
Aggressive deployment of both bioenergy and CCS in the high BECCS
case resulted in estimates of near-neutral net CO2 for BF-BOF steel-
making with and without top gas recycling (0±0.1 t CO2/t HRC), and
slightly negative net CO2 (−0.2 to −0.5 t CO2/t HRC) for HIsarna-BOF,
Midrex DRI-EAF, and ULCORED DRI-EAF. This required the use of
bioenergy both for ironmaking and some auxiliary processes, as well as
CO2 capture on all flue gases from steelmaking and bioenergy pro-
duction, followed by permanent storage.

A series of non-stochastic sensitivity analyses explored the role of
the carbon intensity of electricity, CO2 transport distance, steam boiler
efficiency, methane emissions, charcoal kiln efficiency, carbon debt,
and the use of alloying metals on the life cycle CO2 estimates. Net CO2

Table 10
Resource use of BECCS (High bioenergy, high CCS case compared to base case).

UNIT BF-BOF ONLY BF-BOF WITH TGR HISARNA-BOF MIDREX DRI-EAF ULCORED DRI-EAF

Net CO2 t / t HRC 0.1 −0.1 −0.3 −0.5 −0.3
(change from base case1) (−2.3) (−2.1) (−2.5) (−2.0) (−1.6)
Primary energy demand2 GJ / t HRC 28 20 26 27 20
(change from base case1) (+10) (+6) (+7) (+5) (+2)
Biomass demand3 kg dry wood / t HRC 890 600 820 1030 660
Coal kg / t HRC 460 340 350 0 0
(change from base case1) (−210) (−200) (−290) (0) (0)
Natural gas4 kg / t HRC 0 0 0 130 120
(change from base case1) (0) (0) (0) (−140) (−170)
Electricity5 kWh / t HRC 890 860 1200 1530 1360
(change from base case1) (+520) (+550) (+790) (+390) (+220)

1 : Without bioenergy or CCS.
2 : Including fossil fuel and biofuel used in steel making, auxiliary processes, and electricity generation. Includes losses.
3 : There is no biomass demand in the base case.
4 : Excluding for electricity generation.
5 : Final electricity demand. Excludes losses.
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estimates were particularly sensitive to the carbon intensity of elec-
tricity, the use of alloying metals, and the role of biomass carbon debt.
In this study, a decarbonized electricity sector was shown to reduce net
CO2 by approximately 500 kg CO2/t HRC in the high BECCS cases.
However, the high BECCS cases also increases electricity use by ap-
proximately 500 kWh/t HRC, primarily from the CO2 capture system.

Furthermore, this study assumed that the biomass was sustainably
harvested and regrown, but the delay in carbon reuptake, along with
other impacts of biomass production, can increase the global warming
potential of biogenic CO2, which is highly dependent on the rotation
period of the biomass. Slow-growing tree species, such as Norwegian
spruce or Scots pine could have additional global warming impacts that
negate the carbon removal benefit of bioenergy use, when considered
within a 100-year time horizon. Emissions of biogenic methane from
bioenergy production, nitrogen emissions from biomass production,
and other greenhouse gases, also deserve further attention, to better
estimate whether negative CO2 steel production results in negative
global warming potential.

It is our initial assessment that negative life cycle CO2 emissions in
the production of carbon steel are possible through aggressive use of
bioenergy paired with the capture and permanent storage of CO2 from
both steelmaking and bioenergy production, if rigorous attention is
paid to ensure the sustainability of the energy and biomass supply
chains. The use of decarbonized electricity, short-rotation biomass, and
efficient bioenergy production increase the likelihood of a net negative
CO2 balance. Real-world implementation of BECCS in steelmaking re-
quires a thorough life cycle assessment for the specific technological
configuration and supply chain choices to determine if negative emis-
sions can be achieved.
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Key messages
• Steel production accounts for 8% of total global CO2 emissions. Emissions from steel

production must decrease for industry to achieve net-zero emissions by 2050 and for
countries to deliver on the commitments made in the Paris Agreement.

• The steel production landscape is changing: seven out of the ten biggest steel producing
countries have initiated at least one green steel project, according to the Green Steel
Tracker. So far, the projects are concentrated in economic regions with ambitious climate
reduction targets.

• G7 governments should accelerate the ongoing change process by coordinating policies to
create markets for green steel, pooling and scaling up investments in research and develop-
ment, deploying and scaling up green steel projects and increasing investment in multilateral
funds dedicated to industrial decarbonization.
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Our global society is built on steel
From bridges to buildings, cars to kitchenware, steel plays an important role in our daily 
lives. Steelmaking is highly emission-intensive and the nearly 2 billion tonnes of steel 
produced every year1 generate around 8% of global CO2 emissions.2

But current process technologies are not in sync with the Paris Agreement’s commit-
ments and objectives. Process emissions must fall by at least 30% by 2030 to bring 
the sector in line with a 2050 net-zero trajectory. This brief examines the concept 
of green steel production and discusses what the G7 can do to help decarbonize the 
steel sector.3

Why modern steel production is so  
emissions-intensive 
Today, most crude steel is produced by reducing iron or using coal. The industry’s blast 
furnaces are highly energy-intensive and rely on fossil carbon as a fuel and reduction 
agent.4 For each tonne of steel produced in the conventional blast furnace-basic 
oxygen furnace route, between 1.5 and 3 tonnes of fossil carbon are released into the 
atmosphere.5

Recycling seems to be the most obvious way to reduce emissions: steel is recyclable 
and about 22% of globally produced steel was made by remelting scrap with electric 
arc furnaces (EAF) in 2019.6 But the full potential of reused and recycled steel is 
currently unfulfilled. Recycled steel tends to be of lower quality, due to poor sorting 
and contamination issues. Huge innovations are underway to overcome these barriers; 
nevertheless, most steel demand in the future will likely still be met by primary 
production facilities.7

Green steel production is possible 
We need to change the way we produce steel. Alternative technologies have been 
under development for the last few decades. Natural gas and hydrogen can be used 
for the direct reduction of iron ore (DRI-EAF). Companies and innovators around the 

1 https://www.worldsteel.org/media-centre/press-releases/2021/Global-crude-steel-output-decreases-by-0.9--in-2020.html
2 https://www.iea.org/reports/tracking-industry-2020
3 https://www.iea.org/reports/net-zero-by-2050
4 https://www.globalefficiencyintel.com/us-steel-industry-benchmarking-energy-co2-intensities
5 https://canadiansteel.ca/files/resources/HowCleanistheU.S.SteelIndustry.pdf, https://www.iea.org/reports/net-zero-by-2050
6 https://www.iea.org/data-and-statistics/charts/global-crude-steel-production-by-process-route-and-scenario-2019-2050
7 https://www.iea.org/reports/net-zero-by-2050

Carbon emissions from coal-based steel production

1
Tonne 1.5–3

Tonne

CO2

235

https://www.worldsteel.org/media-centre/press-releases/2021/Global-crude-steel-output-decreases-by-0.9--in-2020.html
https://www.iea.org/reports/tracking-industry-2020
https://www.iea.org/reports/net-zero-by-2050
https://www.globalefficiencyintel.com/us-steel-industry-benchmarking-energy-co2-intensities
https://canadiansteel.ca/files/resources/HowCleanistheU.S.SteelIndustry.pdf
https://www.iea.org/reports/net-zero-by-2050
https://www.iea.org/data-and-statistics/charts/global-crude-steel-production-by-process-route-and-scenario-2019-2050
https://www.iea.org/reports/net-zero-by-2050


3

world are researching electrolysis technologies and testing carbon capture in pilot 
and demonstration projects. A huge amount of effort is going into improving the 
recyclability of steel. However, these technologies have yet to transform the sector. 
Indeed, global steel production remains as emissions-intensive as it was 20 years ago.8

The Green Steel Tracker reveals that steel production is changing. The Tracker, 
launched by a consortium of 10 leading civil society and research organizations,9 
gathers public announcements of low-carbon investments in the steel industry. 

The Tracker presents 47 projects across 17 countries that use different decarboniza-
tion technologies and are at different stages in the innovation process. The picture 
that emerges from this work shows the following:

• Seven out of the ten biggest steel producing countries10 have initiated at least one 
green steel project.

• The five largest steel producing companies (ArcelorMittal, Baowu, Nippon, HBIS 
and POSCO) have at least one project on the Tracker’s list. However, many of the 
steel companies outside of the top five are absent from the list. For the group of 
the 6th to 10th largest steelmakers, only Tata Steel (#9, headquartered in India) is 
included in the dataset. The steelmakers ranked 6th to 10th In the list, each based 
in China, have yet to announce investments in steel decarbonisation technologies.

• About two thirds of the projects (31 out of 47) are in Europe, where the largest 
investments occur. Swedish companies have announced the largest share of invest-
ment (with $22-51 Billion USD for 6 projects), followed by a South Korean company 
($8.8 Billion USD) and 11 projects announced by German firms ($0.8 Billion USD).11 

• The scope and scale of the projects differ significantly, ranging from research and 
development partnerships to multi-billion-dollar announcements for new clean 
steel facilities. The Tracker shows that hydrogen technology pathways are most 
common among the steel producers, which means that demand for coking coal 
is likely to fall through to 2050.12 Enabling steel decarbonization through fuel 
switching will require rapid expansion of renewable energy generation to support 
hydrogen production by electrolysis.

Projects are concentrated in economic regions that have announced ambitious climate 
change reduction targets. For instance, Sweden aims for climate neutrality by 2045 
and accounts for the biggest investment volume that has been announced. Projects 
by Indian owned giants ArcelorMittal and Tata Steel are also located in European 

8 https://www.iea.org/reports/tracking-industry-2020
9 Stockholm Environment Institute, Lund University, Agora Energiewende, Comillas Pontifical University, DIW Berlin, E3G, Eu-

rope Beyond Coal Secretariat, Global Energy Monitor, IVL Swedish Environmental Research Institute, University of Stavanger.
10 These countries are China (#1), Japan (#3), US (#4), Russia (#5), South Korea (#6), Germany (#7) and Brazil (#9) (worldsteel 2020)
11 Figures are based on announcements captured in the Tracker which range from statements of intent to fully fledged com-

mitments. This introduces an element of uncertainty given the challenge of tracking the credibility and implementation of 
announcements. Due to the scale of transformation being proposed, investments cited in announcements may also include 
more than the direct investment required for new technology. For further details on methodology, please visit https://www.
industrytransition.org/green-steel-tracker/methodology-green-steel/ 

12 https://www.iea.org/reports/net-zero-by-2050

Countries with the largest low-carbon steel 
investments announced (USD)

Billion Billion
22-51

Billion
Swedish

companies
South Korean

companies
German

companies8.8 0.8
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countries committed to climate neutrality by 2050. Only 8 projects out of 4713 fall 
under the jurisdictions of countries without current plans for net-zero decarbonization 
targets by 2050. A race to be the world leading green steel producer is expected. 
To this effect, current decarbonization strategies and targets – as stated in the Euro-
pean Union’s (EU) Green Deal, South Korea’s commitment to climate neutrality by 
2050, China’s pledge to net-zero emissions by 2060, and the United States’ recently 
proclaimed 2030 climate target of reducing emissions by 50-52% – should all serve as 
wake-up calls for the steel industry and help to accelerate the transition process. 

Demand is growing throughout the  
value chain
Consumers are also beginning to recognize the value of green steel for their 
businesses and are starting to signal their demand for green steel. For instance,  
actors like the Climate Group’s Clean Steel Buyers Alliance bring together key players 
from the construction industry in the UK. Elsewhere, companies such as Volvo Trucks 
will purchase hydrogen-based steel from Sweden’s industrial scale HYBRIT steel 
plant14 and the car manufacturer, Volkswagen, announced plans to produce electric 
cars with a 100% carbon neutral value chain.15

National and local governments – including those of Germany, the Netherlands, 
California and South Africa – have included steel in green public procurement policies 
that set sustainability standards for products and materials purchased using govern-
ment funds.16 In June 2021, UNIDO’s Clean Energy Ministerial announced the launch 
of the Industrial Deep Decarbonization Initiative (IDDI) which aims to commit 10 
national governments to green public procurement policies for steel within the next 
three years.17 The entire manufacturing industry is starting to recognize that higher 
green steel costs have greater marketing and sales benefits compared to the relatively 
minor cost increase for final end-consumer prices for many products (generally  below 
<1%).18 As soon as businesses pledge carbon neutrality beyond the direct scope 1 
emissions19, buying green steel will be their best option.

13 The eight projects are situated in China (carbon neutrality by 2060), Russia and Australia.
14 https://www.volvogroup.com/en/news-and-media/news/2021/apr/news-3938822.html
15 https://www.volkswagenag.com/en/news/2021/04/way-to-zero--volkswagen-presents-roadmap-for-climate-neutral-mob.

html
16 https://www.rff.org/publications/reports/green-public-procurement-natural-gas-cement-and-steel/, https://www.climate-

works.org/wp-content/uploads/2019/09/Green-Public-Procurement-Final-28Aug2019.pdf 
17 https://www.unido.org/news/major-global-economies-announce-collaboration-drive-global-decarbonisation-steel-and-ce-

ment
18 https://www.climateworks.org/blog/whats-at-stake-with-buy-clean/
19 This refers to all direct emissions from the activities of an organisation or under their control. Including fuel combustion on 

site such as gas boilers, fleet vehicles and air-conditioning leaks.

Countries with
net-zero plan for 2050 

Countries with no
net-zero plan for 2050 

Projects are concentrated in economic regions that have announced 
ambitious climate change reduction targets.

8 projects39 projects

83% 17%

237

https://www.volvogroup.com/en/news-and-media/news/2021/apr/news-3938822.html
https://www.volkswagenag.com/en/news/2021/04/way-to-zero--volkswagen-presents-roadmap-for-climate-neutral-mob.html
https://www.volkswagenag.com/en/news/2021/04/way-to-zero--volkswagen-presents-roadmap-for-climate-neutral-mob.html
https://www.rff.org/publications/reports/green-public-procurement-natural-gas-cement-and-steel/
https://www.climateworks.org/wp-content/uploads/2019/09/Green-Public-Procurement-Final-28Aug2019.pdf
https://www.climateworks.org/wp-content/uploads/2019/09/Green-Public-Procurement-Final-28Aug2019.pdf
https://www.unido.org/news/major-global-economies-announce-collaboration-drive-global-decarbonisation-steel-and-cement
https://www.unido.org/news/major-global-economies-announce-collaboration-drive-global-decarbonisation-steel-and-cement
https://www.climateworks.org/blog/whats-at-stake-with-buy-clean/


5

The risk of leaving behind emerging 
economies
The race is on, but not everyone can participate. There are major disparities in 
terms of access to finance, technology, skills and policy commitments, particularly in 
emerging economies. Ambitious projects in places such as Europe and South Korea 
receive public support and are backed by strong national commitments to the extent 
that policy makers plan to create legislative frameworks to guide transitions. At the 
same time, there is a risk that companies active in other regions are left behind. This 
puts global climate ambitions in jeopardy because it harms efforts by companies to 
forge green steel value chains which span the globe.

The need for greater coordination and international collaboration on industry 
transition is nothing short of critical.  It is only through working together that the 
world can bring industrial emissions down to zero.

How the G7 can provide the groundwork 
for a global transition 
Industry decarbonization is gaining unprecedented momentum, but not everywhere. 
While all the G7 states (Canada, France, Germany, Italy, Japan, the United Kingdom 
and the United States) and the EU have announced climate-neutrality commitments 
for 2050, their efforts are currently directed towards national and regional contexts. 
Joining forces on efforts can thrust industrial decarbonization into the spotlight of the 
international policy agenda. As the Tracker has demonstrated, steel decarboni zation 
investments and innovations are likely to happen in jurisdictions or markets with an 
dependable policy environment. The latest G7 energy and climate communique20 sets 
the stage for a new industrial policy agenda, but this needs to be followed by actions. 
As heads of state and government gather for the 2021 G7 Leaders’ Summit, they need 
to signal top-level government support for this agenda.

G7 governments can make their contributions toward industrial decarbonization 
impactful through the following measures:   

• Coordinate policies to create markets for green steel. The market for green and 
circular industrial products is still in an early phase of development. Demand side 
policies need to be put in place now. But they require aligned signals and har-
monized procedures across our global supply chains. They need standardized, 
comprehensive calculation methods for reporting emission intensities. To make 
these calculations, researchers will need transparent data collection on blast 
furnace relining technologies, fuel use, capacity utilization, etc. Only then can the 
environmental impact of products be properly compared and understood.  

• Think on a global scale, as green steel is traded internationally. G7 countries 
together come second to China in steel consumption.21 Building on existing corpo-
rate, national and international level efforts to set green procurement standards, 
G7 countries should commit to working together to develop harmonized product 
requirements and criteria for green steel and then connect them to ambitious pub-
lic and private procurement goals. The Clean Energy Ministerial Industrial Deep 
Decarbonisation Initiative (IDDI) is looking for 10 national governments to commit 

20 https://www.gov.uk/government/publications/g7-climate-and-environment-ministers-meeting-may-2021-communique/
g7-climate-and-environment-ministers-communique-london-21-may-2021

21 https://www.worldsteel.org/en/dam/jcr:5001dac8-0083-46f3-aadd-35aa357acbcc/Steel%2520Statistical%2520Year-
book%25202020%2520%2528concise%2520version%2529.pdf
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to green public procurement policies for steel within the next three years with the 
first set of national commitments set to be announced at COP26. The G7 coun-
tries should join this initiative and pledge their support. A joint approach to create 
a policy framework that strengthens markets for green steel by the G7 and asso-
ciated economic zones would send a strong signal and set a clear direction for the 
global steel sector. Underlying this process is the need to develop a transparent, 
science-based metho dology for assessing and reporting on the emissions-intensity 
of steel production. 

• Coordinate efforts to pool and scale up investments int research, development 
and deployment. Technologies for decarbonizing the steel sector are available, 
so the most urgent transition challenge is one of demonstration and deployment, 
rather than basic research. The Green Steel Tracker also underlines how many 
countries and companies are following similar pathways – focusing on hydrogen-
based steelmaking. With a dominant decarbonization pathway, there is a clear 
case for G7 countries to pool and share resources to bring down the development 
costs of these technologies and ensure the diffusion of cleaner technology inter-
nationally. G7 countries should commit to supporting this initiative and set their 
own ambitious targets for investing in commercial demonstration projects and 
market deployment. In addition, G7 countries should invest in circular economy 
and demand-side innovation, such as measures to decontaminate scrap steel and 
innovations to decrease overdesign. Such innovations are crucial to bringing the 
sector’s emissions down to zero.

• Enable transition financing. Limited climate and public finances have been pro-
vided for the decarbonization of heavy industry sectors. Multilateral development 
banks (MDBs) are starting to shift their focus to industrial decarbonization, but 
they require additional funding to take this forward. The World Bank’s Climate 
Investment Fund, with participation from regional MDBs, has a new industrial 
decarbonization fund waiting for donor replenishment. G7 countries should scale 
up investment in multilateral funds for industrial decarbonization, call upon MDBs 
to mobilize targeted grant support and technical assistance for industry decarbon-
ization and strengthen the Green Climate Fund to mobilize additional financing. 
The sum of total investments across all projects currently listed in the database 
amounts to $30 billion USD until 2030.22 Governments should fully back financial 
arrangements with policy schemes that cover some of the incremental costs for 
decarbonization.

22 Includes years of LKAB investment up to 2030
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1. Introduction 
 
1.1 I am the former chair of the Intergovernmental Panel on Climate Change (IPCC) and 

of the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem 
Services (IPBES). I am also the co-lead of the United Nations Environment 
Programme (‘UNEP’) paper entitled “Making Peace with Nature: A scientific 
blueprint to tackle the climate, biodiversity and pollution emergencies.” This paper 
was prepared for the UNEP in response to a request by the United Nations 
Environment Assembly (UNEA) and presented at UNEA-5 on February 22nd 2021. I 
have also chaired, co-chaired or directed the World Meteorological Organisation 
(WMO)/UNEP stratospheric ozone depletion assessments, Global Biodiversity 
Assessment, Millennium Ecosystem Assessment, UK National Ecosystem 
Assessment and its Follow-on, and the Intergovernmental Assessment of Agricultural 
Scientific and Technology for Development. Each of these assessments have provided 
the scientific basis for national and international policy formulation. 
 

1.2 I have held positions as chief scientific advisor at the Department for Environment, 
Food and Rural Affairs (UK) and the World Bank, served as the Chair of the Science 
and Technical Advisory Panel to the Global Environmental Facility, and was 
Associate Director for Environment in the Office of Science and Technology Policy 
(OSTP) in the Clinton White House. In my capacity as a senior scientific advisor in 
the UK and US governments I was responsible for ensuring that national policies and 
international negotiating positions of environmental issues, such as climate change, 
were based on the best available scientific evidence. As chief scientist at the World 
Bank I led the development of the Clean Energy Investment Framework for 
Developing countries. 

 
1.3 I currently hold a position as Professor Emeritus at the University of East Anglia, UK. 

I hold a PhD in atmospheric chemistry from the University of London.  
 
1.4 Awards include a Knights Bachelor (2012), Companion of the Order of Saint Michael 

and Saint George (2003), Fellow of the Royal Society (2011), member of the 
American Philosophical Society (2020), honorary member of the American 
Meteorological Society (2021), UN Champion of the World for Science and 
Innovation (2014), and the Asahi Glass Blue Planet Prize (2010). As chair of the IPCC 
(1997-2002), I contributed to the IPCC being awarded the Nobel Peace Prize in 2010. 

 
1.5 I represented the US Government as the technical advisor for the development of the 

Vienna Convention for the Protection of the Ozone Layer (Vienna Convention), and 
the Montreal Protocol on Substances that Deplete the Ozone Layer (Montreal 
Protocol) and its amendments and adjustments; and the United Nations Framework 
for Convention of Climate Change. I have testified many times before U.S. Senate and 
U.S. House of Representatives Committees and Sub-Committees on Stratospheric 
Ozone Depletion, Climate Change (Global Warming), Loss of Biodiversity, and other 
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Global Change issues. As the chair of international assessments of stratospheric 
ozone, climate change and loss of biodiversity, I have made numerous plenary 
presentations at Ministerial Conference of Parties meetings that negotiate protocols to 
limit the loss of stratospheric ozone, biodiversity and climate change. 

 
1.6 I am instructed by South Lakes Action on Climate Change (SLACC) to present 

evidence to this Inquiry, but am acting as an independent expert offering my (pro-
bono) services based on my academic, government, and other experience (including 
in international negotiations).  

 
1.7 The evidence which I have prepared and provide for this public inquiry is true to the 

best of my knowledge and belief. I confirm that the opinions expressed are my true 
and professional opinions based on the facts I regard as relevant in connection with 
the inquiry 
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2. Current climate science 
 

2.1 What is climate change? 
 

2.1.1 The IPCC defines climate change as: “a change in the state of the climate that can be 
identified (e.g., by using statistical tests) by changes in the mean and/or variability of 
its properties, and that persist for an extended period, typically decades or longer. 
Climate change may be due to natural internal processes or external forcings such as 
modulations of the solar cycles, volcanic eruptions and persistent “anthropogenic” 
changes in the composition of the ‘atmosphere’ or changes in ‘land-use’.”1 
 

2.1.2 The United Nations Framework for Convention of Climate Change (UNFCCC), in 
its Article 1 (CD 8.4), defines climate change as: “a change of climate that is attributed 
directly or indirectly to human activity that alters the composition of the global 
atmosphere and which is in addition to natural climate variability observed over 
comparable time periods.” The UNFCCC thus makes a distinction between climate 
change attributable to human activities altering the composition of the global 
atmosphere, and climate variability attributable to natural causes. 
 

2.2 Has the Earth’s climate already changed? 
 

2.2.1 In October 2018, the IPCC reported that human activities had caused the Earth’s 
surface to warm by more than 1oC since the industrial period of 1851-1900.2 Warming 
substantially greater than the global average is being experienced in most land regions: 
up to twice as large for hot extremes in mid-latitudes and more than three times larger 
in the cold season in the Arctic.3 
 

2.2.2 On 9 August 2021, the IPCC published Working Group I’s contribution to the Sixth 
Assessment Report (CD 8.32). That concluded that it is “unequivocal that human 
influence has warmed the atmosphere, ocean and land”.4 Each of the last four decades 
has been successively warmer than any decade that preceded it since 1850.5 The likely 
range of total human-caused global surface temperature increase from 1850–1900 to 
2010–201911 is 0.8°C to 1.3°C, with a best estimate of 1.07°C (A.1.3). Human 
influence has warmed the climate at a rate that is unprecedented in at least the last 
2000 years. I reproduce below Figure SPM1, which shows the history of global 
temperature change and causes of recent warming:  

 

 
1  Appendix 1 IPCC WG I Glossary pg 1255. 
2  CD 8.5 IPCC 2018 Global Warming of 1.5oC, SPM A1, and Figure SPM 1; see also Appendix 2 UNEP 

2021, Making Peace with Nature, Executive Summary Section B, and Section 3.1 main report. 
3  Appendix 2 Executive Summary Section B, and Section 3.1 main report. 
4  CD 8.32 IPCC 2021 Sixth Assessment Report, SPM A1. 
5  Ibid, A.1.2. 
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 Figure 1: History of global temperature change and causes of recent warming. 
Source: IPCC AR6 Figure SPM1 pg 8 (CD 8.32) 

  
2.2.3 Last year, 2020 was, along with 2016, the hottest year on record: 1.25oC hotter than 

the pre-industrial average from 1850-1900, with some locations 6oC above the long-
term average. The decade from 2011-2020 was the hottest decade on record, with the 
last six years being the six hottest on record.6 

 
2.2.4 Human-induced climate change has led to increases in the intensity and frequency of 

many extreme weather events,7 in particular hot extremes in all land regions, heavy 
precipitation in several regions, and droughts in some regions. In many regions, 
changing patterns of precipitation and the melting of snow and ice are altering the 
volume and seasonal timing of water flows in rivers, affecting both the quantity and 
quality of water resources, and the potential occurrence of peak flow events, defined 
as the maximum instantaneous flow occurring in a year.8 Climate zones are shifting, 
including expansion of arid zones and contraction of polar zones.9 

 
2.2.5 The additional warming has also led to Arctic sea ice retreat, permafrost thaw, and 

melting of glaciers and ice sheets, which together with the thermal expansion of the 
oceans, have resulted in accelerating sea level rise.10 Over the last decades, global 
warming has led to widespread shrinking of the cryosphere, with mass loss from ice 

 
6  Appendix 3 WMO State of the Global Climate 2020 pg 5. 
7  CD 8.5 IPCC Special Report Global Warming of 1.5oC, SPM A1.3. 
8  Appendix 2 UNEP Making Peace with Nature pg 67 
9  Ibid. 
10  Appendix 3 WMO State of the Global Climate 2020 pgs 18-19; Appendix 2 UNEP Making Peace with 

Nature pg 67. 
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sheets and glaciers, reductions in snow cover and Arctic sea ice extent and thickness, 
and increased permafrost temperature.11  

 
2.2.6 The global ocean has warmed unabated since 1970 and has taken up more than 90% 

of the excess heat in the climate system. Since 1993, the rate of ocean warming has 
more than doubled. Marine heatwaves have doubled in frequency since 1982 and are 
increasing in intensity. By absorbing more CO2, the ocean has undergone increasing 
surface acidification. A loss of oxygen has occurred from the surface to 1000 meters 
depth.12 

 
2.2.7 Global mean sea level is rising, with acceleration in recent decades due to increasing 

rates of ice loss from the Greenland and Antarctic ice sheets, as well as continued 
glacier mass loss globally and ocean thermal expansion. Increases in tropical cyclone 
winds and rainfall, and increases in extreme waves, combined with relative sea level 
rise, exacerbate extreme sea level events and coastal hazards. Non-climatic drivers 
such as subsidence have also played an important role in increasing some coastal 
areas’ vulnerability to sea level rise.13 

 

2.3 What are the impacts of climate change? 
 

2.3.1 Human-induced climate change has adverse consequences for natural and human 
systems in particular food and water security, and human health.14 Climate change is 
currently the third most important threat to biodiversity and ecosystems, and is likely 
to become the dominant threat if the Paris target of limiting warming to significantly 
less than 2oC is not achieved. Food production, especially in developing countries is 
already being adversely affected as is water quality and quantity in many parts of the 
world, and human health is being affected by vector-borne and water-borne- diseases 
and heat stress mortality.  

 
2.3.2 These adverse consequences will become even more significant in the coming decades 

as the climate continues to warm,15 i.e., the impacts of climate change are projected 
to be more severe if global warming is not limited to 1.5oC and rises to 2oC, and much 
more severe still if the world experiences warming in excess of 3°C by the latter part 
of the century.16 For example, coral reefs are projected to decline by 70–90% at 1.5°C 
warming with larger losses (>99%) at 2°C,17 and the risk of irreversible loss of many 

 
11  Appendix 3 WMO State of the Global Climate 2020 pgs 15-20; Appendix 4 IPCC 2019 Special Report 

The Ocean and Cryosphere in a Changing Climate, SPM A1. 
12  Appendix 4 IPCC 2019 Special Report The Ocean and Cryosphere in a Changing Climate, SPM A2. 
13  Appendix 4 IPCC 2019 Special Report The Ocean and Cryosphere in a Changing Climate, SPM A3. 
14  Appendix 2 UNEP Making Peace with Nature pg 27; CD 8.5 IPCC Global Warming of 1.5oC SPM A3.1. 
15  CD 8.5 IPCC 2018 Global Warming of 1.5oC, SPM B5. 
16  Ibid B3-B5; Appendix 4 IPCC 2019 Special Report The Ocean and Cryosphere in a Changing Climate, 

SPM B1-B5. 
17  CD 8.5 IPCC Global Warming of 1.5oC, SPM B4.2 
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marine and coastal ecosystems increases with global warming, especially at 2°C or 
more.18 The bottom line is that every fraction of a degree of warming increases the 
adverse effects of climate change. 
 

2.3.3 In July 2021, the Royal Meteorological Society published its report on the State of the 
UK Climate 2020. This showed that: “Year 2020 was third warmest, fifth wettest and 
eight sunniest on record for the UK. No other year has fallen in the top-10 for all three 
variables for the UK.”19 Mean sea level around the UK has risen by approximately 1.5 
mm per year−1 on average from the start of the 20th century and the rate of sea level 
rise has increased recently, exceeding 3 mm per year−1 for the period 1993–2019.20 
Several newspapers have reported that UK coastal erosion is intensifying with rising 
sea level, leading to loss of land at Skipsea, East Yorkshire (faster than any other 
coastline in Northern Europe), Fairbourne, North Wales, and Happisburgh, Norfolk 
(Appendix 5). 

 
2.3.4 Along with coastal change, the key impacts for the UK of climate change are risk 

of flooding, the impact of high temperature on human health and well-being, risks 
to natural capital, risks of future water shortages, impacts on the global food system, 
and emerging pests and diseases.21  

 
2.3.5 2020 alone saw an exceptionally wet February in the UK, with storms Ciara and 

Dennis causing widespread flooding, followed by an exceptionally sunny spring 
resulting in a sharp reduction in soil moisture and record minimum spring river 
flows and depleted reservoir stocks.22 July then saw the UK’s third hottest day on 
record and Southern England experienced “one of the most significant heatwaves 
of the last 60 years during early August 2020”.23 Storms Ellen and Francis in late 
August were separated by only a few days. They each brought wind gusts of 46– 
57.5 mph across inland areas and 57.5–69 mph across exposed coastal locations—
particularly affecting Wales and southwest England.24 

 

2.4 What is causing the Earth’s climate to change? 
 

2.4.1 Human emissions of heat-trapping greenhouse gases drive climate change. The 
emissions of greenhouse gases (GHG), and in particular carbon dioxide (CO2), 
methane (CH4), and nitrous oxide (N2O), have continuously increased since the 

 
18  Ibid. 
19  CD 8.27 pg 7. 
20  Ibid pg 8. 
21  Appendix  6 HM Government UK Climate Risk Assessment 2017 pgs 10-17. 
22  CD 8.27 Royal Meteorological Society State of the UK Climate 2020 pgs 43-44. 
23  Ibid pgs 45-46. 
24  Ibid pg 50. 
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industrial revolution.25 GHG emissions from all sources grew by about 1.5 per cent 
per year during the decade from 2009 to 2018. 
 

2.4.2 The atmospheric concentrations of GHGs have reached levels much higher than at any 
time in the last 800,000 years.26 Emissions of CO2 from fossil fuels and industrial 
processes accounted for nearly 80 per cent of the total anthropogenic increases in the 
GHG emissions in CO2 equivalents from 1970 to 2010. The emission of CO2 from 
these sources contributes two thirds of the warming caused by anthropogenic GHG 
emissions.27 

 

 
Figure 2 Global Human Emissions of GHG Source: United Nations Environment Programme, 
UNEP (2020), Emissions Gap Report 2020, Nairobi.28 

 
2.4.3 The remaining warming stems from greenhouse gas emissions from agriculture, 

forestry and other forms of land use. Land-use (mostly agriculture) and land-use 
change is associated with 13% of CO2 emissions, 44% of CH4 emissions and 82% of 
N2O emissions.  

 
2.4.4 Today, natural carbon sinks are only able to absorb around half of CO2 emissions, 

more or less equally split between terrestrial ecosystems and the ocean, with the 
remainder staying in the atmosphere and causing the Earth to warm. As set out above, 

 
25  See eg Appendix 2 UNEP Making Peace with Nature Executive Summary section B, Sections 2.3.2 in 

main report, and figure 2.8. 
26  Ibid. 
27  Ibid. 
28  CD 8.6 pg 4. 
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the increased uptake of carbon dioxide by the oceans is causing harmful ocean 
acidification. 

 
2.4.5 Despite growing awareness and alarm about climate change, GHG emissions have 

continued to rise steadily. Emissions of greenhouse gases increased from around 37 
gigatonnes of CO2-equivalent (GtCO2-eq) in 1990 to around 55 GtCO2-eq in 2019.29 
In the absence of robust mitigation measures and policies, most projections show 
further increases in greenhouse emissions in the future, driven by increasing fossil fuel 
use, land use changes and other human activities,30 further accelerating climate 
change. 

 
2.4.6 The IPCC’s Sixth Assessment Report concluded that global warming of 1.5°C and 

2°C will be exceeded during the 21st century unless deep reductions in CO2 and other 
greenhouse gas emissions occur in the coming decades.31 The IPCC also drew 
attention to the fact that projected changes in extremes are larger in frequency and 
intensity with every additional increment of global warming.32 

 

2.5 Are changes in the physical climate system reversible? 
 

2.5.1 The heat-trapping effect of atmospheric greenhouse gases will persist for centuries to 
millennia,33 and the resultant continued increase in global temperature will have large 
adverse consequences, especially on the youth of today and future generations, with 
poor people most vulnerable. There is inertia in the climate system. While some 
changes in the natural system, such as ocean acidification, can be detected almost 
immediately and clearly attributed to anthropogenic influence, other effects, such as 
sea level rise, are inescapable already, but its extent will only gradually but inexorably 
reveal itself over the next several centuries.34 

  
2.5.2 Ice loss from the Greenland and Antarctic ice sheets is already contributing to sea 

level rise. The unstable retreat of some Antarctic and Greenland glaciers may further 
accelerate sea level rise, possibly abruptly. Mass loss from the Greenland Ice Sheet 
could be irreversible in the foreseeable future.35 

 
2.5.3 Some climate effects, such as marine heat waves and the retreat of Arctic sea ice, may 

be reversible over a period of many decades to centuries, if the drivers of warming are 

 
29  See eg Appendix 2 UNEP Making Peace with Nature Executive Summary section B, Sections 2.3.2 in 

main report, and figure 2.8. 
30  Appendix 2 UNEP Making Peace with Nature Section 3.1 main report. 
31  CD 8.32 IPCC 2021 Sixth Assessment Report, SPM B1. 
32  Ibid, B2.2. 
33  CD 8.5 IPCC 2018 Global Warming of 1.5oC, SPM A2; CD 8.32 IPCC 2021 Sixth Assessment Report, 

SPM B5. 
34  Ibid B2. 
35  Ibid. 
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reversed. Other effects will very likely take many centuries to reverse, if this is 
possible at all (e.g., species loss is irreversible). 

 
2.5.4 While some of the results of human GHG emissions, including a certain level of 

warming, will be irreversible, both the IPCC and, in the UK, the Climate Change 
Committee (CCC), have calculated that swift action in the next 12-32 years36 and 
keeping cumulative CO2 emissions within budgets calculated to achieve net zero can 
avoid the worst effects of warming above 1. 5oC. The CCC’s advice is: 
2.5.4.1 “The 2020s are the crucial decade: with effective action starting now, by 

2030 the UK will be firmly on track to Net Zero.”37  
2.5.4.2 “Over the 2020s, the [net zero] pathway implies a reduction of 18 MtCO₂eq 

per annum, compared to 12 Mt [CO₂eq] per annum under the pathway set 
out in the advice on the Fifth Carbon Budget. This means that an additional 
66 Mt [MtCO₂eq] of emissions reductions are needed by 2030”;38 

2.5.4.3 Over the period 2033–37, a reduction of 78% below 1990 levels of all UK 
GHG emissions is required. 

This is addressed in more detail in section 4 below. 

  

 
36  CD 8.5 IPCC 2018 Global Warming of 1.5oC, SPM pg 66; CD 8.10 CCC The Sixth Carbon Budget: The 

UK’s Path to Net Zero.  
37  CD 8.10 CCC The Sixth Carbon Budget: The UK’s Path to Net Zero pg 24. 
38  Ibid pg 432 and see generally pgs 430-433. 
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3. Current climate policies 
 

3.1 Internationally agreed targets for climate change mitigation 
 

3.1.1 Rising concern about climate change led to the UNFCCC (CD 8.25), signed in 1992, 
which led to the Kyoto Protocol in 1997, the first coordinated attempt to limit 
greenhouse gas emissions. 

  
3.1.2 The subsequent Paris Agreement, adopted in 2015 (CD 8.1), was the result of several 

years of intensive international efforts to reach an agreement between all countries on 
limiting climate change. It includes the aim of “holding the increase in the global 
average temperature to well below 2°C above pre-industrial levels and pursuing 
efforts to limit the temperature increase to 1.5°C above pre-industrial levels” (Article 
2(1)(a)) In the light of different national circumstances, the Paris Agreement calls for 
“rapid reductions” of emissions to be achieved “on the basis of equity, and in the 
context of sustainable development and efforts to eradicate poverty” (Article 4(1)).  
 

3.1.3 The fundamental connections between eradicating poverty and reducing inequality 
and addressing climate change are embedded in the UN Sustainable Development 
Goals (CD 8.26). 

3.2 What effect on projected climate change will the current Paris Agreement 
pledges have? 
 

3.2.1 Taken together, the sum of national climate mitigation pledges, known as Nationally 
Determined Contributions (NDCs) made to date fall far short of the emissions 
reductions needed to achieve the targets agreed under the Paris Agreement. At the 
current rate of warming, warming will reach 1.5°C between 2030 and 2052,39 with the 
best estimate being before 2040.40 WMO indicates that there is a 70% chance that the 
1.5-degree mark will be exceeded in a single month between 2020 and 2024 
(Appendix 7). The five-year period is expected to see annual average temperatures 
that are 0.91 C to 1.59 C higher than pre-industrial averages.  

 
3.2.2 Current pledges are more consistent with scenarios that lead to warming well in excess 

of 3°C by the latter part of the century. The risks and consequences associated with 
this level of climate change, such as to extreme weather events, damage to unique and 
threatened systems, and large-scale discontinuities, are generally higher than 
previously understood: ie the adverse consequences of a change in temperature are 
much more severe than we thought only 10-20 years ago.41  

 
39  Appendix 2 UNEP Making Peace with Nature Section 3.1; CD 8.5 IPCC Global Warming of 1.5oC SPM 

B5. 
40  CD 8.32 IPCC Sixth Assessment Report  SPM Table SPM1. 
41  Appendix 2 UNEP Making Peace with Nature page 48 Figure 1.1.  
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 Figure 3 Global GHG Emissions Gap Source: UNEP Making Peace with Nature42 
 

3.2.3 At the Climate Ambition Summit on 12 December 2020, convened by the UN, the 
UK, and France, 45 countries pledged significant emissions reductions by 2030, and 
24 countries committed to be net zero by the middle of the century (Appendix 8). 
These new pledges are a step in the right direction to limit the increase in temperature, 
but are still not enough to put the world on a pathway to realize the Paris climate 
targets. 
 

3.2.4 The emissions gap demonstrates the importance of countries such as the UK showing 
climate leadership, both in their emissions pledges and in their actions, especially in 
light of the COP 26 Summit in November 2021 (addressed further in section 5.2 
below). The UK has adopted an NDC set at the level advised by the CCC, committing 
to reduce territorial emissions by at least 68% from 1990 to 2030, and 78% by 2035. 
If, however, the UK’s actions (for example, in pursuing fossil fuel development with 
significant GHG emissions) undermine the credibility of its climate pledges, that 
reduces pressure on other countries to commit to NDCs at the level required 
realistically to achieve the 1.5˚ temperature goal and weakens the UK’s ability to lead 

 
42  Appendix 2 pg 31. 
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at COP26. This was been evident in comments made by US climate envoy John Kerry 
in March 2021, following meetings in London on the climate crisis with UK 
government ministers (Appendix 10).  

3.3 What reductions in emissions are required to meet the Paris climate targets? 
 

3.3.1 To limit global warming to 1.5oC, with a probability of about 50 per cent, net global 
emissions of carbon dioxide will need to be reduced by 45 per cent by 2030 compared 
to 2010 levels and reach “net zero” by 2050.43 The emissions of other greenhouse 
gases must also be reduced. Net zero means balancing carbon dioxide emissions with 
removal or simply eliminating carbon dioxide emissions altogether.  

 
3.3.2 To limit global warming to 2oC, net global emissions need to decline by about 25 per 

cent by 2030 compared to 2010 levels and reach net zero by around 2070. The 
emissions of other greenhouse gases must also be reduced.  

 
3.3.3 Figure 2 above shows that with current pledges, global emissions in 2030 are likely to 

be comparable with today’s emissions, not the 25-45% reductions we need. More 
ambitious reductions would be necessary for higher certainty in limiting dangerous 
climate change. Delaying action exacerbates difficulties and incurs greater costs.  

 
3.3.4 Scenarios in which warming temporarily exceeds the Paris target levels around mid-

century before falling rapidly depend heavily on the development of carbon dioxide 
removal technologies, whose ability to capture and store CO2 at scale is so far 
unproven and could lead to unintended negative impacts on biodiversity and food 
production.44 To be clear, carbon dioxide removal in this context refers to the ability 
to remove large quantities of CO2 from the atmosphere, and is not equivalent to carbon 
capture and storage (CCS) of emissions from industrial sources, which poses fewer 
technological and cost barriers because it relies on capturing CO2 from a concentrated 
source.  

 
3.3.5 Achieving the targets of the Paris climate agreement requires immediate steep 

reductions of both CO2 and non-CO2 climate forcing emissions. There is a near-linear 
relationship between future temperature change and cumulative CO2 emissions. For 
the Paris targets specifically, this relationship implies that net emissions would need 
to be reduced to zero within only a few decades if these targets are to be met without 
anthropogenic carbon dioxide removal, i.e., net negative emissions, in the second half 
of the century. If net negative emission technologies become practical at scale and 
affordable in the second half of the century, they would allow for a slightly smoother 
energy system transition to low-carbon technologies, but even in scenarios which rely 
on large-scale carbon dioxide removal, global net zero CO2 emissions are typically 
achieved around the middle of the century. The target year for net zero emissions for 

 
43  CD 8.5 IPCC 2018 Global Warming of 1.5oC, SPM C1 and Figures SPM 3a, 3b. 
44  Ibid, see also C2, C3. 
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non-CO2 greenhouse gases is generally projected to occur about 1-2 decades later than 
that for CO2.45 

 
3.3.6 An important determinant in climate change mitigation is the timing of emission 

reductions, affecting both short-term and long-term technology choices. Weaker 
emission reductions in the short term will require very rapid reductions later in the 
century, followed by the large-scale removal of carbon dioxide emissions from the 
atmosphere to compensate for excess emissions earlier in the century.  

 
3.3.7 Carbon dioxide removal technologies differ widely in terms of maturity, potential and 

risks, and several technologies can have significant negative impacts on biodiversity 
and food and water security when deployed on a large scale (e.g., large-scale 
afforestation with monoculture trees, or large-scale monoculture bioenergy when 
displacing native vegetation or using arable land). The restoration of natural 
ecosystems with native vegetation and soil carbon sequestration do not require land-
use change and can have co-benefits, such as improved biodiversity, soil quality and 
local food security. 

 
3.3.8 Effective governance is therefore needed to limit trade-offs and ensure the 

permanence of carbon storage in terrestrial, geological and ocean reservoirs. If large-
scale deployment of carbon dioxide removal (CDR) is to be limited, deeper near-term 
emission reductions are required, combined with measures that lower energy and land 
demand. 

 
3.3.9 This provides an important context for decisions that increase heavily carbon-emitting 

activity. Given the enduring technical uncertainties and risks inherent in CDR, it is 
essential to achieve as much as possible through reducing or preventing GHG 
emissions.  

 
  

 
45  Ibid. 
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4. The position of the UK 
 

4.1 The UK’s statutory framework 
 

4.1.1 The UK has a statutory framework for meeting climate change obligations, the 
Climate Change Act 2008 (CCA), as amended.46 The CCA sets out legally binding 
targets for the reduction of greenhouse gas emissions, with a final goal, as set out in 
amendments to the legislation passed in June 2019, of ‘net zero’ emissions by 2050.47 
‘Net zero’ means that the UK will reduce emissions of greenhouse gases to a point 
where it is removing as much greenhouse gas from the atmosphere as it is adding.  
 

4.1.2 The CCA also establishes five-yearly ‘carbon budgets’, or interim targets. The CCC, 
also established under the CCA as an independent advisor to parliament and 
government, advises government on the target levels, and how they can be achieved. 
In April 2021, the government announced a new target, based on CCC advice48, to 
reduce emissions by 78% by 2035. This was brought into force by the Carbon Budget 
Order 2021, which set a carbon budget for the UK for the period 2033-2037 of 965 
Mt CO2eq.49  

 
4.1.3 The setting of the Sixth Carbon Budget at this level has clear implications for the 

Fourth and Fifth Carbon Budgets, which were set under the previous 80% target rather 
than the 100% target now in section 1 of the CCA. The CCC calculates a gap of 68 
MtCO2e a year between the emissions pathway used to set the Fifth Carbon Budget 
and the pathway necessary to meet the ‘net zero’ target in a “balanced” way, which is 
the aim of the Sixth Carbon Budget. The CCC has thus advised that the Fifth Carbon 
Budget will need to be outperformed significantly to stay on track to meet the Sixth 
Carbon Budget and ‘net zero’ target.50 Accordingly, the CCC has advised that the 
Fifth Carbon Budget should be treated as reduced to 1,585 Mt CO2eq,51 

 
4.1.4 These targets, if achieved, would form the UK’s contribution to the Paris Agreement, 

as described in section 3 above. They are the minimum contribution that the UK 
should make, if it is to contribute its fair share of emissions reductions. As the UK 
was one of the first nations to industrialise, taking historical emissions into account, 
it has one of the highest, possibly the highest, greenhouse gas footprint per capita of 
any nation. 

 

 
46  CD8.2 
47  CD8.3 Climate Change Act 2008 (2050 Target Amendment) Order 2019. 
48  CD8.10, and see also CD8.8, CD8.9, and CD8.11 
49  CD 5.6. 
50  CD 8.10 CCC The Sixth Carbon Budget – The UK’s path to Net Zero pg 432 
51  Ibid pg 433. 
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4.2 Progress against targets 
 

4.2.1 UK territorial greenhouse gas emissions were 522 MtCO2eq in 2019, 41% lower than 
in 1990.52 Emissions primarily resulted from burning of fossil fuels to run vehicles, 
heat buildings, produce electricity and in industry and agriculture. Greenhouse gas 
emissions from manufacturing and construction were 66 Mt CO2eq in 2018, 12% of 
the UK total.53 Direct emissions from manufacturing and construction fell by 2% in 
2019 and were 56% below the 1990 baseline.54  

 
4.2.2 Analysis by the CCC indicates that the UK is not on track to meet future targets for 

GHG reduction, including the target for the fourth carbon budget period of 51% 
reduction on 1990 levels, covering the period 2023-2027; the fifth carbon budget 
(2028-32; representing a 57% reduction) or the sixth (2033-2037; 78% reduction).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1: CCC analysis of carbon budgets Source: https://www.theccc.org.uk/about/our-
expertise/advice-on-reducing-the-uks-emissions/ 

 

4.2.3 Projections by Department for Business, Energy and Industrial Strategy show that, if 
existing policies achieve their aim, the UK’s expected reductions are 46% and 50% 

 
52  Ibid pg 24. 
53  CD 8.11 CCC Sectory Summary – Manufacture and Construction pg 6. 
54  Ibid pg 7. 

https://www.theccc.org.uk/about/our-expertise/advice-on-reducing-the-uks-emissions/
https://www.theccc.org.uk/about/our-expertise/advice-on-reducing-the-uks-emissions/
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against 1990 levels for the Fourth and Fifth budget periods, rather than the required 
reductions of 51% and 57% respectively.55  
 

4.2.4 Following the CCC’s advice that the Fifth Carbon Budget must be significantly 
outperformed to stay on track to meet the sixth carbon budget and net zero target,56 
the CCC has calculated that the projected cumulative policy gap to the end of the Fifth 
Budget period is 555 MtCO2e,. For comparison, the total average annual UK emissions 
under the CCC’s Balanced Pathway for the Fifth Carbon Budget period is 317 
MtCO2e.57 In other words, the current projected policy gap at the end of the Fifth 
Carbon Budget in 2032 far exceeds the UK’s total emissions for an entire year in that 
period as recommended by the CCC. This is one of the reasons it is crucial to prevent 
additional GHG emissions to the greatest extent possible, as there simply is not the 
flexibility within the UK’s carbon budgets for significant new sources of GHG 
emissions from new fossil fuel sources. 
 

4.2.5 On 29 January 2021, Lord Deben, the Chair of the CCC wrote to Secretary of State 
Robert Jenrick noting the Committee’s position that this mine would have an 
“appreciable impact” on the UK Carbon Budgets and highlighting the “critical 
importance of … planning authorities considering fully the implications of their 
decisions on climate targets.”58  

 
4.2.6 In June 2021, the CCC released two progress reports to Parliament, produced pursuant 

to section 9(N) of the CCA: Progress in Reducing Emissions (CD 8.24) and Progress 
in Adapting to Climate Change (CD 8.25). Both reports emphasised that we are in the 
decisive decade for tackling climate change; that there is urgent need to cut emissions 
rapidly and that ambition must be turned into real-world delivery. The CCC advised 
that climate risks affect all aspects of society, with new sources of emissions 
potentially putting the Net Zero path at risk, meaning that climate change must be 
“integrated throughout policy and planning decisions.”59 This includes ensuring that 
decisions made through the planning process are consistent with overall climate 
targets and strategy. 

 

  

 
55  CD 8.28 Department for Business, Energy and Industrial Strategy, ‘Updated energy and emissions 

projections 2019’, October 2020, pgs 14-15 and Table 2.1.  
56  CD 8.10 CCC, ‘The Sixth Carbon Budget – The UK’s path to Net Zero’, pgs 24 and 430-433.. 
57  Ibid pf 431. 
58  CD8.13 
59  CD 8.24 CCC Progress in Reducing Emissions, 2021 Report to Parliament pg 9. 
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5. Implications for coal extraction and for the Cumbria coal mine 
 

5.1 The global/international picture 
 

5.1.1 There is significant evidence by independent studies that extraction of new sources of 
fossil fuel will make the Paris Agreement temperature goal very difficult to achieve. 
The fossil fuel reserves at existing sites, if burned, would significantly overshoot the 
targets agreed.60 Large-scale carbon capture and storage and removal of carbon 
dioxide from the atmosphere is unproven at scale and cannot be relied upon to achieve 
the Paris goals. 

 
5.1.1.1 The International Energy Agency (IEA) prepared a report at the request 

of the UK President of COP 2661 creating “a comprehensive and detailed 
pathway, or roadmap, to achieve net‐zero energy‐related and industrial 
process CO2 emissions globally by 2050.”62 That report determined that 
existing sources of production of coking coal “are sufficient to cover 
demand through to 2050.”63 The pathway that the IEA considers is 
required if the world is to meet the Paris Agreement commitment of 
keeping global temperature rises to 1.5°C does not include any investment 
in new coal mines or extensions to mines.64 The IEA’s pathway is 
“designed to maximise technical feasibility, cost‐effectiveness and social 
acceptance while ensuring continued economic growth and secure energy 
supplies.”65 The IEA emphasised the need for immediate and significant 
action in order to ensure the “narrow but still achievable” opportunity of 
net zero by 2050 “is not lost”.66 
 

5.1.1.2 The UNEP Production Gap Report 2020 examined currently planned 
fossil fuel production and found that those plans are 50% higher than 
levels consistent with limiting warming to 2°C, and 120% more than those 
consistent with limiting warming to 1.5°C, by 2030. It emphasised that the 
Paris Agreement goals cannot be met without decreasing fossil fuel 
production. 67 To follow a 1.5°C-consistent pathway, the UNEP found that 
a decrease in fossil fuel production by roughly 6% per year between 2020 
and 2030 is needed.68 Specifically, coal use would have to decline by 

 
60  CD 8.7 UNEP The Production Gap: The discrepancy between countries’ planned fossil fuel production and 

global production levels consistent with limiting warming to 1.5°C or 2°C (December 2020) pgs 9 and 13. 
61  CD 8.16 IA Net Zero by 2050 A Roadmap for the Global Energy Sector (May 2021) pg 30. 
62  Ibid. 
63  Ibid pg 103. 
64  Ibid pgs 20, 21, 26, 99, 103, 146, 152 and 162. 
65  Ibid pg 13. 
66  Ibid. 
67  CD 8.7 UNEP The Production Gap pg 14. 
68  Ibid. 
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11%,.69 In contrast to what is required to meet climate goals, current 
government plans and projections indicate an average 2% annual average 
growth for coal in global production over the next decade.70 . UNEP 
therefore recommended restricting new fossil fuel production activities 
and infrastructure, to “avoid locking in levels of fossil fuel production 
higher than those consistent with climate goals” and to “reduce the risk of 
stranded assets and communities”.71 It is notable that the IEA, five months 
later, considered it was necessary to go further, and that the net zero 
pathway requires exclusion of any new fossil fuel production.  

 
5.1.2 There is an emphasis among leading economies about the necessity of phasing out 

coal-fired power generation. Whilst the focus is currently primarily on electricity 
generation, this is a strong recognition of the climate impact of all coal use. The G7 
Heads of Government Communiqué stated that the G-7 Governments are committed 
to rapidly scale-up technologies and policies that further accelerate the transition from 
unabated coal capacity, consistent with their 2030 NDCs and net zero commitments.72 
The G-7 Governments also made the following commitment: 

“In our industrial and innovation sectors we will take action to 
decarbonise areas such as iron and steel, cement, chemicals, and 
petrochemicals, in order to reach net zero emissions across the whole 
economy. To this end, we will harness our collective strengths in science, 
technological innovation, policy design, financing, and regulation including 
through our launch of the G7 Industrial Decarbonisation Agenda to 
complement, support and amplify ambition of existing initiatives.” 
(emphasis in original).73 

 

5.2 Implications for the Cumbria coal mine 
 

5.2.1 The UK sees itself as a climate leader and is also seen as such by other countries. It 
will host the COP 26 Summit in November 2021, and its climate legislation, in the 
form of the CCA74, provides a model for many countries to follow.  

 
5.2.2 Boris Johnson, in his speech to the Leaders’ Summit on climate change in April 2021, 

said that the UK had been the first to legislate for net zero, and said that the UK is 
now ‘speeding up’ its plans further.75 This leadership role is also enshrined within the 
Paris Agreement, as above.76 The UK is a developed country Party to the Paris 

 
69  Ibid pg 12. 
70  Ibid. 
71  Ibid pg 7. 
72  Appendix 10 Carbis Bay G7 Summit Communique (12 July 2021).  
73  Ibid pg 15. 
74  CD 8.2 
75  Appendix 11 PM statement at the Leaders’ Summit on Climate (22 April 2021) pg 2. 
76  CD 8.1 
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Agreement and is therefore subject to the responsibility (set out in Article 4) to “take 
the lead” in achieving climate actions. 

 
5.2.3 The UK has, through these various roles, and through its example as a developed 

country which has set relatively ambitious greenhouse gas emission reduction targets 
and done so earlier than many of its peers, played a significant part in encouraging 
other countries to increase the ambition of their climate pledges. 

  
5.2.4 In my judgment, were the UK to permit a large coal mine such as the proposed 

Woodhouse Colliery, this would have a negative effect on the UK’s climate diplomacy 
image and efforts. A signal would be sent that the UK is not serious about its climate 
ambition or its promises of world leadership on this issue. This would have material 
consequences in the form of reduced ambition from other countries, and therefore 
increased GHG emissions. Remarks by US climate envoy John Kerry, that the UK 
should no longer be using coal, are an indication of this (Appendix 9). 

 
5.2.5 Further, if the mine was permitted on the basis that it was “carbon neutral” or even 

“carbon negative” – i.e. if the rationale for permitting the mine was supposedly that 
to do so would not increase (or would decrease) global greenhouse gas emissions, 
many other countries would be likely to follow suit in arguing that they too needed to 
allow new fossil fuel extraction projects within their borders for similar reasons. This 
decision could thus have serious knock-on effects, leading many countries to justify 
new coal mines, or oil extraction projects, etc, on the basis that this was actually good 
for the global climate.  

  
5.2.6 Despite the above statutory targets, aspirations for leadership and expectations from 

other countries that the UK should take a leadership role, there is currently a 
significant gap between the targets and the measures in place to meet them (see section 
4.2 above). As the CCC makes clear, the responsibility for closing this gap lies on all 
government departments, including MHCLG with responsibility for land use 
planning. 
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6. Conclusion 
 

6.1.1 The scientific evidence I have set out above clearly demonstrates the seriousness and 
rapidity of climate change and the very harmful impacts of dangerous warming above 
1.5˚C.  
 

6.1.2 The UK has committed to reduce emissions significantly by 2035 and reach net-zero 
by 2050. However, there are two serious “emissions gaps”. First, current pledges 
under the Paris Agreement fall far short of what is required to reduce emissions. 
Instead, current pledges are more consistent with scenarios that lead to warming well 
in excess of 3°C by the latter part of the century. It is crucially important that countries 
like the UK show climate leadership, both in their emissions pledges and in their 
actions.  

 
6.1.3 The UK is required to take a leadership role, and indeed is seen internationally as a 

climate leader in many respects. Granting permission for this mine would send a clear 
signal that the UK does not “walk the walk” on climate, undermining its international 
diplomatic efforts to increase climate pledges and encourage countries to reduce 
reliance on coal, specifically. This would have material consequences in the form of 
reduced ambition from other countries, and therefore increased GHG emissions 
globally. 

 
6.1.4 The second “emissions gap” concerns the UK’s carbon budgets. The UK is off track 

to meet the Fourth, Fifth and Sixth Budgets required to achieve the balanced transition 
to net zero under the CCA. It is thus crucial to prevent additional GHG emissions to 
the greatest extent possible, as there simply is not the flexibility within the UK’s 
carbon budgets for significant new sources of GHG emissions from new fossil fuel 
sources – as Lord Deben said, the mine would have an “appreciable impact” on the 
UK Carbon Budgets.  
 

6.1.5 There is a near-linear relationship between future temperature change and cumulative 
CO2 emissions. All additional greenhouse gas emissions over the coming decades 
make the goal of meeting UK and international targets more difficult. It is not just the 
end date of 31 December 2049 which is significant, but all emissions before this date, 
as indicated by the carbon budgets periods, including the target of a 78% reduction by 
2035 

 
6.1.6 Therefore, granting planning consent to Woodhouse Colliery would have the effect of 

undermining the UK’s climate strategy on both a national and international level.  
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Glossary

This glossary defines some specific terms as the Lead Authors 
intend them to be interpreted in the context of this report. Glos-
sary entries (highlighted in bold) are by preference subjects; a 
main entry can contain subentries, in bold and italic, for example, 
Primary Energy is defined under the entry Energy. Blue, itali-
cized words indicate that the term is defined in the Glossary. The 
glossary is followed by a list of acronyms and chemical symbols. 
Please refer to Annex II for standard units, prefixes, and unit con-
version (Section A.II.1) and for regions and country groupings 
(Section A.II.2).

Abrupt climate change: A large-scale change in the climate system 
that takes place over a few decades or less, persists (or is anticipated 
to persist) for at least a few decades, and causes substantial disrup-
tions in human and natural systems. See also Climate threshold.

Adaptability: See Adaptive capacity. 

Adaptation: The process of adjustment to actual or expected climate 
and its effects. In human systems, adaptation seeks to moderate or 
avoid harm or exploit beneficial opportunities. In some natural sys-
tems, human intervention may facilitate adjustment to expected cli-
mate and its effects.1 

Adaptation Fund: A Fund established under the Kyoto Protocol in 
2001 and officially launched in 2007. The Fund finances adaptation 
projects and programmes in developing countries that are Parties to 
the Kyoto Protocol. Financing comes mainly from sales of Certified 
Emissions Reductions (CERs) and a share of proceeds amounting to 
2 % of the value of CERs issued each year for Clean Development 
Mechanism (CDM) projects. The Adaptation Fund can also receive 
funds from government, private sector, and individuals.

Adaptive capacity: The ability of systems, institutions, humans, and 
other organisms to adjust to potential damage, to take advantage of 
opportunities, or to respond to consequences.2 

Additionality: Mitigation projects (e. g., under the Kyoto Mecha-
nisms), mitigation policies, or climate finance are additional if they go 
beyond a business-as-usual level, or baseline. Additionality is required 
to guarantee the environmental integrity of project-based offset mech-
anisms, but difficult to establish in practice due to the counterfactual 
nature of the baseline.

1 Reflecting progress in science, this glossary entry differs in breadth and focus from 
the entry used in the Fourth Assessment Report and other IPCC reports.

2 This glossary entry builds from definitions used in previous IPCC reports and the 
Millennium Ecosystem Assessment (MEA, 2005).

Adverse side-effects: The negative effects that a policy or measure 
aimed at one objective might have on other objectives, without yet 
evaluating the net effect on overall social welfare. Adverse side-effects 
are often subject to uncertainty and depend on, among others, local 
circumstances and implementation practices. See also Co-benefits, 
Risk, and Risk tradeoff.

Aerosol: A suspension of airborne solid or liquid particles, with a 
typical size between a few nanometres and 10 μm that reside in the 
atmosphere for at least several hours. For convenience the term aero-
sol, which includes both the particles and the suspending gas, is often 
used in this report in its plural form to mean aerosol particles. Aerosols 
may be of either natural or anthropogenic origin. Aerosols may influ-
ence climate in several ways: directly through scattering and absorbing 
radiation, and indirectly by acting as cloud condensation nuclei or ice 
nuclei, modifying the optical properties and lifetime of clouds. Atmo-
spheric aerosols, whether natural or anthropogenic, originate from two 
different pathways: emissions of primary particulate matter (PM), and 
formation of secondary PM from gaseous precursors. The bulk of aero-
sols are of natural origin. Some scientists use group labels that refer 
to the chemical composition, namely: sea salt, organic carbon, black 
carbon (BC), mineral species (mainly desert dust), sulphate, nitrate, and 
ammonium. These labels are, however, imperfect as aerosols combine 
particles to create complex mixtures. See also Short-lived climate pol-
lutants (SLCPs).

Afforestation: Planting of new forests on lands that historically have 
not contained forests. Afforestation projects are eligible under a num-
ber of schemes including, among others, Joint Implementation (JI) and 
the Clean Development Mechanism (CDM) under the Kyoto Protocol 
for which particular criteria apply (e. g., proof must be given that the 
land was not forested for at least 50 years or converted to alternative 
uses before 31 December 1989).

For a discussion of the term forest and related terms such as afforesta-
tion, reforestation and deforestation, see the IPCC Special Report on 
Land Use, Land-Use Change and Forestry (IPCC, 2000). See also the 
report on Definitions and Methodological Options to Inventory Emis-
sions from Direct Human-induced Degradation of Forests and Deveg-
etation of Other Vegetation Types (IPCC, 2003).

Agreement: In this report, the degree of agreement is the level of con-
currence in the literature on a particular finding as assessed by the 
authors. See also Evidence, Confidence, Likelihood, and Uncertainty.

Agricultural emissions: See Emissions.

Agriculture, Forestry and Other Land Use (AFOLU): Agriculture, 
Forestry and Other Land Use plays a central role for food security and 
sustainable development (SD). The main mitigation options within 
AFOLU involve one or more of three strategies: prevention of emis-
sions to the atmosphere by conserving existing carbon pools in soils 
or vegetation or by reducing emissions of methane (CH4) and nitrous 
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oxide (N2O); sequestration — increasing the size of existing carbon 
pools, and thereby extracting carbon dioxide (CO2) from the atmo-
sphere; and substitution — substituting biological products for fossil 
fuels or energy-intensive products, thereby reducing CO2 emissions. 
Demand-side measures (e. g., by reducing losses and wastes of food, 
changes in human diet, or changes in wood consumption) may also 
play a role. FOLU (Forestry and Other Land Use) — also referred to as 
LULUCF (Land use, land-use change, and forestry) — is the subset of 
AFOLU emissions and removals of greenhouse gases (GHGs) result-
ing from direct human-induced land use, land-use change and forestry 
activities excluding agricultural emissions.

Albedo: The fraction of solar radiation reflected by a surface or object, 
often expressed as a percentage. Snow-covered surfaces have a high 
albedo, the albedo of soils ranges from high to low, and vegetation-
covered surfaces and oceans have a low albedo. The earth’s planetary 
albedo varies mainly through varying cloudiness, snow, ice, leaf area 
and land cover changes. 

Alliance of Small Island States (AOSIS): The Alliance of Small Island 
States (AOSIS) is a coalition of small islands and low-lying coastal 
countries with a membership of 44 states and observers that share 
and are active in global debates and negotiations on the environment, 
especially those related to their vulnerability to the adverse effects of 
climate change. Established in 1990, AOSIS acts as an ad-hoc lobby and 
negotiating voice for small island development states (SIDS) within the 
United Nations including the United Nations Framework Convention 
on Climate Change (UNFCCC) climate change negotiations.

Ancillary benefits: See Co-benefits. 

Annex I Parties / countries: The group of countries listed in Annex 
I to the United Nations Framework Convention on Climate Change 
(UNFCCC). Under Articles 4.2 (a) and 4.2 (b) of the UNFCCC, Annex 
I Parties were committed to adopting national policies and measures 
with the non-legally binding aim to return their greenhouse gas (GHG) 
emissions to 1990 levels by 2000. The group is largely similar to the 
Annex B Parties to the Kyoto Protocol that also adopted emissions 
reduction targets for 2008 – 2012. By default, the other countries are 
referred to as Non-Annex I Parties.

Annex II Parties / countries: The group of countries listed in Annex 
II to the United Nations Framework Convention on Climate Change 
(UNFCCC). Under Article 4 of the UNFCCC, these countries have a spe-
cial obligation to provide financial resources to meet the agreed full 
incremental costs of implementing measures mentioned under Article 
12, paragraph 1. They are also obliged to provide financial resources, 
including for the transfer of technology, to meet the agreed incremen-
tal costs of implementing measures covered by Article 12, paragraph 
1 and agreed between developing country Parties and international 
entities referred to in Article 11 of the UNFCCC. This group of coun-
tries shall also assist countries that are particularly vulnerable to the 
adverse effects of climate change. 

Annex B Parties / countries: The subset of Annex I Parties that have 
accepted greenhouse gas (GHG) emission reduction targets for the 
period 2008 – 2012 under Article 3 of the Kyoto Protocol. By default, 
the other countries are referred to as Non-Annex I Parties. 

Anthropogenic emissions: See Emissions.

Assigned Amount (AA): Under the Kyoto Protocol, the AA is the 
quantity of greenhouse gas (GHG) emissions that an Annex B country 
has agreed to as its cap on its emissions in the first five-year commit-
ment period (2008 – 2012). The AA is the country’s total GHG emissions 
in 1990 multiplied by five (for the five-year commitment period) and by 
the percentage it agreed to as listed in Annex B of the Kyoto Protocol 
(e. g., 92 % for the EU). See also Assigned Amount Unit (AAU).

Assigned Amount Unit (AAU): An AAU equals 1 tonne (metric ton) of 
CO2-equivalent emissions calculated using the Global Warming Poten-
tial (GWP). See also Assigned Amount (AA).

Atmosphere: The gaseous envelope surrounding the earth, divided 
into five layers — the troposphere which contains half of the earth’s 
atmosphere, the stratosphere, the mesosphere, the thermosphere, 
and the exosphere, which is the outer limit of the atmosphere. The 
dry atmosphere consists almost entirely of nitrogen (78.1 % volume 
mixing ratio) and oxygen (20.9 % volume mixing ratio), together 
with a number of trace gases, such as argon (0.93 % volume mixing 
ratio), helium and radiatively active greenhouse gases (GHGs) such 
as carbon dioxide (CO2) (0.035 % volume mixing ratio) and ozone 
(O3). In addition, the atmosphere contains the GHG water vapour 
(H2O), whose amounts are highly variable but typically around 1 % 
volume mixing ratio. The atmosphere also contains clouds and aero-
sols.

Backstop technology: Models estimating mitigation often use an 
arbitrary carbon-free technology (often for power generation) that 
might become available in the future in unlimited supply over the hori-
zon of the model. This allows modellers to explore the consequences 
and importance of a generic solution technology without becoming 
enmeshed in picking the actual technology. This ‘backstop’ technology 
might be a nuclear technology, fossil technology with Carbon Dioxide 
Capture and Storage (CCS), solar energy, or something as yet unimag-
ined. The backstop technology is typically assumed either not to cur-
rently exist, or to exist only at higher costs relative to conventional 
alternatives.

Banking (of Assigned Amount Units) : Any transfer of Assigned 
Amount Units (AAUs) from an existing period into a future commit-
ment period. According to the Kyoto Protocol [Article 3 (13)], Parties 
included in Annex I to the United Nations Framework Convention on 
Climate Change (UNFCCC) may save excess AAUs from the first com-
mitment period for compliance with their respective cap in subsequent 
commitment periods (post-2012).

6
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Baseline / reference: The state against which change is measured. 
In the context of transformation pathways, the term ‘baseline sce-
narios’ refers to scenarios that are based on the assumption that no 
mitigation policies or measures will be implemented beyond those that 
are already in force and / or are legislated or planned to be adopted. 
Baseline scenarios are not intended to be predictions of the future, 
but rather counterfactual constructions that can serve to highlight 
the level of emissions that would occur without further policy effort. 
Typically, baseline scenarios are then compared to mitigation scenar-
ios that are constructed to meet different goals for greenhouse gas 
(GHG) emissions, atmospheric concentrations, or temperature change. 
The term ‘baseline scenario’ is used interchangeably with ‘reference 
scenario’ and ‘no policy scenario’. In much of the literature the term 
is also synonymous with the term ‘business-as-usual (BAU) scenario,’ 
although the term ‘BAU’ has fallen out of favour because the idea of 
‘business-as-usual’ in century-long socioeconomic projections is hard 
to fathom. See also Climate scenario, Emission scenario, Representa-
tive concentration pathways (RCPs), Shared socio-economic pathways, 
Socio-economic scenarios, SRES scenarios, and Stabilization.

Behaviour: In this report, behaviour refers to human decisions and 
actions (and the perceptions and judgments on which they are based) 
that directly or indirectly influence mitigation or the effects of poten-
tial climate change impacts (adaptation). Human decisions and actions 
are relevant at different levels, from international, national, and sub-
national actors, to NGO, tribe, or firm-level decision makers, to com-
munities, households, and individual citizens and consumers. See also 
Behavioural change and Drivers of behaviour.

Behavioural change: In this report, behavioural change refers to 
alteration of human decisions and actions in ways that mitigate cli-
mate change and / or reduce negative consequences of climate change 
impacts. See also Drivers of behaviour.

Biochar: Biomass stabilization can be an alternative or enhancement 
to bioenergy in a land-based mitigation strategy. Heating biomass 
with exclusion of air produces a stable carbon-rich co-product (char). 
When added to soil a system, char creates a system that has greater 
abatement potential than typical bioenergy. The relative benefit of bio-
char systems is increased if changes in crop yield and soil emissions of 
methane (CH4) and nitrous oxide (N2O) are taken into account. 

Biochemical oxygen demand (BOD): The amount of dissolved oxy-
gen consumed by micro-organisms (bacteria) in the bio-chemical oxi-
dation of organic and inorganic matter in wastewater. See also Chemi-
cal oxygen demand (COD).

Biodiversity: The variability among living organisms from terrestrial, 
marine, and other ecosystems. Biodiversity includes variability at the 
genetic, species, and ecosystem levels.3

3 This glossary entry builds from definitions used in the Global Biodiversity Assess-
ment (Heywood, 1995) and the Millennium Ecosystem Assessment (MEA, 2005).

Bioenergy: Energy derived from any form of biomass such as recently 
living organisms or their metabolic by-products.

Bioenergy and Carbon Dioxide Capture and Storage (BECCS): 
The application of Carbon Dioxide Capture and Storage (CCS) technol-
ogy to bioenergy conversion processes. Depending on the total life-
cycle emissions, including total marginal consequential effects (from 
indirect land use change (iLUC) and other processes), BECCS has the 
potential for net carbon dioxide (CO2) removal from the atmosphere. 
See also Sequestration.

Bioethanol: Ethanol produced from biomass (e. g., sugar cane or 
corn). See also Biofuel.

Biofuel: A fuel, generally in liquid form, produced from organic mat-
ter or combustible oils produced by living or recently living plants. 
Examples of biofuel include alcohol (bioethanol), black liquor from the 
paper-manufacturing process, and soybean oil.

First-generation manufactured biofuel: First-generation manu-
factured biofuel is derived from grains, oilseeds, animal fats, and 
waste vegetable oils with mature conversion technologies.

Second-generation biofuel: Second-generation biofuel uses 
non-traditional biochemical and thermochemical conversion pro-
cesses and feedstock mostly derived from the lignocellulosic frac-
tions of, for example, agricultural and forestry residues, municipal 
solid waste, etc.

Third-generation biofuel: Third-generation biofuel would 
be derived from feedstocks such as algae and energy crops by 
advanced processes still under development. 

These second- and third-generation biofuels produced through new 
processes are also referred to as next-generation or advanced biofuels, 
or advanced biofuel technologies.

Biomass: The total mass of living organisms in a given area or volume; 
dead plant material can be included as dead biomass. In the context of 
this report, biomass includes products, by-products, and waste of bio-
logical origin (plants or animal matter), excluding material embedded 
in geological formations and transformed to fossil fuels or peat. 

Traditional biomass: Traditional biomass refers to the bio-
mass — fuelwood, charcoal, agricultural residues, and animal 
dung — used with the so-called traditional technologies such as 
open fires for cooking, rustic kilns and ovens for small industries. 
Widely used in developing countries, where about 2.6 billion peo-
ple cook with open wood fires, and hundreds of thousands small-
industries. The use of these rustic technologies leads to high pol-
lution levels and, in specific circumstances, to forest degradation 
and deforestation. There are many successful initiatives around 
the world to make traditional biomass burned more efficiently 
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and cleanly using efficient cookstoves and kilns. This last use of 
traditional biomass is sustainable and provides large health and 
economic benefits to local populations in developing countries, 
particularly in rural and peri-urban areas. 

Modern biomass: All biomass used in high efficiency conversion 
systems.

Biomass burning: Biomass burning is the burning of living and dead 
vegetation. 

Biosphere (terrestrial and marine): The part of the earth system 
comprising all ecosystems and living organisms, in the atmosphere, on 
land (terrestrial biosphere) or in the oceans (marine biosphere), includ-
ing derived dead organic matter, such as litter, soil organic matter and 
oceanic detritus.

Black carbon (BC): Operationally defined aerosol species based on 
measurement of light absorption and chemical reactivity and / or ther-
mal stability. It is sometimes referred to as soot. BC is mostly formed 
by the incomplete combustion of fossil fuels, biofuels, and biomass 
but it also occurs naturally. It stays in the atmosphere only for days or 
weeks. It is the most strongly light-absorbing component of particu-
late matter (PM) and has a warming effect by absorbing heat into the 
atmosphere and reducing the albedo when deposited on ice or snow.

Burden sharing (also referred to as Effort sharing): In the context 
of mitigation, burden sharing refers to sharing the effort of reducing 
the sources or enhancing the sinks of greenhouse gases (GHGs) from 
historical or projected levels, usually allocated by some criteria, as well 
as sharing the cost burden across countries.  

Business-as-usual (BAU): See Baseline / reference.

Cancún Agreements: A set of decisions adopted at the 16th Session 
of the Conference of the Parties (COP) to the United Nations Frame-
work Convention on Climate Change (UNFCCC), including the follow-
ing, among others: the newly established Green Climate Fund (GCF), 
a newly established technology mechanism, a process for advancing 
discussions on adaptation, a formal process for reporting mitigation 
commitments, a goal of limiting global mean surface temperature 
increase to 2 °C, and an agreement on MRV — Measuring, Reporting 
and Verifying for those countries that receive international support for 
their mitigation efforts.

Cancún Pledges: During 2010, many countries submitted their exist-
ing plans for controlling greenhouse gas (GHG) emissions to the Cli-
mate Change Secretariat and these proposals have now been formally 
acknowledged under the United Nations Framework Convention on 
Climate Change (UNFCCC). Developed countries presented their plans 
in the shape of economy-wide targets to reduce emissions, mainly 
up to 2020, while developing countries proposed ways to limit their 
growth of emissions in the shape of plans of action.

Cap, on emissions: Mandated restraint as an upper limit on emis-
sions within a given period. For example, the Kyoto Protocol mandates 
emissions caps in a scheduled timeframe on the anthropogenic green-
house gas (GHG) emissions released by Annex B countries. 

Carbon budget: The area under a greenhouse gas (GHG) emissions 
trajectory that satisfies assumptions about limits on cumulative emis-
sions estimated to avoid a certain level of global mean surface temper-
ature rise. Carbon budgets may be defined at the global level, national, 
or sub-national levels.

Carbon credit: See Emission allowance.

Carbon cycle: The term used to describe the flow of carbon (in various 
forms, e. g., as carbon dioxide) through the atmosphere, ocean, terres-
trial and marine biosphere and lithosphere. In this report, the reference 
unit for the global carbon cycle is GtC or GtCO2 (1 GtC corresponds 
to 3.667 GtCO2). Carbon is the major chemical constituent of most 
organic matter and is stored in the following major reservoirs: organic 
molecules in the biosphere, carbon dioxide (CO2) in the atmosphere, 
organic matter in the soils, in the lithosphere, and in the oceans.

Carbon dioxide (CO2): A naturally occurring gas, also a by-product 
of burning fossil fuels from fossil carbon deposits, such as oil, gas and 
coal, of burning biomass, of land use changes (LUC) and of industrial 
processes (e. g., cement production). It is the principal anthropogenic 
greenhouse gas (GHG) that affects the earth’s radiative balance. It is 
the reference gas against which other GHGs are measured and there-
fore has a Global Warming Potential (GWP) of 1. See Annex II.9.1 for 
GWP values for other GHGs.

Carbon Dioxide Capture and Storage (CCS): A process in which 
a relatively pure stream of carbon dioxide (CO2) from industrial and 
energy-related sources is separated (captured), conditioned, com-
pressed, and transported to a storage location for long-term isolation 
from the atmosphere. See also Bioenergy and carbon capture and stor-
age (BECCS), CCS-ready, and Sequestration.

Carbon dioxide fertilization: The enhancement of the growth of 
plants as a result of increased atmospheric carbon dioxide (CO2) con-
centration.

Carbon Dioxide Removal (CDR): Carbon Dioxide Removal methods 
refer to a set of techniques that aim to remove carbon dioxide (CO2) 
directly from the atmosphere by either (1) increasing natural sinks for 
carbon or (2) using chemical engineering to remove the CO2, with the 
intent of reducing the atmospheric CO2 concentration. CDR methods 
involve the ocean, land, and technical systems, including such meth-
ods as iron fertilization, large-scale afforestation, and direct capture 
of CO2 from the atmosphere using engineered chemical means. Some 
CDR methods fall under the category of geoengineering, though this 
may not be the case for others, with the distinction being based on 
the magnitude, scale, and impact of the particular CDR activities. The 
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boundary between CDR and mitigation is not clear and there could be 
some overlap between the two given current definitions (IPCC, 2012, 
p. 2). See also Solar Radiation Management (SRM).

Carbon footprint: Measure of the exclusive total amount of emis-
sions of carbon dioxide (CO2) that is directly and indirectly caused by 
an activity or is accumulated over the life stages of a product (Wied-
mann and Minx, 2008).

Carbon intensity: The amount of emissions of carbon dioxide (CO2) 
released per unit of another variable such as gross domestic product 
(GDP), output energy use, or transport. 

Carbon leakage: See Leakage.

Carbon pool: See Reservoir.

Carbon price: The price for avoided or released carbon dioxide (CO2) 
or CO2-equivalent emissions. This may refer to the rate of a carbon 
tax, or the price of emission permits. In many models that are used to 
assess the economic costs of mitigation, carbon prices are used as a 
proxy to represent the level of effort in mitigation policies.

Carbon sequestration: See Sequestration.

Carbon tax: A levy on the carbon content of fossil fuels. Because vir-
tually all of the carbon in fossil fuels is ultimately emitted as carbon 
dioxide (CO2), a carbon tax is equivalent to an emission tax on CO2 
emissions.

CCS-ready: New large-scale, stationary carbon dioxide (CO2) point 
sources intended to be retrofitted with Carbon Dioxide Capture and 
Storage (CCS) could be designed and located to be ‘CCS-ready’ by 
reserving space for the capture installation, designing the unit for opti-
mal performance when capture is added, and siting the plant to enable 
access to storage locations. See also Bioenergy and Carbon Dioxide 
Capture and Storage (BECCS).

Certified Emission Reduction Unit (CER): Equal to one metric 
tonne of CO2-equivalent emissions reduced or of carbon dioxide (CO2) 
removed from the atmosphere through the Clean Development Mech-
anism (CDM) (defined in Article 12 of the Kyoto Protocol) project, cal-
culated using Global Warming Potentials (GWP). See also Emissions 
Reduction Units (ERU) and Emissions trading.

Chemical oxygen demand (COD): The quantity of oxygen required 
for the complete oxidation of organic chemical compounds in water; 
used as a measure of the level of organic pollutants in natural and 
waste waters. See also Biochemical oxygen demand (BOD).

Chlorofluorocarbons (CFCs): A chlorofluorocarbon is an organic 
compound that contains chlorine, carbon, hydrogen, and fluorine and 
is used for refrigeration, air conditioning, packaging, plastic foam, 

insulation, solvents, or aerosol propellants. Because they are not 
destroyed in the lower atmosphere, CFCs drift into the upper atmo-
sphere where, given suitable conditions, they break down ozone (O3). 
It is one of the greenhouse gases (GHGs) covered under the 1987 
Montreal Protocol as a result of which manufacturing of these gases 
has been phased out and they are being replaced by other compounds, 
including hydrofluorocarbons (HFCs) which are GHGs covered under 
the Kyoto Protocol.

Clean Development Mechanism (CDM): A mechanism defined 
under Article 12 of the Kyoto Protocol through which investors (gov-
ernments or companies) from developed (Annex B) countries may 
finance greenhouse gas (GHG) emission reduction or removal projects 
in developing (Non-Annex B) countries, and receive Certified Emission 
Reduction Units (CERs) for doing so. The CERs can be credited towards 
the commitments of the respective developed countries. The CDM is 
intended to facilitate the two objectives of promoting sustainable 
development (SD) in developing countries and of helping industrial-
ized countries to reach their emissions commitments in a cost-effective 
way. See also Kyoto Mechanisms.

Climate: Climate in a narrow sense is usually defined as the average 
weather, or more rigorously, as the statistical description in terms of 
the mean and variability of relevant quantities over a period of time 
ranging from months to thousands or millions of years. The classical 
period for averaging these variables is 30 years, as defined by the 
World Meteorological Organization. The relevant quantities are most 
often surface variables such as temperature, precipitation and wind. 
Climate in a wider sense is the state, including a statistical description, 
of the climate system.

Climate change: Climate change refers to a change in the state of 
the climate that can be identified (e. g., by using statistical tests) by 
changes in the mean and / or the variability of its properties, and that 
persists for an extended period, typically decades or longer. Climate 
change may be due to natural internal processes or external forcings 
such as modulations of the solar cycles, volcanic eruptions and persis-
tent anthropogenic changes in the composition of the atmosphere or 
in land use. Note that the United Nations Framework Convention on 
Climate Change (UNFCCC), in its Article 1, defines climate change as: 
‘a change of climate which is attributed directly or indirectly to human 
activity that alters the composition of the global atmosphere and which 
is in addition to natural climate variability observed over comparable 
time periods’. The UNFCCC thus makes a distinction between climate 
change attributable to human activities altering the atmospheric com-
position, and climate variability attributable to natural causes. See also 
Climate change commitment.

Climate change commitment: Due to the thermal inertia of the 
ocean and slow processes in the cryosphere and land surfaces, the cli-
mate would continue to change even if the atmospheric composition 
were held fixed at today’s values. Past change in atmospheric com-
position leads to a committed climate change, which continues for 
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as long as a radiative imbalance persists and until all components of 
the climate system have adjusted to a new state. The further change 
in temperature after the composition of the atmosphere is held con-
stant is referred to as the constant composition temperature commit-
ment or simply committed warming or warming commitment. Climate 
change commitment includes other future changes, for example in 
the hydrological cycle, in extreme weather events, in extreme climate 
events, and in sea level change. The constant emission commitment is 
the committed climate change that would result from keeping anthro-
pogenic emissions constant and the zero emission commitment is the 
climate change commitment when emissions are set to zero. See also 
Climate change.

Climate (change) feedback: An interaction in which a perturbation 
in one climate quantity causes a change in a second, and the change 
in the second quantity ultimately leads to an additional change in 
the first. A negative feedback is one in which the initial perturbation 
is weakened by the changes it causes; a positive feedback is one in 
which the initial perturbation is enhanced. In this Assessment Report, a 
somewhat narrower definition is often used in which the climate quan-
tity that is perturbed is the global mean surface temperature, which in 
turn causes changes in the global radiation budget. In either case, the 
initial perturbation can either be externally forced or arise as part of 
internal variability.

Climate engineering: See Geoengineering.

Climate finance: There is no agreed definition of climate finance. 
The term ‘climate finance’ is applied both to the financial resources 
devoted to addressing climate change globally and to financial flows 
to developing countries to assist them in addressing climate change. 
The literature includes several concepts in these categories, among 
which the most commonly used include:

Incremental costs: The cost of capital of the incremental invest-
ment and the change of operating and maintenance costs for a 
mitigation or adaptation project in comparison to a reference proj-
ect. It can be calculated as the difference of the net present values 
of the two projects. See also Additionality.

Incremental investment: The extra capital required for the initial 
investment for a mitigation or adaptation project in comparison to 
a reference project. See also Additionality.

Total climate finance: All financial flows whose expected effect is 
to reduce net greenhouse gas (GHG) emissions and / or to enhance 
resilience to the impacts of climate variability and the projected 
climate change. This covers private and public funds, domestic and 
international flows, expenditures for mitigation and adaptation to 
current climate variability as well as future climate change.

Total climate finance flowing to developing countries:The 
amount of the total climate finance invested in developing coun-

tries that comes from developed countries. This covers private and 
public funds. 

Private climate finance flowing to developing countries: 
Finance and investment by private actors in / from developed coun-
tries for mitigation and adaptation activities in developing coun-
tries.

Public climate finance flowing to developing countries: 
Finance provided by developed countries’ governments and bilat-
eral institutions as well as by multilateral institutions for mitiga-
tion and adaptation activities in developing countries. Most of the 
funds provided are concessional loans and grants.

Climate model (spectrum or hierarchy): A numerical representa-
tion of the climate system based on the physical, chemical and biologi-
cal properties of its components, their interactions and feedback pro-
cesses, and accounting for some of its known properties. The climate 
system can be represented by models of varying complexity, that is, 
for any one component or combination of components a spectrum or 
hierarchy of models can be identified, differing in such aspects as the 
number of spatial dimensions, the extent to which physical, chemical 
or biological processes are explicitly represented, or the level at which 
empirical parametrizations are involved. Coupled Atmosphere-Ocean 
General Circulation Models (AOGCMs) provide a representation of the 
climate system that is near or at the most comprehensive end of the 
spectrum currently available. There is an evolution towards more com-
plex models with interactive chemistry and biology. Climate models 
are applied as a research tool to study and simulate the climate, and 
for operational purposes, including monthly, seasonal and interannual 
climate predictions. 

Climate prediction: A climate prediction or climate forecast is the 
result of an attempt to produce (starting from a particular state of the 
climate system) an estimate of the actual evolution of the climate in 
the future, for example, at seasonal, interannual, or decadal time scales. 
Because the future evolution of the climate system may be highly sen-
sitive to initial conditions, such predictions are usually probabilistic in 
nature. See also Climate projection, and Climate scenario.

Climate projection: A climate projection is the simulated response of 
the climate system to a scenario of future emission or concentration of 
greenhouse gases (GHGs) and aerosols, generally derived using climate 
models. Climate projections are distinguished from climate predictions 
by their dependence on the emission / concentration / radiative forcing 
scenario used, which is in turn based on assumptions concerning, for 
example, future socioeconomic and technological developments that 
may or may not be realized. See also Climate scenario.

Climate scenario: A plausible and often simplified representation 
of the future climate, based on an internally consistent set of clima-
tological relationships that has been constructed for explicit use in 
investigating the potential consequences of anthropogenic climate 
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change, often serving as input to impact models. Climate projections 
often serve as the raw material for constructing climate scenarios, 
but climate scenarios usually require additional information such as 
the observed current climate. See also Baseline / reference, Emission 
scenario, Mitigation scenario, Representative concentration pathways 
(RCPs), Scenario, Shared socio-economic pathways, Socio-economic 
scenario, SRES scenarios, Stabilization, and Transformation pathway. 

Climate sensitivity: In IPCC reports, equilibrium climate sensitivity 
(units: °C) refers to the equilibrium (steady state) change in the annual 
global mean surface temperature following a doubling of the atmo-
spheric CO2-equivalent concentration. Owing to computational con-
straints, the equilibrium climate sensitivity in a climate model is some-
times estimated by running an atmospheric general circulation model 
(GCM) coupled to a mixed-layer ocean model, because equilibrium 
climate sensitivity is largely determined by atmospheric processes. 
Efficient models can be run to equilibrium with a dynamic ocean. The 
climate sensitivity parameter (units: °C (W m – 2) – 1) refers to the equilib-
rium change in the annual global mean surface temperature following 
a unit change in radiative forcing.

The effective climate sensitivity (units: °C) is an estimate of the global 
mean surface temperature response to doubled carbon dioxide (CO2) 
concentration that is evaluated from model output or observations for 
evolving non-equilibrium conditions. It is a measure of the strengths of 
the climate feedbacks at a particular time and may vary with forcing 
history and climate state, and therefore may differ from equilibrium 
climate sensitivity.

The transient climate response (units: °C) is the change in the global 
mean surface temperature, averaged over a 20-year period, centred at 
the time of atmospheric CO2 doubling, in a climate model simulation 
in which CO2 increases at 1 % yr – 1. It is a measure of the strength and 
rapidity of the surface temperature response to greenhouse gas (GHG) 
forcing.

Climate system: The climate system is the highly complex system 
consisting of five major components: the atmosphere, the hydrosphere, 
the cryosphere, the lithosphere and the biosphere, and the interactions 
between them. The climate system evolves in time under the influence 
of its own internal dynamics and because of external forcings such as 
volcanic eruptions, solar variations and anthropogenic forcings such 
as the changing composition of the atmosphere and land use change 
(LUC).

Climate threshold: A limit within the climate system that, when 
crossed, induces a non-linear response to a given forcing. See also 
Abrupt climate change.

Climate variability: Climate variability refers to variations in the 
mean state and other statistics (such as standard deviations, the occur-
rence of extremes, etc.) of the climate on all spatial and temporal 
scales beyond that of individual weather events. Variability may be due 

to natural internal processes within the climate system (internal vari-
ability), or to variations in natural or anthropogenic external forcing 
(external variability). See also Climate change.

CO2-equivalent concentration: The concentration of carbon dioxide 
(CO2) that would cause the same radiative forcing as a given mixture 
of CO2 and other forcing components. Those values may consider only 
greenhouse gases (GHGs), or a combination of GHGs, aerosols, and 
surface albedo changes. CO2-equivalent concentration is a metric for 
comparing radiative forcing of a mix of different forcing components 
at a particular time but does not imply equivalence of the correspond-
ing climate change responses nor future forcing. There is generally 
no connection between CO2-equivalent emissions and resulting CO2-
equivalent concentrations.

CO2-equivalent emission: The amount of carbon dioxide (CO2) emis-
sion that would cause the same integrated radiative forcing, over a 
given time horizon, as an emitted amount of a greenhouse gas (GHG) 
or a mixture of GHGs. The CO2-equivalent emission is obtained by mul-
tiplying the emission of a GHG by its Global Warming Potential (GWP) 
for the given time horizon (see Annex II.9.1 and WGI AR5 Table 8.A.1 
for GWP values of the different GHGs). For a mix of GHGs it is obtained 
by summing the CO2-equivalent emissions of each gas. CO2-equivalent 
emission is a common scale for comparing emissions of different GHGs 
but does not imply equivalence of the corresponding climate change 
responses. See also CO2-equivalent concentration.

Co-benefits: The positive effects that a policy or measure aimed at 
one objective might have on other objectives, without yet evaluating 
the net effect on overall social welfare. Co-benefits are often subject 
to uncertainty and depend on, among others, local circumstances and 
implementation practices. Co-benefits are often referred to as ancil-
lary benefits. See also Adverse side-effect, Risk, and Risk tradeoff.

Cogeneration: Cogeneration (also referred to as combined heat and 
power, or CHP) is the simultaneous generation and useful application 
of electricity and useful heat.

Combined-cycle gas turbine: A power plant that combines two pro-
cesses for generating electricity. First, fuel combustion drives a gas tur-
bine. Second, exhaust gases from the turbine are used to heat water to 
drive a steam turbine. 

Combined heat and power (CHP): See Cogeneration.

Computable General Equilibrium (CGE) Model: See Models.

Conference of the Parties (COP): The supreme body of the United 
Nations Framework Convention on Climate Change (UNFCCC), com-
prising countries with a right to vote that have ratified or acceded to 
the convention. See also Meeting of the Parties (CMP).
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Confidence: The validity of a finding based on the type, amount, 
quality, and consistency of evidence (e. g., mechanistic understanding, 
theory, data, models, expert judgment) and on the degree of agree-
ment. In this report, confidence is expressed qualitatively (Mastran-
drea et al., 2010). See WGI AR5 Figure 1.11 for the levels of confidence 
and WGI AR5 Table 1.2 for the list of likelihood qualifiers. See also 
Uncertainty.

Consumption-based accounting: Consumption-based accounting 
provides a measure of emissions released to the atmosphere in order 
to generate the goods and services consumed by a certain entity (e. g., 
person, firm, country, or region). See also Production-based account-
ing.

Contingent valuation method: An approach to quantitatively 
assess values assigned by people in monetary (willingness to pay) 
and non-monetary (willingness to contribute with time, resources 
etc.) terms. It is a direct method to estimate economic values for 
ecosystem and environmental services. In a survey, people are asked 
their willingness to pay / contribute for access to, or their willingness 
to accept compensation for removal of, a specific environmental ser-
vice, based on a hypothetical scenario and description of the environ-
mental service. 

Conventional fuels: See Fossil fuels.

Copenhagen Accord: The political (as opposed to legal) agreement 
that emerged at the 15th Session of the Conference of the Parties 
(COP) at which delegates ‘agreed to take note’ due to a lack of con-
sensus that an agreement would require. Some of the key elements 
include: recognition of the importance of the scientific view on the 
need to limit the increase in global mean surface temperature to 2° 
C; commitment by Annex I Parties to implement economy-wide emis-
sions targets by 2020 and non-Annex I Parties to implement mitiga-
tion actions; agreement to have emission targets of Annex I Parties 
and their delivery of finance for developing countries subject to Mea-
surement, Reporting and Verification (MRV) and actions by developing 
countries to be subject to domestic MRV; calls for scaled up financing 
including a fast track financing of USD 30 billion and USD 100 billion 
by 2020; the establishment of a new Green Climate Fund (GCF); and 
the establishment of a new technology mechanism. Some of these ele-
ments were later adopted in the Cancún Agreements.

Cost-benefit analysis (CBA): Monetary measurement of all negative 
and positive impacts associated with a given action. Costs and benefits 
are compared in terms of their difference and / or ratio as an indicator 
of how a given investment or other policy effort pays off seen from the 
society’s point of view.

Cost of conserved energy (CCE): See Levelized cost of conserved 
energy (LCCE).

Cost-effectiveness: A policy is more cost-effective if it achieves a 
goal, such as a given pollution abatement level, at lower cost. A criti-
cal condition for cost-effectiveness is that marginal abatement costs 
be equal among obliged parties. Integrated models approximate cost-
effective solutions, unless they are specifically constrained to behave 
otherwise. Cost-effective mitigation scenarios are those based on a 
stylized implementation approach in which a single price on carbon 
dioxide (CO2) and other greenhouse gases (GHGs) is applied across the 
globe in every sector of every country and that rises over time in a way 
that achieves lowest global discounted costs.

Cost-effectiveness analysis (CEA): A tool based on constrained 
optimization for comparing policies designed to meet a prespecified 
target.

Crediting period, Clean Development Mechanism (CDM): The 
time during which a project activity is able to generate Certified Emis-
sion Reduction Units (CERs). Under certain conditions, the crediting 
period can be renewed up to two times.

Cropland management: The system of practices on land on which 
agricultural crops are grown and on land that is set aside or temporar-
ily not being used for crop production (UNFCCC, 2002).

Decarbonization: The process by which countries or other entities 
aim to achieve a low-carbon economy, or by which individuals aim to 
reduce their carbon consumption.

Decomposition approach: Decomposition methods disaggregate the 
total amount of historical changes of a policy variable into contribu-
tions made by its various determinants.

Deforestation: Conversion of forest to non-forest is one of the major 
sources of greenhouse gas (GHG) emissions. Under Article 3.3 of the 
Kyoto Protocol, “the net changes in greenhouse gas emissions by 
sources and removals by sinks resulting from direct human-induced 
land-use change and forestry activities, limited to afforestation, 
reforestation and deforestation since 1990, measured as verifiable 
changes in carbon stocks in each commitment period, shall be sued 
to meet the commitments under this Article of each Party included in 
Annex  I”. Reducing emissions from deforestation is not eligible for 
Joint Implementation (JI) or Clean Development Mechanism (CDM) 
projects but has been introduced in the program of work under REDD 
(Reducing Emissions from Deforestation and Forest Degradation) 
under the United Nations Framework Convention on Climate Change 
(UNFCCC). 

For a discussion of the term forest and related terms such as afforesta-
tion, reforestation, and deforestation see the IPCC Special Report on 
Land Use, Land-Use Change and Forestry (IPCC, 2000). See also the 
report on Definitions and Methodological Options to Inventory Emis-
sions from Direct Human-induced Degradation of Forests and Deveg-
etation of Other Vegetation Types (IPCC, 2003).
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Dematerialization: The ambition to reduce the total material inputs 
required to deliver a final service.

Descriptive analysis: Descriptive (also termed positive) approaches to 
analysis focus on how the world works or actors behave, not how they 
should behave in some idealized world. See also Normative analysis.

Desertification: Land degradation in arid, semi-arid, and dry sub-
humid areas resulting from various factors, including climatic varia-
tions and human activities. Land degradation in arid, semi-arid, and 
dry sub-humid areas is a reduction or loss of the biological or eco-
nomic productivity and complexity of rainfed cropland, irrigated crop-
land, or range, pasture, forest, and woodlands resulting from land uses 
or from a process or combination of processes, including processes 
arising from human activities and habitation patterns, such as (1) soil 
erosion caused by wind and / or water; (2) deterioration of the physical, 
chemical, biological, or economic properties of soil; and (3) long-term 
loss of natural vegetation (UNCCD, 1994).

Designated national authority (DNA): A designated national 
authority is a national institution that authorizes and approves Clean 
Development Mechansim (CDM) projects in that country. In CDM host 
countries, the DNA assesses whether proposed projects assist the host 
country in achieving its sustainable development (SD) goals, certifica-
tion of which is a prerequisite for registration of the project by the 
CDM Executive Board. 

Developed / developing countries: See Industrialized / developing 
countries.

Development pathway: An evolution based on an array of techno-
logical, economic, social, institutional, cultural, and biophysical charac-
teristics that determine the interactions between human and natural 
systems, including consumption and production patterns in all coun-
tries, over time at a particular scale.

Direct Air Capture (DAC): Chemical process by which a pure carbon 
dioxide (CO2) stream is produced by capturing CO2 from the ambient 
air.

Direct emissions: See Emissions.

Discounting: A mathematical operation making monetary (or other) 
amounts received or expended at different times (years) comparable 
across time. The discounter uses a fixed or possibly time-varying dis-
count rate (> 0) from year to year that makes future value worth less 
today. See also Present value.

Double dividend: The extent to which revenue-generating instru-
ments, such as carbon taxes or auctioned (tradable) emission permits 
can (1) contribute to mitigation and (2) offset at least part of the 
potential welfare losses of climate policies through recycling the rev-
enue in the economy to reduce other taxes likely to cause distortions. 

Drivers of behaviour: Determinants of human decisions and actions, 
including peoples’ values and goals and the factors that constrain 
action, including economic factors and incentives, information access, 
regulatory and technological constraints, cognitive and emotional 
processing capacity, and social norms. See also Behaviour and Behav-
ioural change.

Drivers of emissions: Drivers of emissions refer to the processes, 
mechanisms and properties that influence emissions through factors. 
Factors comprise the terms in a decomposition of emissions. Factors 
and drivers may in return affect policies, measures and other drivers.

Economic efficiency: Economic efficiency refers to an economy’s allo-
cation of resources (goods, services, inputs, productive activities). An 
allocation is efficient if it is not possible to reallocate resources so as 
to make at least one person better off without making someone else 
worse off. An allocation is inefficient if such a reallocation is possible. 
This is also known as the Pareto Criterion for efficiency. See also Pareto 
optimum.

Economies in Transition (EITs): Countries with their economies 
changing from a planned economic system to a market economy. See 
Annex II.2.1.

Ecosystem: A functional unit consisting of living organisms, their non-
living environment, and the interactions within and between them. The 
components included in a given ecosystem and its spatial boundaries 
depend on the purpose for which the ecosystem is defined: in some 
cases they are relatively sharp, while in others they are diffuse. Ecosys-
tem boundaries can change over time. Ecosystems are nested within 
other ecosystems, and their scale can range from very small to the 
entire biosphere. In the current era, most ecosystems either contain 
people as key organisms, or are influenced by the effects of human 
activities in their environment.

Ecosystem services: Ecological processes or functions having mon-
etary or non-monetary value to individuals or society at large. These 
are frequently classified as (1) supporting services such as productiv-
ity or biodiversity maintenance, (2) provisioning services such as food, 
fiber, or fish, (3) regulating services such as climate regulation or car-
bon sequestration, and (4) cultural services such as tourism or spiritual 
and aesthetic appreciation.

Embodied emissions: See Emissions.

Embodied energy: See Energy.

Emission allowance: See Emission permit.

Emission factor / Emissions intensity: The emissions released per 
unit of activity. See also Carbon intensity.
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Emission permit: An entitlement allocated by a government to a 
legal entity (company or other emitter) to emit a specified amount of a 
substance. Emission permits are often used as part of emissions trad-
ing schemes. 

Emission quota: The portion of total allowable emissions assigned to 
a country or group of countries within a framework of maximum total 
emissions.

Emission scenario: A plausible representation of the future devel-
opment of emissions of substances that are potentially radiatively 
active (e. g., greenhouse gases, aerosols) based on a coherent and 
internally consistent set of assumptions about driving forces (such 
as demographic and socioeconomic development, technological 
change, energy and land use) and their key relationships. Concentra-
tion scenarios, derived from emission scenarios, are used as input to 
a climate model to compute climate projections. In IPCC (1992) a set 
of emission scenarios was presented which were used as a basis for 
the climate projections in IPCC (1996). These emission scenarios are 
referred to as the IS92 scenarios. In the IPCC Special Report on Emis-
sion Scenarios (Nakićenović and Swart, 2000) emission scenarios, 
the so-called SRES scenarios, were published, some of which were 
used, among others, as a basis for the climate projections presented 
in Chapters 9 to 11 of IPCC (2001) and Chapters 10 and 11 of IPCC 
(2007). New emission scenarios for climate change, the four Repre-
sentative Concentration Pathways (RCPs), were developed for, but 
independently of, the present IPCC assessment. See also Baseline / ref-
erence, Climate scenario, Mitigation scenario, Shared socio-economic 
pathways, Scenario, Socio-economic scenario, Stabilization, and 
Transformation pathway.

Emission trajectories: A projected development in time of the emis-
sion of a greenhouse gas (GHG) or group of GHGs, aerosols, and GHG 
precursors. 

Emissions: 

Agricultural emissions: Emissions associated with agricultural 
systems — predominantly methane (CH4) or nitrous oxide (N2O). 
These include emissions from enteric fermentation in domestic 
livestock, manure management, rice cultivation, prescribed burn-
ing of savannas and grassland, and from soils (IPCC, 2006). 

Anthropogenic emissions: Emissions of greenhouse gases 
(GHGs), aerosols, and precursors of a GHG or aerosol caused by 
human activities. These activities include the burning of fossil fuels, 
deforestation, land use changes (LUC), livestock production, fertil-
ization, waste management, and industrial processes.

Direct emissions: Emissions that physically arise from activities 
within well-defined boundaries of, for instance, a region, an eco-
nomic sector, a company, or a process.

Embodied emissions: Emissions that arise from the production 
and delivery of a good or service or the build-up of infrastructure. 
Depending on the chosen system boundaries, upstream emissions 
are often included (e. g., emissions resulting from the extraction of 
raw materials). See also Lifecycle assessment (LCA).

Indirect emissions: Emissions that are a consequence of the 
activities within well-defined boundaries of, for instance, a region, 
an economic sector, a company or process, but which occur outside 
the specified boundaries. For example, emissions are described as 
indirect if they relate to the use of heat but physically arise out-
side the boundaries of the heat user, or to electricity production 
but physically arise outside of the boundaries of the power supply 
sector.

Scope 1, Scope 2, and Scope 3 emissions: Emissions respon-
sibility as defined by the GHG Protocol, a private sector initiative. 
‘Scope 1’ indicates direct greenhouse gas (GHG) emissions that are 
from sources owned or controlled by the reporting entity. ‘Scope 
2’ indicates indirect GHG emissions associated with the produc-
tion of electricity, heat, or steam purchased by the reporting entity. 
‘Scope 3’ indicates all other indirect emissions, i. e., emissions asso-
ciated with the extraction and production of purchased materials, 
fuels, and services, including transport in vehicles not owned or 
controlled by the reporting entity, outsourced activities, waste dis-
posal, etc. (WBCSD and WRI, 2004).

Territorial emissions: Emissions that take place within the ter-
ritories of a particular jurisdiction.

Emissions Reduction Unit (ERU): Equal to one metric tonne of CO2-
equivalent emissions reduced or of carbon dioxide (CO2) removed from 
the atmosphere through a Joint Implementation (JI) (defined in Arti-
cle 6 of the Kyoto Protocol) project, calculated using Global Warming 
Potentials (GWPs). See also Certified Emission Reduction Unit (CER) 
and Emissions trading.

Emission standard: An emission level that, by law or by voluntary 
agreement, may not be exceeded. Many standards use emission fac-
tors in their prescription and therefore do not impose absolute limits 
on the emissions.

Emissions trading: A market-based instrument used to limit emis-
sions. The environmental objective or sum of total allowed emissions is 
expressed as an emissions cap. The cap is divided in tradable emission 
permits that are allocated — either by auctioning or handing out for 
free (grandfathering) — to entities within the jurisdiction of the trad-
ing scheme. Entities need to surrender emission permits equal to the 
amount of their emissions (e. g., tonnes of carbon dioxide). An entity 
may sell excess permits. Trading schemes may occur at the intra-com-
pany, domestic, or international level and may apply to carbon dioxide 
(CO2), other greenhouse gases (GHGs), or other substances. Emissions 
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trading is also one of the mechanisms under the Kyoto Protocol. See 
also Kyoto Mechanisms.

Energy: The power of ‘doing work’ possessed at any instant by a 
body or system of bodies. Energy is classified in a variety of types and 
becomes available to human ends when it flows from one place to 
another or is converted from one type into another. 

Embodied energy: The energy used to produce a material sub-
stance or product (such as processed metals or building materi-
als), taking into account energy used at the manufacturing facility, 
energy used in producing the materials that are used in the manu-
facturing facility, and so on.

Final energy: See Primary energy.

Primary energy: Primary energy (also referred to as energy 
sources) is the energy stored in natural resources (e. g., coal, crude 
oil, natural gas, uranium, and renewable sources). It is defined in 
several alternative ways. The International Energy Agency (IEA) 
utilizes the physical energy content method, which defines pri-
mary energy as energy that has not undergone any anthropogenic 
conversion. The method used in this report is the direct equiva-
lent method (see Annex II.4), which counts one unit of secondary 
energy provided from non-combustible sources as one unit of pri-
mary energy, but treats combustion energy as the energy poten-
tial contained in fuels prior to treatment or combustion. Primary 
energy is transformed into secondary energy by cleaning (natural 
gas), refining (crude oil to oil products) or by conversion into elec-
tricity or heat. When the secondary energy is delivered at the end-
use facilities it is called final energy (e. g., electricity at the wall 
outlet), where it becomes usable energy in supplying energy ser-
vices (e. g., light).

Renewable energy (RE): Any form of energy from solar, geophys-
ical, or biological sources that is replenished by natural processes 
at a rate that equals or exceeds its rate of use. For a more detailed 
description see Bioenergy, Solar energy, Hydropower, Ocean, Geo-
thermal, and Wind energy.

Secondary energy: See Primary energy.

Energy access: Access to clean, reliable and affordable energy ser-
vices for cooking and heating, lighting, communications, and produc-
tive uses (AGECC, 2010).

Energy carrier: A substance for delivering mechanical work or trans-
fer of heat. Examples of energy carriers include: solid, liquid, or gas-
eous fuels (e. g., biomass, coal, oil, natural gas, hydrogen); pressur-
ized / heated / cooled fluids (air, water, steam); and electric current.

Energy density: The ratio of stored energy to the volume or mass of 
a fuel or battery.

Energy efficiency (EE): The ratio of useful energy output of a system, 
conversion process, or activity to its energy input. In economics, the 
term may describe the ratio of economic output to energy input. See 
also Energy intensity.

Energy intensity: The ratio of energy use to economic or physical out-
put. 

Energy poverty: A lack of access to modern energy services. See also 
Energy access.

Energy security: The goal of a given country, or the global community 
as a whole, to maintain an adequate, stable, and predictable energy 
supply. Measures encompass safeguarding the sufficiency of energy 
resources to meet national energy demand at competitive and stable 
prices and the resilience of the energy supply; enabling development 
and deployment of technologies; building sufficient infrastructure to 
generate, store and transmit energy supplies; and ensuring enforceable 
contracts of delivery.

Energy services: An energy service is the benefit received as a result 
of energy use.

Energy system: The energy system comprises all components related 
to the production, conversion, delivery, and use of energy. 

Environmental effectiveness: A policy is environmentally effective 
to the extent by which it achieves its expected environmental target 
(e. g., greenhouse gas (GHG) emission reduction).

Environmental input-output analysis: An analytical method used 
to allocate environmental impacts arising in production to categories 
of final consumption, by means of the Leontief inverse of a country’s 
economic input-output tables. See also Annex II.6.2.

Environmental Kuznets Curve: The hypothesis that various environ-
mental impacts first increase and then eventually decrease as income 
per capita increases.

Evidence: Information indicating the degree to which a belief or prop-
osition is true or valid. In this report, the degree of evidence reflects 
the amount, quality, and consistency of scientific / technical information 
on which the Lead Authors are basing their findings. See also Agree-
ment, Confidence, Likelihood and Uncertainty.

Externality / external cost / external benefit: Externalities arise from 
a human activity when agents responsible for the activity do not take 
full account of the activity’s impacts on others’ production and con-
sumption possibilities, and no compensation exists for such impacts. 
When the impacts are negative, they are external costs. When the 
impacts are positive, they are external benefits. See also Social costs.
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Feed-in tariff (FIT): The price per unit of electricity (heat) that a utility 
or power (heat) supplier has to pay for distributed or renewable elec-
tricity (heat) fed into the power grid (heat supply system) by non-utility 
generators. A public authority regulates the tariff. 

Final energy: See Primary energy.

Flaring: Open air burning of waste gases and volatile liquids, through 
a chimney, at oil wells or rigs, in refineries or chemical plants, and at 
landfills. 

Flexibility Mechanisms: See Kyoto Mechanisms.

Food security: A state that prevails when people have secure access 
to sufficient amounts of safe and nutritious food for normal growth, 
development, and an active and healthy life.4 

Forest: A vegetation type dominated by trees. Many definitions of the 
term forest are in use throughout the world, reflecting wide differences 
in biogeophysical conditions, social structure and economics. According 
to the 2005 United Nations Framework Convention on Climate Change 
(UNFCCC) definition a forest is an area of land of at least 0.05 – 1 hect-
are, of which more than 10 – 30 % is covered by tree canopy. Trees must 
have a potential to reach a minimum of 25 meters at maturity in situ. 
Parties to the Convention can choose to define a forest from within 
those ranges. Currently, the definition does not recognize different 
biomes, nor do they distinguish natural forests from plantations, an 
anomaly being pointed out by many as in need of rectification. 

For a discussion of the term forest and related terms such as afforesta-
tion, reforestation and deforestation see the IPCC Report on Land Use, 
Land-Use Change and Forestry (IPCC, 2000). See also the Report on 
Definitions and Methodological Options to Inventory Emissions from 
Direct Human-induced Degradation of Forests and Devegetation of 
Other Vegetation Types (IPCC, 2003).

Forest management: A system of practices for stewardship and use 
of forest land aimed at fulfilling relevant ecological (including biologi-
cal diversity), economic and social functions of the forest in a sustain-
able manner (UNFCCC, 2002).

Forestry and Other Land Use (FOLU): See Agriculture, Forestry and 
Other Land Use (AFOLU).

Fossil fuels: Carbon-based fuels from fossil hydrocarbon deposits, 
including coal, peat, oil, and natural gas.

Free Rider: One who benefits from a common good without contrib-
uting to its creation or preservation.

4 This glossary entry builds on definitions used in FAO (2000) and previous IPCC 
reports.

Fuel cell: A fuel cell generates electricity in a direct and continu-
ous way from the controlled electrochemical reaction of hydrogen or 
another fuel and oxygen. With hydrogen as fuel the cell emits only 
water and heat (no carbon dioxide) and the heat can be utilized (see 
also Cogeneration).

Fuel poverty: A condition in which a household is unable to guaran-
tee a certain level of consumption of domestic energy services (espe-
cially heating) or suffers disproportionate expenditure burdens to meet 
these needs.

Fuel switching: In general, fuel switching refers to substituting fuel A 
for fuel B. In the context of mitigation it is implicit that fuel A has lower 
carbon content than fuel B, e. g., switching from natural gas to coal.

General circulation (climate) model (GCM): See Climate model.

General equilibrium analysis: General equilibrium analysis consid-
ers simultaneously all the markets and feedback effects among these 
markets in an economy leading to market clearance. (Computable) 
general equilibrium (CGE) models are the operational tools used to 
perform this type of analysis.

Geoengineering: Geoengineering refers to a broad set of methods 
and technologies that aim to deliberately alter the climate system 
in order to alleviate the impacts of climate change. Most, but not 
all, methods seek to either (1) reduce the amount of absorbed solar 
energy in the climate system (Solar Radiation Management) or (2) 
increase net carbon sinks from the atmosphere at a scale sufficiently 
large to alter climate (Carbon Dioxide Removal). Scale and intent 
are of central importance. Two key characteristics of geoengineer-
ing methods of particular concern are that they use or affect the cli-
mate system (e. g., atmosphere, land or ocean) globally or regionally 
and / or could have substantive unintended effects that cross national 
boundaries. Geoengineering is different from weather modification 
and ecological engineering, but the boundary can be fuzzy (IPCC, 
2012, p. 2).

Geothermal energy: Accessible thermal energy stored in the earth’s 
interior.

Global Environment Facility (GEF): The Global Environment Facil-
ity, established in 1991, helps developing countries fund projects and 
programmes that protect the global environment. GEF grants support 
projects related to biodiversity, climate change, international waters, 
land degradation, the ozone (O3) layer, and persistent organic pollut-
ants.

Global mean surface temperature: An estimate of the global mean 
surface air temperature. However, for changes over time, only anoma-
lies, as departures from a climatology, are used, most commonly based 
on the area-weighted global average of the sea surface temperature 
anomaly and land surface air temperature anomaly. 
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Global warming: Global warming refers to the gradual increase, 
observed or projected, in global surface temperature, as one of the 
consequences of radiative forcing caused by anthropogenic emissions.

Global Warming Potential (GWP): An index, based on radiative 
properties of greenhouse gases (GHGs), measuring the radiative forc-
ing following a pulse emission of a unit mass of a given GHG in the 
present-day atmosphere integrated over a chosen time horizon, rela-
tive to that of carbon dioxide (CO2). The GWP represents the combined 
effect of the differing times these gases remain in the atmosphere and 
their relative effectiveness in causing radiative forcing. The Kyoto Pro-
tocol is based on GWPs from pulse emissions over a 100-year time 
frame. Unless stated otherwise, this report uses GWP values calculated 
with a 100-year time horizon which are often derived from the IPCC 
Second Assessment Report (see Annex II.9.1 for the GWP values of the 
different GHGs).

Governance: A comprehensive and inclusive concept of the full range 
of means for deciding, managing, and implementing policies and mea-
sures. Whereas government is defined strictly in terms of the nation-
state, the more inclusive concept of governance recognizes the contri-
butions of various levels of government (global, international, regional, 
local) and the contributing roles of the private sector, of nongovern-
mental actors, and of civil society to addressing the many types of 
issues facing the global community.

Grazing land management: The system of practices on land used for 
livestock production aimed at manipulating the amount and type of 
vegetation and livestock produced (UNFCCC, 2002).

Green Climate Fund (GCF): The Green Climate Fund was established 
by the 16th Session of the Conference of the Parties (COP) in 2010 as 
an operating entity of the financial mechanism of the United Nations 
Framework Convention on Climate Change (UNFCCC), in accordance 
with Article 11 of the Convention, to support projects, programmes 
and policies and other activities in developing country Parties. The 
Fund is governed by a Board and will receive guidance of the COP. The 
Fund is headquartered in Songdo, Republic of Korea.

Greenhouse effect: The infrared radiative effect of all infrared-
absorbing constituents in the atmosphere. Greenhouse gases (GHGs), 
clouds, and (to a small extent) aerosols absorb terrestrial radiation 
emitted by the earth’s surface and elsewhere in the atmosphere. These 
substances emit infrared radiation in all directions, but, everything else 
being equal, the net amount emitted to space is normally less than 
would have been emitted in the absence of these absorbers because 
of the decline of temperature with altitude in the troposphere and the 
consequent weakening of emission. An increase in the concentration 
of GHGs increases the magnitude of this effect; the difference is some-
times called the enhanced greenhouse effect. The change in a GHG 
concentration because of anthropogenic emissions contributes to an 
instantaneous radiative forcing. Surface temperature and troposphere 

warm in response to this forcing, gradually restoring the radiative bal-
ance at the top of the atmosphere.

Greenhouse gas (GHG): Greenhouse gases are those gaseous con-
stituents of the atmosphere, both natural and anthropogenic, that 
absorb and emit radiation at specific wavelengths within the spectrum 
of terrestrial radiation emitted by the earth’s surface, the atmosphere 
itself, and by clouds. This property causes the greenhouse effect. Water 
vapour (H2O), carbon dioxide (CO2), nitrous oxide (N2O), methane 
(CH4) and ozone (O3) are the primary GHGs in the earth’s atmosphere. 
Moreover, there are a number of entirely human-made GHGs in the 
atmosphere, such as the halocarbons and other chlorine- and bromine-
containing substances, dealt with under the Montreal Protocol. Beside 
CO2, N2O and CH4, the Kyoto Protocol deals with the GHGs sulphur 
hexafluoride (SF6), hydrofluorocarbons (HFCs) and perfluorocarbons 
(PFCs). For a list of well-mixed GHGs, see WGI AR5 Table 2.A.1.

Gross domestic product (GDP): The sum of gross value added, at 
purchasers’ prices, by all resident and non-resident producers in the 
economy, plus any taxes and minus any subsidies not included in the 
value of the products in a country or a geographic region for a given 
period, normally one year. GDP is calculated without deducting for 
depreciation of fabricated assets or depletion and degradation of natu-
ral resources.

Gross national expenditure (GNE): The total amount of public and 
private consumption and capital expenditures of a nation. In general, 
national account is balanced such that gross domestic product (GDP) + 
import = GNE + export.

Gross national product: The value added from domestic and foreign 
sources claimed by residents. GNP comprises gross domestic product 
(GDP) plus net receipts of primary income from non-resident income.

Gross world product: An aggregation of the individual country’s 
gross domestic products (GDP) to obtain the world or global GDP.

Heat island: The relative warmth of a city compared with surrounding 
rural areas, associated with changes in runoff, effects on heat reten-
tion, and changes in surface albedo.

Human Development Index (HDI): The Human Development Index 
allows the assessment of countries’ progress regarding social and eco-
nomic development as a composite index of three indicators: (1) health 
measured by life expectancy at birth; (2) knowledge as measured by 
a combination of the adult literacy rate and the combined primary, 
secondary and tertiary school enrolment ratio; and (3) standard of liv-
ing as gross domestic product (GDP) per capita (in purchasing power 
parity). The HDI sets a minimum and a maximum for each dimension, 
called goalposts, and then shows where each country stands in rela-
tion to these goalposts, expressed as a value between 0 and 1. The 
HDI only acts as a broad proxy for some of the key issues of human 
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development; for instance, it does not reflect issues such as political 
participation or gender inequalities.

Hybrid vehicle: Any vehicle that employs two sources of propulsion, 
particularly a vehicle that combines an internal combustion engine 
with an electric motor.

Hydrofluorocarbons (HFCs): One of the six types of greenhouse 
gases (GHGs) or groups of GHGs to be mitigated under the Kyoto Pro-
tocol. They are produced commercially as a substitute for chlorofluo-
rocarbons (CFCs). HFCs largely are used in refrigeration and semicon-
ductor manufacturing. See also Global Warming Potential (GWP) and 
Annex II.9.1 for GWP values.

Hydropower: Power harnessed from the flow of water.

Incremental costs: See Climate finance.

Incremental investment: See Climate finance.

Indigenous peoples: Indigenous peoples and nations are those that, 
having a historical continuity with pre-invasion and pre-colonial soci-
eties that developed on their territories, consider themselves distinct 
from other sectors of the societies now prevailing on those territories, 
or parts of them. They form at present principally non-dominant sectors 
of society and are often determined to preserve, develop, and transmit 
to future generations their ancestral territories, and their ethnic iden-
tity, as the basis of their continued existence as peoples, in accordance 
with their own cultural patterns, social institutions, and common law 
system.5

Indirect emissions: See Emissions.

Indirect land use change (iLUC): See Land use.

Industrial Revolution: A period of rapid industrial growth with far-
reaching social and economic consequences, beginning in Britain dur-
ing the second half of the 18th century and spreading to Europe and 
later to other countries including the United States. The invention of 
the steam engine was an important trigger of this development. The 
industrial revolution marks the beginning of a strong increase in the 
use of fossil fuels and emission of, in particular, fossil carbon dioxide. 
In this report the terms pre-industrial and industrial refer, somewhat 
arbitrarily, to the periods before and after 1750, respectively.

Industrialized countries / developing countries: There are a diver-
sity of approaches for categorizing countries on the basis of their level 
of development, and for defining terms such as industrialized, devel-
oped, or developing. Several categorizations are used in this report. (1) 

5 This glossary entry builds on the definitions used in Cobo (1987) and previous 
IPCC reports.

In the United Nations system, there is no established convention for 
designating of developed and developing countries or areas. (2) The 
United Nations Statistics Division specifies developed and developing 
regions based on common practice. In addition, specific countries are 
designated as Least Developed Countries (LCD), landlocked develop-
ing countries, small island developing states, and transition economies. 
Many countries appear in more than one of these categories. (3) The 
World Bank uses income as the main criterion for classifying countries 
as low, lower middle, upper middle, and high income. (4) The UNDP 
aggregates indicators for life expectancy, educational attainment, and 
income into a single composite Human Development Index (HDI) to 
classify countries as low, medium, high, or very high human develop-
ment. See WGII AR5 Box 1 – 2.

Input-output analysis: See Environmental input-output analysis.

Institution: Institutions are rules and norms held in common by social 
actors that guide, constrain and shape human interaction. Institu-
tions can be formal, such as laws and policies, or informal, such as 
norms and conventions. Organizations — such as parliaments, regula-
tory agencies, private firms, and community bodies — develop and act 
in response to institutional frameworks and the incentives they frame. 
Institutions can guide, constrain and shape human interaction through 
direct control, through incentives, and through processes of socializa-
tion.

Institutional feasibility: Institutional feasibility has two key parts: (1) 
the extent of administrative workload, both for public authorities and 
for regulated entities, and (2) the extent to which the policy is viewed 
as legitimate, gains acceptance, is adopted, and is implemented.

Integrated assessment: A method of analysis that combines results 
and models from the physical, biological, economic, and social sciences, 
and the interactions among these components in a consistent frame-
work to evaluate the status and the consequences of environmental 
change and the policy responses to it. See also Integrated Models.

Integrated models: See Models.

IPAT identity: IPAT is the lettering of a formula put forward to describe 
the impact of human activity on the environment. Impact (I) is viewed 
as the product of population size (P), affluence (A=GDP / person) and 
technology (T= impact per GDP unit). In this conceptualization, popu-
lation growth by definition leads to greater environmental impact if A 
and T are constant, and likewise higher income leads to more impact 
(Ehrlich and Holdren, 1971).

Iron fertilization: Deliberate introduction of iron to the upper ocean 
intended to enhance biological productivity which can sequester addi-
tional atmospheric carbon dioxide (CO2) into the oceans. See also Geo-
engineering and Carbon Dioxide Removal (CDR).

Jevon’s paradox: See Rebound effect.
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Joint Implementation (JI): A mechanism defined in Article 6 of the 
Kyoto Protocol, through which investors (governments or companies) 
from developed (Annex B) countries may implement projects jointly 
that limit or reduce emissions or enhance sinks, and to share the Emis-
sions Reduction Units (ERU). See also Kyoto Mechanisms.

Kaya identity: In this identity global emissions are equal to the popu-
lation size, multiplied by per capita output (gross world product), mul-
tiplied by the energy intensity of production, multiplied by the carbon 
intensity of energy.

Kyoto Mechanisms (also referred to as Flexibility Mechanisms): 
Market-based mechanisms that Parties to the Kyoto Protocol can use in 
an attempt to lessen the potential economic impacts of their commit-
ment to limit or reduce greenhouse gas (GHG) emissions. They include 
Joint Implementation (JI) (Article 6), Clean Development Mechanism 
(CDM) (Article 12), and Emissions trading (Article 17).

Kyoto Protocol: The Kyoto Protocol to the United Nations Framework 
Convention on Climate Change (UNFCCC) was adopted in 1997 in 
Kyoto, Japan, at the Third Session of the Conference of the Parties (COP) 
to the UNFCCC. It contains legally binding commitments, in addition to 
those included in the UNFCCC. Countries included in Annex B of the 
Protocol (most Organisation for Economic Cooperation and Develop-
ment countries and countries with economies in transition) agreed to 
reduce their anthropogenic greenhouse gas (GHG) emissions (carbon 
dioxide (CO2), methane (CH4), nitrous oxide (N2O), hydrofluorocarbons 
(HFCs), perfluorocarbons (PFCs), and sulphur hexafluoride (SF6)) by at 
least 5 % below 1990 levels in the commitment period 2008 – 2012. 
The Kyoto Protocol entered into force on 16 February 2005.

Land use (change, direct and indirect): Land use refers to the total 
of arrangements, activities and inputs undertaken in a certain land 
cover type (a set of human actions). The term land use is also used 
in the sense of the social and economic purposes for which land is 
managed (e. g., grazing, timber extraction and conservation). In urban 
settlements it is related to land uses within cities and their hinterlands. 
Urban land use has implications on city management, structure, and 
form and thus on energy demand, greenhouse gas (GHG) emissions, 
and mobility, among other aspects.

Land use change (LUC): Land use change refers to a change in 
the use or management of land by humans, which may lead to a 
change in land cover. Land cover and LUC may have an impact on 
the surface albedo, evapotranspiration, sources and sinks of GHGs, 
or other properties of the climate system and may thus give rise to 
radiative forcing and / or other impacts on climate, locally or glob-
ally. See also the IPCC Report on Land Use, Land-Use Change, and 
Forestry (IPCC, 2000).

Indirect land use change (iLUC): Indirect land use change refers 
to shifts in land use induced by a change in the production level of 
an agricultural product elsewhere, often mediated by markets or 

driven by policies. For example, if agricultural land is diverted to 
fuel production, forest clearance may occur elsewhere to replace 
the former agricultural production. See also Afforestation, Defores-
tation and Reforestation.

Land use, land use change and forestry (LULUCF): A greenhouse 
gas (GHG) inventory sector that covers emissions and removals of 
GHGs resulting from direct human-induced land use, land use change 
and forestry activities excluding agricultural emissions. See also Agri-
culture, Forestry and Other Land Use (AFOLU).

Land value capture: A financing mechanism usually based around 
transit systems, or other infrastructure and services, that captures the 
increased value of land due to improved accessibility.

Leakage: Phenomena whereby the reduction in emissions (relative to 
a baseline) in a jurisdiction / sector associated with the implementation 
of mitigation policy is offset to some degree by an increase outside 
the jurisdiction / sector through induced changes in consumption, pro-
duction, prices, land use and / or trade across the jurisdictions / sectors. 
Leakage can occur at a number of levels, be it a project, state, province, 
nation, or world region. See also Rebound effect. 

In the context of Carbon Dioxide Capture and Storage (CCS), ‘CO2 leak-
age’ refers to the escape of injected carbon dioxide (CO2) from the 
storage location and eventual release to the atmosphere. In the con-
text of other substances, the term is used more generically, such as 
for ‘methane (CH4) leakage’ (e. g., from fossil fuel extraction activities), 
and ‘hydrofluorocarbon (HFC) leakage’ (e. g., from refrigeration and 
air-conditioning systems).

Learning curve / rate: Decreasing cost-prices of technologies shown 
as a function of increasing (total or yearly) supplies. The learning rate is 
the percent decrease of the cost-price for every doubling of the cumu-
lative supplies (also called progress ratio).

Least Developed Countries (LDCs): A list of countries designated 
by the Economic and Social Council of the United Nations (ECOSOC) 
as meeting three criteria: (1) a low income criterion below a certain 
threshold of gross national income per capita of between USD 750 
and USD 900, (2) a human resource weakness based on indicators 
of health, education, adult literacy, and (3) an economic vulnerability 
weakness based on indicators on instability of agricultural production, 
instability of export of goods and services, economic importance of 
non-traditional activities, merchandise export concentration, and the 
handicap of economic smallness. Countries in this category are eligible 
for a number of programmes focused on assisting countries most in 
need. These privileges include certain benefits under the articles of the 
United Nations Framework Convention on Climate Change (UNFCCC). 
See also Industrialized / developing countries. 

Levelized cost of conserved carbon (LCCC): See Annex II.3.1.3 for 
concepts and definition.
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Levelized cost of conserved energy (LCCE): See Annex II.3.1.2 for 
concepts and definition.

Levelized cost of energy (LCOE): See Annex II.3.1.1 for concepts 
and definition.

Lifecycle assessment (LCA): A widely used technique defined by ISO 
14040 as a “compilation and evaluation of the inputs, outputs and the 
potential environmental impacts of a product system throughout its 
life cycle”. The results of LCA studies are strongly dependent on the 
system boundaries within which they are conducted. The technique is 
intended for relative comparison of two similar means to complete a 
product. See also Annex II.6.3.

Likelihood: The chance of a specific outcome occurring, where this 
might be estimated probabilistically. This is expressed in this report 
using a standard terminology (Mastrandrea et al., 2010): virtually cer-
tain 99 – 100 % probability, very likely 90 – 100 %, likely 66 – 100 %, 
about as likely as not 33 – 66 %, unlikely 0 – 33 %, very unlikely 0 – 10 
%, exceptionally unlikely 0 – 1 %. Additional terms (more likely than 
not > 50 – 100 %, and more unlikely than likely 0 – < 50 %) may also be 
used when appropriate. Assessed likelihood is typeset in italics, e. g., 
very likely. See also Agreement, Confidence, Evidence and Uncertainty.

Lock-in: Lock-in occurs when a market is stuck with a standard even 
though participants would be better off with an alternative.

Marginal abatement cost (MAC): The cost of one unit of additional 
mitigation.

Market barriers: In the context of climate change mitigation, market 
barriers are conditions that prevent or impede the diffusion of cost-
effective technologies or practices that would mitigate greenhouse gas 
(GHG) emissions.

Market-based mechanisms, GHG emissions: Regulatory approaches 
using price mechanisms (e. g., taxes and auctioned emission permits), 
among other instruments, to reduce the sources or enhance the sinks 
of greenhouse gases (GHGs).

Market exchange rate (MER): The rate at which foreign currencies 
are exchanged. Most economies post such rates daily and they vary 
little across all the exchanges. For some developing economies, offi-
cial rates and black-market rates may differ significantly and the MER 
is difficult to pin down. See also Purchasing power parity (PPP) and 
Annex II.1.3 for the monetary conversion process applied throughout 
this report.

Market failure: When private decisions are based on market prices 
that do not reflect the real scarcity of goods and services but rather 
reflect market distortions, they do not generate an efficient allocation 
of resources but cause welfare losses. A market distortion is any event 

in which a market reaches a market clearing price that is substantially 
different from the price that a market would achieve while operating 
under conditions of perfect competition and state enforcement of legal 
contracts and the ownership of private property. Examples of factors 
causing market prices to deviate from real economic scarcity are envi-
ronmental externalities, public goods, monopoly power, information 
asymmetry, transaction costs, and non-rational behaviour. See also 
Economic efficiency.

Material flow analysis (MFA): A systematic assessment of the flows 
and stocks of materials within a system defined in space and time 
(Brunner and Rechberger, 2004). See also Annex II.6.1.

Measures: In climate policy, measures are technologies, processes or 
practices that contribute to mitigation, for example renewable energy 
(RE) technologies, waste minimization processes, public transport com-
muting practices. 

Meeting of the Parties (CMP): The Conference of the Parties (COP) 
to the United Nations Framework Convention on Climate Change  
(UNFCCC) serves as the CMP, the supreme body of the Kyoto Protocol, 
since the latter entered into force on 16 February 2005. Only Parties 
to the Kyoto Protocol may participate in deliberations and make deci-
sions.

Methane (CH4): One of the six greenhouse gases (GHGs) to be miti-
gated under the Kyoto Protocol and is the major component of natural 
gas and associated with all hydrocarbon fuels. Significant emissions 
occur as a result of animal husbandry and agriculture and their man-
agement represents a major mitigation option. See also Global Warm-
ing Potential (GWP) and Annex II.9.1 for GWP values.

Methane recovery: Any process by which methane (CH4) emissions 
(e. g., from oil or gas wells, coal beds, peat bogs, gas transmission pipe-
lines, landfills, or anaerobic digesters) are captured and used as a fuel 
or for some other economic purpose (e. g., chemical feedstock).

Millennium Development Goals (MDGs): A set of eight time-bound 
and measurable goals for combating poverty, hunger, disease, illit-
eracy, discrimination against women and environmental degradation. 
These goals were agreed to at the UN Millennium Summit in 2000 
together with an action plan to reach the goals.

Mitigation (of climate change): A human intervention to reduce the 
sources or enhance the sinks of greenhouse gases (GHGs). This report 
also assesses human interventions to reduce the sources of other 
substances which may contribute directly or indirectly to limiting cli-
mate change, including, for example, the reduction of particulate mat-
ter (PM) emissions that can directly alter the radiation balance (e. g., 
black carbon) or measures that control emissions of carbon monoxide, 
nitrogen oxides (NOx), Volatile Organic Compounds (VOCs) and other 
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pollutants that can alter the concentration of tropospheric ozone (O3) 
which has an indirect effect on the climate.

Mitigation capacity: A country’s ability to reduce anthropogenic 
greenhouse gas (GHG) emissions or to enhance natural sinks, where 
ability refers to skills, competencies, fitness, and proficiencies that a 
country has attained and depends on technology, institutions, wealth, 
equity, infrastructure, and information. Mitigative capacity is rooted in 
a country’s sustainable development (SD) path.

Mitigation scenario: A plausible description of the future that 
describes how the (studied) system responds to the implementation 
of mitigation policies and measures. See also Baseline / reference, 
Climate scenario, Emission scenario, Representative Concentration 
Pathways (RCPs), Scenario, Shared socio-economic pathways, Socio-
economic scenarios, SRES scenarios, Stabilization, and Transformation 
pathways.

Models: Structured imitations of a system’s attributes and mecha-
nisms to mimic appearance or functioning of systems, for example, the 
climate, the economy of a country, or a crop. Mathematical models 
assemble (many) variables and relations (often in a computer code) to 
simulate system functioning and performance for variations in param-
eters and inputs.

Computable General Equilibrium (CGE) Model: A class of 
economic models that use actual economic data (i. e., input / out-
put data), simplify the characterization of economic behaviour, 
and solve the whole system numerically. CGE models specify all 
economic relationships in mathematical terms and predict the 
changes in variables such as prices, output and economic welfare 
resulting from a change in economic policies, given information 
about technologies and consumer preferences (Hertel, 1997). See 
also General equilibrium analysis.

Integrated Model: Integrated models explore the interactions 
between multiple sectors of the economy or components of par-
ticular systems, such as the energy system. In the context of trans-
formation pathways, they refer to models that, at a minimum, 
include full and disaggregated representations of the energy 
system and its linkage to the overall economy that will allow for 
consideration of interactions among different elements of that 
system. Integrated models may also include representations of the 
full economy, land use and land use change (LUC), and the climate 
system. See also Integrated assessment.

Sectoral Model: In the context of this report, sectoral models 
address only one of the core sectors that are discussed in this 
report, such as buildings, industry, transport, energy supply, and 
Agriculture, Forestry and Other Land Use (AFOLU).

Montreal Protocol: The Montreal Protocol on Substances that 
Deplete the Ozone Layer was adopted in Montreal in 1987, and subse-

quently adjusted and amended in London (1990), Copenhagen (1992), 
Vienna (1995), Montreal (1997) and Beijing (1999). It controls the con-
sumption and production of chlorine- and bromine- containing chemi-
cals that destroy stratospheric ozone (O3), such as chlorofluorocarbons 
(CFCs), methyl chloroform, carbon tetrachloride and many others.

Multi-criteria analysis (MCA): Integrates different decision param-
eters and values without assigning monetary values to all parameters. 
Multi-criteria analysis can combine quantitative and qualitative infor-
mation. Also referred to as multi-attribute analysis.

Multi-attribute analysis: See Multi-criteria analysis (MCA).

Multi-gas: Next to carbon dioxide (CO2), there are other forcing com-
ponents taken into account in, e. g., achieving reduction for a basket of 
greenhouse gas (GHG) emissions (CO2, methane (CH4), nitrous oxide 
(N2O), and fluorinated gases) or stabilization of CO2-equivalent con-
centrations (multi-gas stabilization, including GHGs and aerosols).

Nationally Appropriate Mitigation Action (NAMA): Nationally 
Appropriate Mitigation Actions are a concept for recognizing and 
financing emission reductions by developing countries in a post-2012 
climate regime achieved through action considered appropriate in a 
given national context. The concept was first introduced in the Bali 
Action Plan in 2007 and is contained in the Cancún Agreements.

Nitrogen oxides (NOX): Any of several oxides of nitrogen.

Nitrous oxide (N2O): One of the six greenhouse gases (GHGs) to be 
mitigated under the Kyoto Protocol. The main anthropogenic source 
of N2O is agriculture (soil and animal manure management), but 
important contributions also come from sewage treatment, fossil fuel 
combustion, and chemical industrial processes. N2O is also produced 
naturally from a wide variety of biological sources in soil and water, 
particularly microbial action in wet tropical forests. See also Global 
Warming Potential (GWP) and Annex II.9.1 for GWP values.

Non-Annex I Parties / countries: Non-Annex I Parties are mostly 
developing countries. Certain groups of developing countries are 
recognized by the Convention as being especially vulnerable to the 
adverse impacts of climate change, including countries with low-lying 
coastal areas and those prone to desertification and drought. Others, 
such as countries that rely heavily on income from fossil fuel produc-
tion and commerce, feel more vulnerable to the potential economic 
impacts of climate change response measures. The Convention empha-
sizes activities that promise to answer the special needs and concerns 
of these vulnerable countries, such as investment, insurance, and tech-
nology transfer. See also Annex I Parties / countries.

Normative analysis: Analysis in which judgments about the desirabil-
ity of various policies are made. The conclusions rest on value judg-
ments as well as on facts and theories. See also Descriptive analysis.
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Ocean energy: Energy obtained from the ocean via waves, tidal 
ranges, tidal and ocean currents, and thermal and saline gradients.

Offset (in climate policy): A unit of CO2-equivalent emissions that is 
reduced, avoided, or sequestered to compensate for emissions occur-
ring elsewhere.

Oil sands and oil shale: Unconsolidated porous sands, sandstone 
rock, and shales containing bituminous material that can be mined 
and converted to a liquid fuel. See also Unconventional fuels.

Overshoot pathways: Emissions, concentration, or temperature 
pathways in which the metric of interest temporarily exceeds, or ‘over-
shoots’, the long-term goal.

Ozone (O3): Ozone, the triatomic form of oxygen (O3), is a gaseous 
atmospheric constituent. In the troposphere, it is created both naturally 
and by photochemical reactions involving gases resulting from human 
activities (smog). Tropospheric O3 acts as a greenhouse gas (GHG). In 
the stratosphere, it is created by the interaction between solar ultra-
violet radiation and molecular oxygen (O2). Stratospheric O3 plays a 
dominant role in the stratospheric radiative balance. Its concentration 
is highest in the O3 layer.

Paratransit: Denotes flexible passenger transportation, often but not 
only in areas with low population density, that does not follow fixed 
routes or schedules. Options include minibuses (matatus, marshrutka), 
shared taxis and jitneys. Sometimes paratransit is also called commu-
nity transit.

Pareto optimum: A state in which no one’s welfare can be increased 
without reducing someone else’s welfare. See also Economic efficiency.

Particulate matter (PM): Very small solid particles emitted during 
the combustion of biomass and fossil fuels. PM may consist of a wide 
variety of substances. Of greatest concern for health are particulates of 
diameter less than or equal to 10 nanometers, usually designated as 
PM10. See also Aerosol.

Passive design: The word ‘passive’ in this context implies the ideal 
target that the only energy required to use the designed product or 
service comes from renewable sources. 

Path dependence: The generic situation where decisions, events, or 
outcomes at one point in time constrain adaptation, mitigation, or 
other actions or options at a later point in time.

Payback period: Mostly used in investment appraisal as financial 
payback, which is the time needed to repay the initial investment by 
the returns of a project. A payback gap exists when, for example, pri-
vate investors and micro-financing schemes require higher profitability 
rates from renewable energy (RE) projects than from fossil-fired proj-

ects. Energy payback is the time an energy project needs to deliver as 
much energy as had been used for setting the project online. Carbon 
payback is the time a renewable energy (RE) project needs to deliver 
as much net greenhouse gas (GHG) savings (with respect to the fossil 
reference energy system) as its realization has caused GHG emissions 
from a perspective of lifecycle assessment (LCA) (including land use 
changes (LUC) and loss of terrestrial carbon stocks).

Perfluorocarbons (PFCs): One of the six types of greenhouse gases 
(GHGs) or groups of GHGs to be mitigated under the Kyoto Protocol. 
PFCs are by-products of aluminium smelting and uranium enrichment. 
They also replace chlorofluorocarbons (CFCs) in manufacturing semi-
conductors. See also Global Warming Potential (GWP) and Annex II.9.1 
for GWP values.

Photovoltaic cells (PV): Electronic devices that generate electricity 
from light energy. See also Solar energy.

Policies (for mitigation of or adaptation to climate change): Poli-
cies are a course of action taken and / or mandated by a government, 
e. g., to enhance mitigation and adaptation. Examples of policies aimed 
at mitigation are support mechanisms for renewable energy (RE) sup-
plies, carbon or energy taxes, fuel efficiency standards for automobiles. 
See also Measures.

Polluter pays principle (PPP): The party causing the pollution is 
responsible for paying for remediation or for compensating the damage.

Positive analysis: See Descriptive analysis.

Potential: The possibility of something happening, or of someone 
doing something in the future. Different metrics are used throughout 
this report for the quantification of different types of potentials, includ-
ing the following:

Technical potential: Technical potential is the amount by which 
it is possible to pursue a specific objective through an increase in 
deployment of technologies or implementation of processes and 
practices that were not previously used or implemented. Quanti-
fication of technical potentials may take into account other than 
technical considerations, including social, economic and / or envi-
ronmental considerations.

Precautionary principle: A provision under Article 3 of the United 
Nations Framework Convention on Climate Change (UNFCCC), stipu-
lating that the Parties should take precautionary measures to antici-
pate, prevent, or minimize the causes of climate change and mitigate 
its adverse effects. Where there are threats of serious or irreversible 
damage, lack of full scientific certainty should not be used as a reason 
to postpone such measures, taking into account that policies and mea-
sures to deal with climate change should be cost-effective in order to 
ensure global benefits at the lowest possible cost.
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Precursors: Atmospheric compounds that are not greenhouse gases 
(GHGs) or aerosols, but that have an effect on GHG or aerosol con-
centrations by taking part in physical or chemical processes regulating 
their production or destruction rates.

Pre-industrial: See Industrial Revolution.

Present value: Amounts of money available at different dates in the 
future are discounted back to a present value, and summed to get the 
present value of a series of future cash flows. See also Discounting.

Primary production: All forms of production accomplished by plants, 
also called primary producers.

Primary energy: See Energy.

Private costs: Private costs are carried by individuals, companies or 
other private entities that undertake an action, whereas social costs 
include additionally the external costs on the environment and on soci-
ety as a whole. Quantitative estimates of both private and social costs 
may be incomplete, because of difficulties in measuring all relevant 
effects.

Production-based accounting: Production-based accounting pro-
vides a measure of emissions released to the atmosphere for the pro-
duction of goods and services by a certain entity (e. g., person, firm, 
country, or region). See also Consumption-based accounting.

Public good: Public goods are non-rivalrous (goods whose consump-
tion by one consumer does not prevent simultaneous consumption by 
other consumers) and non-excludable (goods for which it is not pos-
sible to prevent people who have not paid for it from having access 
to it). 

Purchasing power parity (PPP): The purchasing power of a currency 
is expressed using a basket of goods and services that can be bought 
with a given amount in the home country. International comparison 
of, for example, gross domestic products (GDP) of countries can be 
based on the purchasing power of currencies rather than on current 
exchange rates. PPP estimates tend to lower per capita GDP in indus-
trialized countries and raise per capita GDP in developing countries. 
(PPP is also an acronym for polluter pays principle). See also Market 
exchange rate (MER) and Annex II.1.3 for the monetary conversion 
process applied throughout this report.

Radiation management: See Solar Radiation Management.

Radiative forcing: Radiative forcing is the change in the net, down-
ward minus upward, radiative flux (expressed in W m – 2) at the tropo-
pause or top of atmosphere due to a change in an external driver of 
climate change, such as, for example, a change in the concentration of 
carbon dioxide (CO2) or the output of the sun. For the purposes of this 

report, radiative forcing is further defined as the change relative to the 
year 1750 and refers to a global and annual average value.

Rebound effect: Phenomena whereby the reduction in energy con-
sumption or emissions (relative to a baseline) associated with the 
implementation of mitigation measures in a jurisdiction is offset to 
some degree through induced changes in consumption, production, 
and prices within the same jurisdiction. The rebound effect is most typ-
ically ascribed to technological energy efficiency (EE) improvements. 
See also Leakage.

Reducing Emissions from Deforestation and Forest Degrada-
tion (REDD): An effort to create financial value for the carbon stored 
in forests, offering incentives for developing countries to reduce 
emissions from forested lands and invest in low-carbon paths to sus-
tainable development (SD). It is therefore a mechanism for mitiga-
tion that results from avoiding deforestation. REDD+ goes beyond 
reforestation and forest degradation, and includes the role of con-
servation, sustainable management of forests and enhancement of 
forest carbon stocks. The concept was first introduced in 2005 in the 
11th Session of the Conference of the Parties (COP) in Montreal and 
later given greater recognition in the 13th Session of the COP in 2007 
at Bali and inclusion in the Bali Action Plan which called for “pol-
icy approaches and positive incentives on issues relating to reduc-
ing emissions to deforestation and forest degradation in developing 
countries (REDD) and the role of conservation, sustainable manage-
ment of forests and enhancement of forest carbon stock in develop-
ing countries”. Since then, support for REDD has increased and has 
slowly become a framework for action supported by a number of 
countries.

Reference scenario: See Baseline / reference.

Reforestation: Planting of forests on lands that have previously 
sustained forests but that have been converted to some other use. 
Under the United Nations Framework Convention on Climate Change 
(UNFCCC) and the Kyoto Protocol, reforestation is the direct human-
induced conversion of non-forested land to forested land through 
planting, seeding, and / or human-induced promotion of natural seed 
sources, on land that was previously forested but converted to non-
forested land. For the first commitment period of the Kyoto Protocol, 
reforestation activities will be limited to reforestation occurring on 
those lands that did not contain forest on 31 December 1989. 

For a discussion of the term forest and related terms such as afforesta-
tion, reforestation and deforestation, see the IPCC Report on Land Use, 
Land-Use Change and Forestry (IPCC, 2000). See also the Report on 
Definitions and Methodological Options to Inventory Emissions from 
Direct Human-induced Degradation of Forests and Devegetation of 
Other Vegetation Types (IPCC, 2003). 

Renewable energy (RE): See Energy.
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Representative Concentration Pathways (RCPs): Scenarios that 
include time series of emissions and concentrations of the full suite of 
greenhouse gases (GHGs) and aerosols and chemically active gases, as 
well as land use / land cover (Moss et al., 2008). The word representa-
tive signifies that each RCP provides only one of many possible scenar-
ios that would lead to the specific radiative forcing characteristics. The 
term pathway emphasizes that not only the long-term concentration 
levels are of interest, but also the trajectory taken over time to reach 
that outcome (Moss et al., 2010).

RCPs usually refer to the portion of the concentration pathway extend-
ing up to 2100, for which Integrated Assessment Models produced 
corresponding emission scenarios. Extended Concentration Pathways 
(ECPs) describe extensions of the RCPs from 2100 to 2500 that were 
calculated using simple rules generated by stakeholder consultations, 
and do not represent fully consistent scenarios.

Four RCPs produced from Integrated Assessment Models were selected 
from the published literature and are used in the present IPCC Assess-
ment as a basis for the climate predictions and projections presented 
in WGI AR5 Chapters 11 to 14:

RCP2.6 One pathway where radiative forcing peaks at approxi-
mately 3 W m – 2 before 2100 and then declines (the corresponding 
ECP assuming constant emissions after 2100);

RCP4.5 and RCP6.0 Two intermediate stabilization pathways in 
which radiative forcing is stabilized at approximately 4.5 W m – 2 
and 6.0 W m – 2 after 2100 (the corresponding ECPs assuming con-
stant concentrations after 2150);

RCP8.5 One high pathway for which radiative forcing reaches 
greater than 8.5 W m – 2 by 2100 and continues to rise for some 
amount of time (the corresponding ECP assuming constant emis-
sions after 2100 and constant concentrations after 2250).

For further description of future scenarios, see WGI AR5 Box 1.1. See 
also Baseline / reference, Climate prediction, Climate projection, Cli-
mate scenario, Shared socio-economic pathways, Socio-economic sce-
nario, SRES scenarios, and Transformation pathway.

Reservoir: A component of the climate system, other than the atmo-
sphere, which has the capacity to store, accumulate or release a sub-
stance of concern, for example, carbon, a greenhouse gas (GHG) or a 
precursor. Oceans, soils and forests are examples of reservoirs of car-
bon. Pool is an equivalent term (note that the definition of pool often 
includes the atmosphere). The absolute quantity of the substance of 
concern held within a reservoir at a specified time is called the stock. 
In the context of Carbon Dioxide Capture and Storage (CCS), this term 
is sometimes used to refer to a geological carbon dioxide (CO2) stor-
age location. See also Sequestration.

Resilience: The capacity of social, economic, and environmental sys-
tems to cope with a hazardous event or trend or disturbance, respond-
ing or reorganizing in ways that maintain their essential function, iden-
tity, and structure, while also maintaining the capacity for adaptation, 
learning, and transformation (Arctic Council, 2013).

Revegetation: A direct human-induced activity to increase carbon 
stocks on sites through the establishment of vegetation that covers a 
minimum area of 0.05 hectares and does not meet the definitions of 
afforestation and reforestation contained here (UNFCCC, 2002).

Risk: In this report, the term risk is often used to refer to the poten-
tial, when the outcome is uncertain, for adverse consequences on lives, 
livelihoods, health, ecosystems and species, economic, social and cul-
tural assets, services (including environmental services), and infrastruc-
ture.

Risk assessment: The qualitative and / or quantitative scientific 
estimation of risks.

Risk management: The plans, actions, or policies to reduce the 
likelihood and / or consequences of a given risk.

Risk perception: The subjective judgment that people make 
about the characteristics and severity of a risk.

Risk tradeoff: The change in the portfolio of risks that occurs 
when a countervailing risk is generated (knowingly or inadver-
tently) by an intervention to reduce the target risk (Wiener and 
Graham, 2009). See also Adverse side-effect, and Co-benefit.

Risk transfer: The practice of formally or informally shifting the 
risk of financial consequences for particular negative events from 
one party to another.

Scenario: A plausible description of how the future may develop 
based on a coherent and internally consistent set of assumptions about 
key driving forces (e. g., rate of technological change (TC), prices) and 
relationships. Note that scenarios are neither predictions nor forecasts, 
but are useful to provide a view of the implications of developments 
and actions. See also Baseline / reference, Climate scenario, Emission 
scenario, Mitigation scenario, Representative Concentration Pathways 
(RCPs), Shared socio-economic pathways, Socioeconomic scenarios, 
SRES scenarios, Stabilization, and Transformation pathway.

Scope 1, Scope 2, and Scope 3 emissions: See Emissions.

Secondary energy: See Primary energy.

Sectoral Models: See Models.

Sensitivity analysis: Sensitivity analysis with respect to quantitative 
analysis assesses how changing assumptions alters the outcomes. For 
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example, one chooses different values for specific parameters and re-
runs a given model to assess the impact of these changes on model 
output.

Sequestration: The uptake (i. e., the addition of a substance of con-
cern to a reservoir) of carbon containing substances, in particular car-
bon dioxide (CO2), in terrestrial or marine reservoirs. Biological seques-
tration includes direct removal of CO2 from the atmosphere through 
land-use change (LUC), afforestation, reforestation, revegetation, car-
bon storage in landfills, and practices that enhance soil carbon in agri-
culture (cropland management, grazing land management). In parts of 
the literature, but not in this report, (carbon) sequestration is used to 
refer to Carbon Dioxide Capture and Storage (CCS). 

Shadow pricing: Setting prices of goods and services that are not, or 
are incompletely, priced by market forces or by administrative regula-
tion, at the height of their social marginal value. This technique is used 
in cost-benefit analysis (CBA).

Shared socio-economic pathways (SSPs): Currently, the idea of 
SSPs is developed as a basis for new emissions and socio-economic 
scenarios. An SSP is one of a collection of pathways that describe 
alternative futures of socio-economic development in the absence of 
climate policy intervention. The combination of SSP-based socio-eco-
nomic scenarios and Representative Concentration Pathway (RCP)-
based climate projections should provide a useful integrative frame 
for climate impact and policy analysis. See also Baseline / reference, Cli-
mate scenario, Emission scenario, Mitigation scenario, Scenario, SRES 
scenarios, Stabilization, and Transformation pathway.

Short-lived climate pollutant (SLCP): Pollutant emissions that have 
a warming influence on climate and have a relatively short lifetime in 
the atmosphere (a few days to a few decades). The main SLCPs are 
black carbon (BC) (‘soot’), methane (CH4) and some hydroflurorcar-
bons (HFCs) some of which are regulated under the Kyoto Protocol. 
Some pollutants of this type, including CH4, are also precursors to the 
formation of tropospheric ozone (O3), a strong warming agent. These 
pollutants are of interest for at least two reasons. First, because they 
are short-lived, efforts to control them will have prompt effects on 
global warming — unlike long-lived pollutants that build up in the 
atmosphere and respond to changes in emissions at a more sluggish 
pace. Second, many of these pollutants also have adverse local impacts 
such as on human health. 

Sink: Any process, activity or mechanism that removes a greenhouse 
gas (GHG), an aerosol, or a precursor of a GHG or aerosol from the 
atmosphere.

Smart grids: A smart grid uses information and communications tech-
nology to gather data on the behaviours of suppliers and consumers in 
the production, distribution, and use of electricity. Through automated 
responses or the provision of price signals, this information can then 

be used to improve the efficiency, reliability, economics, and sustain-
ability of the electricity network.

Smart meter: A meter that communicates consumption of electricity 
or gas back to the utility provider.

Social cost of carbon (SCC): The net present value of climate dam-
ages (with harmful damages expressed as a positive number) from one 
more tonne of carbon in the form of carbon dioxide (CO2), conditional 
on a global emissions trajectory over time.

Social costs: See Private costs.

Socio-economic scenario: A scenario that describes a possible future 
in terms of population, gross domestic product (GDP), and other socio-
economic factors relevant to understanding the implications of climate 
change. See also Baseline / reference, Climate scenario, Emission sce-
nario, Mitigation scenario, Representative Concentration Pathways 
(RCPs), Scenario, Shared socio-economic pathways, SRES scenarios, 
Stabilization, and Transformation pathway.

Solar energy: Energy from the sun. Often the phrase is used to mean 
energy that is captured from solar radiation either as heat, as light that 
is converted into chemical energy by natural or artificial photosynthe-
sis, or by photovoltaic panels and converted directly into electricity.

Solar Radiation Management (SRM): Solar Radiation Manage-
ment refers to the intentional modification of the earth’s shortwave 
radiative budget with the aim to reduce climate change according to a 
given metric (e. g., surface temperature, precipitation, regional impacts, 
etc.). Artificial injection of stratospheric aerosols and cloud brightening 
are two examples of SRM techniques. Methods to modify some fast-
responding elements of the longwave radiative budget (such as cirrus 
clouds), although not strictly speaking SRM, can be related to SRM. 
SRM techniques do not fall within the usual definitions of mitigation 
and adaptation (IPCC, 2012, p. 2). See also Carbon Dioxide Removal 
(CDR) and Geoengineering.

Source: Any process, activity or mechanism that releases a green-
house gas (GHG), an aerosol or a precursor of a GHG or aerosol into 
the atmosphere. Source can also refer to, e. g., an energy source.

Spill-over effect: The effects of domestic or sector mitigation mea-
sures on other countries or sectors. Spill-over effects can be positive 
or negative and include effects on trade, (carbon) leakage, transfer of 
innovations, and diffusion of environmentally sound technology and 
other issues.

SRES scenarios: SRES scenarios are emission scenarios developed by 
Nakićenović and Swart (2000) and used, among others, as a basis for 
some of the climate projections shown in Chapters 9 to 11 of IPCC 
(2001) and Chapters 10 and 11 of IPCC (2007) as well as WGI AR5. The 
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following terms are relevant for a better understanding of the structure 
and use of the set of SRES scenarios:

Scenario family: Scenarios that have a similar demographic, soci-
etal, economic and technical change storyline. Four scenario fami-
lies comprise the SRES scenario set: A1, A2, B1, and B2.

Illustrative Scenario: A scenario that is illustrative for each of the 
six scenario groups reflected in the Summary for Policymakers of 
Nakićenović and Swart (2000). They include four revised marker 
scenarios for the scenario groups A1B, A2, B1, B2, and two addi-
tional scenarios for the A1FI and A1T groups. All scenario groups 
are equally sound.

Marker Scenario: A scenario that was originally posted in draft 
form on the SRES website to represent a given scenario family. The 
choice of markers was based on which of the initial quantifications 
best reflected the storyline, and the features of specific models. 
Markers are no more likely than other scenarios, but are consid-
ered by the SRES writing team as illustrative of a particular sto-
ryline. They are included in revised form in Nakićenović and Swart 
(2000). These scenarios received the closest scrutiny of the entire 
writing team and via the SRES open process. Scenarios were also 
selected to illustrate the other two scenario groups.

Storyline: A narrative description of a scenario (or family of scenar-
ios), highlighting the main scenario characteristics, relationships 
between key driving forces and the dynamics of their evolution.

See also Baseline / reference, Climate scenario, Emission scenario, 
Mitigation scenario, Representative Concentration Pathways (RCPs), 
Shared socio-economic pathways, Socio-economic scenario, Stabiliza-
tion, and Transformation pathway.

Stabilization (of GHG or CO2-equivalent concentration): A state 
in which the atmospheric concentrations of one greenhouse gas (GHG) 
(e. g., carbon dioxide) or of a CO2-equivalent basket of GHGs (or a com-
bination of GHGs and aerosols) remains constant over time. 

Standards: Set of rules or codes mandating or defining product per-
formance (e. g., grades, dimensions, characteristics, test methods, and 
rules for use). Product, technology or performance standards establish 
minimum requirements for affected products or technologies. Stan-
dards impose reductions in greenhouse gas (GHG) emissions associ-
ated with the manufacture or use of the products and / or application 
of the technology. 

Stratosphere: The highly stratified region of the atmosphere above the 
troposphere extending from about 10 km (ranging from 9 km at high 
latitudes to 16 km in the tropics on average) to about 50 km altitude. 

Structural change: Changes, for example, in the relative share of 
gross domestic product (GDP) produced by the industrial, agricultural, 

or services sectors of an economy, or more generally, systems transfor-
mations whereby some components are either replaced or potentially 
substituted by other components.

Subsidiarity: The principle that decisions of government (other things 
being equal) are best made and implemented, if possible, at the lowest 
most decentralized level, that is, closest to the citizen. Subsidiarity is 
designed to strengthen accountability and reduce the dangers of mak-
ing decisions in places remote from their point of application. The prin-
ciple does not necessarily limit or constrain the action of higher orders 
of government, but merely counsels against the unnecessary assump-
tion of responsibilities at a higher level.

Sulphur hexafluoride (SF6): One of the six types of greenhouse gases 
(GHGs) to be mitigated under the Kyoto Protocol. SF6 is largely used 
in heavy industry to insulate high-voltage equipment and to assist in 
the manufacturing of cable-cooling systems and semi-conductors. See 
Global Warming Potential (GWP) and Annex II.9.1 for GWP values.

Sustainability: A dynamic process that guarantees the persistence of 
natural and human systems in an equitable manner.

Sustainable development (SD): Development that meets the needs 
of the present without compromising the ability of future generations 
to meet their own needs (WCED, 1987).

Technical potential: See Potential.

Technological change (TC): Economic models distinguish autono-
mous (exogenous), endogenous, and induced TC. 

Autonomous (exogenous) technological change: Autonomous 
(exogenous) technological change is imposed from outside the 
model (i. e., as a parameter), usually in the form of a time trend 
affecting factor and / or energy productivity and therefore energy 
demand and / or economic growth.

Endogenous technological change: Endogenous technologi-
cal change is the outcome of economic activity within the model 
(i. e., as a variable) so that factor productivity or the choice of tech-
nologies is included within the model and affects energy demand 
and / or economic growth.

Induced technological change: Induced technological change 
implies endogenous technological change but adds further 
changes induced by policies and measures, such as carbon taxes 
triggering research and development efforts.

Technological learning: See Learning curve / rate.

Technological / knowledge spillovers: Any positive externality that 
results from purposeful investment in technological innovation or 
development (Weyant and Olavson, 1999).
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Territorial emissions: See Emissions.

Trace gas: A minor constituent of the atmosphere, next to nitrogen 
and oxygen that together make up 99 % of all volume. The most impor-
tant trace gases contributing to the greenhouse effect are carbon 
dioxide (CO2), ozone (O3), methane (CH4), nitrous oxide (N2O), per-
fluorocarbons (PFCs), chlorofluorocarbons (CFCs), hydrofluorocarbons 
(HFCs), sulphur hexafluoride (SF6) and water vapour (H2O).

Tradable (green) certificates scheme: A market-based mechanism 
to achieve an environmentally desirable outcome (renewable energy 
(RE) generation, energy efficiency (EE) requirements) in a cost-effective 
way by allowing purchase and sale of certificates representing under 
and over-compliance respectively with a quota.

Tradable (emission) permit: See Emission permit.

Tradable quota system: See Emissions trading.

Transaction costs: The costs that arise from initiating and completing 
transactions, such as finding partners, holding negotiations, consulting 
with lawyers or other experts, monitoring agreements, or opportunity 
costs, such as lost time or resources (Michaelowa et al., 2003).

Transformation pathway: The trajectory taken over time to meet 
different goals for greenhouse gas (GHG) emissions, atmospheric con-
centrations, or global mean surface temperature change that implies 
a set of economic, technological, and behavioural changes. This can 
encompass changes in the way energy and infrastructure is used and 
produced, natural resources are managed, institutions are set up, 
and in the pace and direction of technological change (TC). See also 
Baseline / reference, Climate scenario, Emission scenario, Mitigation 
scenario, Representative Concentration Pathways (RCPs), Scenario, 
Shared socio-economic pathways, Socio-economic scenarios, SRES sce-
narios, and Stabilization.

Transient climate response: See Climate sensitivity.

Transit oriented development (TOD): Urban development within 
walking distance of a transit station, usually dense and mixed with the 
character of a walkable environment.

Troposphere: The lowest part of the atmosphere, from the surface 
to about 10 km in altitude at mid-latitudes (ranging from 9 km at 
high latitudes to 16 km in the tropics on average), where clouds and 
weather phenomena occur. In the troposphere, temperatures generally 
decrease with height. See also Stratosphere.

Uncertainty: A cognitive state of incomplete knowledge that can 
result from a lack of information or from disagreement about what 
is known or even knowable. It may have many types of sources, from 
imprecision in the data to ambiguously defined concepts or terminol-

ogy, or uncertain projections of human behaviour. Uncertainty can 
therefore be represented by quantitative measures (e. g., a probability 
density function) or by qualitative statements (e. g., reflecting the judg-
ment of a team of experts) (see Moss and Schneider, 2000; Manning 
et al., 2004; Mastrandrea et al., 2010). See also Agreement, Evidence, 
Confidence and Likelihood.

Unconventional resources: A loose term to describe fossil fuel 
reserves that cannot be extracted by the well-established drilling 
and mining processes that dominated extraction of coal, gas, and oil 
throughout the 20th century. The boundary between conventional and 
unconventional resources is not clearly defined. Unconventional oils 
include oil shales, tar sands / bitumen, heavy and extra heavy crude oils, 
and deep-sea oil occurrences. Unconventional natural gas includes gas 
in Devonian shales, tight sandstone formations, geopressured aquifers, 
coal-bed gas, and methane (CH4) in clathrate structures (gas hydrates) 
(Rogner, 1997).

United Nations Framework Convention on Climate Change 
(UNFCCC): The Convention was adopted on 9 May 1992 in New York 
and signed at the 1992 Earth Summit in Rio de Janeiro by more than 
150 countries and the European Community. Its ultimate objective is 
the ‘stabilisation of greenhouse gas concentrations in the atmosphere 
at a level that would prevent dangerous anthropogenic interference 
with the climate system’. It contains commitments for all Parties under 
the principle of ‘common but differentiated responsibilities’. Under the 
Convention, Parties included in Annex I aimed to return greenhouse 
gas (GHG) emissions not controlled by the Montreal Protocol to 1990 
levels by the year 2000. The convention entered in force in March 
1994. In 1997, the UNFCCC adopted the Kyoto Protocol. 

Urban heat island: See Heat island.

Verified Emissions Reductions: Emission reductions that are verified 
by an independent third party outside the framework of the United 
Nations Framework Convention on Climate Change (UNFCCC) and its 
Kyoto Protocol. Also called ‘Voluntary Emission Reductions’.

Volatile Organic Compounds (VOCs): Important class of organic 
chemical air pollutants that are volatile at ambient air conditions. 
Other terms used to represent VOCs are hydrocarbons (HCs), reactive 
organic gases (ROGs) and non-methane volatile organic compounds 
(NMVOCs). NMVOCs are major contributors — together with nitrogen 
oxides (NOX), and carbon monoxide (CO) — to the formation of photo-
chemical oxidants such as ozone (O3).

Voluntary action: Informal programmes, self-commitments, and dec-
larations, where the parties (individual companies or groups of compa-
nies) entering into the action set their own targets and often do their 
own monitoring and reporting.
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Voluntary agreement (VA): An agreement between a government 
authority and one or more private parties to achieve environmental 
objectives or to improve environmental performance beyond compli-
ance with regulated obligations. Not all voluntary agreements are truly 
voluntary; some include rewards and / or penalties associated with join-
ing or achieving commitments.

Voluntary Emission Reductions: See Verified Emissions Reductions.

Watts per square meter (W m-2): See Radiative forcing.

Wind energy: Kinetic energy from air currents arising from uneven 
heating of the earth’s surface. A wind turbine is a rotating machine for 
converting the kinetic energy of the wind to mechanical shaft energy 
to generate electricity. A windmill has oblique vanes or sails and the 
mechanical power obtained is mostly used directly, for example, for 
water pumping. A wind farm, wind project, or wind power plant is a 
group of wind turbines interconnected to a common utility system 
through a system of transformers, distribution lines, and (usually) one 
substation.
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UN Secretary-General’s  
Foreword
 
Humanity is waging war on nature. This is senseless and 
suicidal. The consequences of our recklessness are already 
apparent in human suffering, towering economic losses and 
the accelerating erosion of life on Earth.

Ending our war does not mean surrendering hard-won develop-
ment gains. Nor does it cancel the rightful aspiration of poorer 
nations and people to enjoy better living standards. On the 
contrary, making peace with nature, securing its health and 
building on the critical and undervalued benefits that it provi-
des are key to a prosperous and sustainable future for all.

The urgent need to transform our relationship with nature 
risks being overlooked amid the huge suffering inflicted by the 
COVID-19 pandemic. Saving precious lives and livelihoods is 
our top priority. But by exposing humanity’s vulnerability, the 
pandemic can also help make 2021 a turning point towards a 
more sustainable and inclusive world.

This report provides the bedrock for hope. By bringing together 
the latest scientific evidence showing the impacts and threats 
of the climate emergency, the biodiversity crisis and the pollu-
tion that kills millions of people every year, it makes clear that 
our war on nature has left the planet broken. But it also guides 
us to a safer place by providing a peace plan and a post-war  
rebuilding programme. By transforming how we view nature, 
we can recognize its true value. By reflecting this value in 
policies, plans and economic systems, we can channel invest-
ments into activities that restore nature and are rewarded for it. 
By recognizing nature as an indispensable ally, we can unleash 
human ingenuity in the service of sustainability and secure our 
own health and well-being alongside that of the planet.

Making peace with nature is the defining task of the coming 
decades. We must seize the opportunity presented by the 
COVID-19 crisis to accelerate change. This year, several major 
international conferences, including on climate change, bio-
diversity and desertification, provide an opportunity to increa-
se ambition and action on recovering better and addressing 
climate disruption. Our central objective is to build a global 
coalition for carbon neutrality. If adopted by every country, city, 
financial institution and company around the world, the drive 
to reach net-zero emissions by 2050 can still avert the worst 
impacts of climate change. 

Similar urgency and ambition are needed to transform other 
systems, including how we produce our food and manage 

our water, land and oceans. Developing countries need more 
assistance to redress environmental decline. Only then can 
we get back on track to achieve the Sustainable Development 
Goals by 2030.

This report shows that we have the ability to transform our 
impact on the world. A sustainable economy driven by rene-
wable energy and nature-based solutions will create new jobs, 
cleaner infrastructure and a resilient future. An inclusive world 
at peace with nature can ensure that people enjoy better health 
and the full respect of their human rights so they can live with 
dignity on a healthy planet.

António Guterres 
Secretary-General of the United Nations, 
February 2021
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UNEP Executive Director’s  
Foreword 
 
Before the COVID-19 pandemic, 2020 was emerging as a 
moment of truth for our commitment to steer Earth and its 
people toward sustainability. Momentum was building and 
global meetings were set to discuss bold action on the three 
interconnected planetary crises facing humanity, namely the 
climate crisis, the nature crisis and the pollution crisis. These 
crises, driven by decades of relentless and unsustainable 
consumption and production, are amplifying deep inequali-
ties and threatening our collective future. 

This report makes the strongest scientific case yet for why 
and how that collective determination must be urgently 
applied to protecting and restoring our planet. Drawing on a 
unique and comprehensive synthesis of global environmen-
tal assessments, it details the self-defeating and dangerous 
consequences of our overconsumption of resources and 
overproduction of waste. 

The science is clear that we are putting extreme pressures 
on the planet. According to the 2020 UNEP Emissions Gap 
Report, while the pandemic resulted in a temporary decline 
in greenhouse gas emissions, we are heading for at least 
a 3°C temperature rise this century. Our colleagues at the 
Intergovernmental Science-Policy Platform on Biodiversity 
and Ecosystem Services (IPBES) have sounded the alarm on 
the rapid decline of nature and what this means for Agenda 
2030 and the Sustainable Development Goals (SDG). 

Loss of biodiversity and ecosystem integrity, together with 
climate change and pollution will undermine our efforts on 
80 per cent of assessed SDG Targets, making it even more 
difficult to report progress on poverty reduction, hunger, 
health, water, cities and climate. We need to look no further 
than the global pandemic caused by COVID-19, a zoonotic 
disease, i.e. transmitted from animal to human, to know 
that the finely-tuned system of the natural world has been 
disrupted. And finally, the “toxic trail” of economic growth – 
pollution and waste which results every year in the prema-
ture deaths of millions of people across the world.  

While the response to the medical emergency of COVID-19 
rightly preoccupies government budgets and political action, 
the response to this pandemic must ultimately accelerate 
the economic and social transformations needed to address 
the planetary emergency. As the UN Secretary-General no-
ted in his State of Planet speech, “COVID recovery and our 
planet’s repair must be two sides of the same coin.” 

The report outlines what the “repair” of our planet entails, the 
transformative actions that can unleash human ingenuity and 
cooperation to secure livelihoods and well-being for all. Repair 
means solutions that recognize how our environmental, social 
and development challenges are interconnected. Repair means 
shifting our values and worldviews as well as our financial and 
economic systems. Repair means taking a whole-of-society 
approach. And repair means being fair and just.

With science as our guiding light, UNEP’s Medium-Term 
Strategy (2022-2025) seeks to ensure the link between sci-
ence, policy and decision-making remains stronger than ever, 
sustained by strong environmental governance and supported 
by economic policies that can be the foundation of a catalytic 
response to the challenges of climate change, biodiversity loss 
and pollution. In doing so, we support member states, working 
with partners, scientists, civil society and business to tackle the 
three interconnected crises so that we stabilize climate; live in 
harmony with nature and secure a pollution free planet. 

2021 must be remembered as the year we took it upon oursel-
ves to ensure that the pandemic is remembered not only as a 
human tragedy, but as the moment when people reconsidered 
their priorities as individuals and societies and took to heart 
that safeguarding the health and well-being of current and fu-
ture generations means safeguarding the health of our planet. 

Inger Andersen 
Executive Director 
United Nations Environment Programme, 
February 2021
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Preface
This report presents a scientific blueprint for how climate 
change, biodiversity loss and pollution can be tackled jo-
intly within the framework of the Sustainable Development 
Goals. The report is a synthesis based on evidence from 
global environmental assessments. It has been a privilege 
to oversee the production and peer review of the report by 
the eminent group of experts and advisors appointed by 
Inger Andersen, the Executive Director of UNEP, for their 
leading contributions to and intimate understanding of the 
interface between science and policy in addressing the  
environmental challenges of today. 

The expert analysis rests on the synthesis of key findings 
from a range of recent intergovernmental global environ-
mental assessments and assessments prepared under the 
auspices of Multilateral Environmental Agreements, UN 
bodies and others (see annex 1). The report makes reference 
to the assessments, not the original literature referred the-
rein. The presentation of the findings from the assessments 
is the responsibility of the authors of the current report. In 
a limited number of cases, additional high-impact peer-re-
viewed literature and grey literature have been assessed 
and referenced in order to present a complete and updated 
picture of the knowledge base. 

The results of this synthesis are presented for decision 
makers in the form of clear, digestible and facts-based key 
messages and an executive summary substantiated and refe-
renced in the main report. Part I of the report shows how the 
findings of the assessments are interlinked and add up to an 
unparalleled planetary emergency. While most of the under-
lying assessments are relevant for policy formulation, Part II 
goes a step further in recommending how the accumulated 
scientific evidence can be turned into concrete and far-rea-
ching actions by a broad range of actors across society in 
order to transform humankind’s relationship with nature.

This report was prepared amid the challenges of the  
COVID-19 pandemic, which meant that the authors, scien-
tific advisory group and secretariat had to work without 
ever meeting face to face. All work was carried out through 
dozens of virtual conference calls.  

This synthesis would not have been possible without the 
work undertaken for the international assessments used 
as the evidence base in this report and the contribution by 
experts from these assessments. We also highly appreciate 
the outstanding contributions by the group of experts who 
have joined us in authoring this report and the valuable gui-

dance by the members of the scientific advisory group who 
peer-reviewed the report multiple times. We would particu-
larly like to acknowledge the sustained enthusiasm for this 
endeavour by authors and advisors given their many other 
commitments. We are also indebted to the strong support 
received from the UNEP secretariat, research fellows, desig-
ners and the science communications editor, in particular 
the visionary guidance and inspiration provided by Inger 
Andersen and the unwavering commitment of the core team 
of the secretariat.

Ivar A. Baste Robert T. Watson

Robert T. Watson 
Report Lead 
February 2021

Ivar A. Baste  
Report Lead 
February 2021
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Key Messages

Humanity’s environmental challenges have grown in number and severity ever since  
the Stockholm Conference in 1972 and now represent a planetary emergency. While tackling  

the emergency is demanding, this report, Making Peace with Nature, lights a path to a  
sustainable future with new possibilities and opportunities (figure KM.1).

The top five

• Environmental changes are undermining hard-won development gains by causing economic costs 
and millions of premature deaths annually. They are impeding progress towards ending poverty and 
hunger, reducing inequalities and promoting sustainable economic growth, work for all and peaceful 
and inclusive societies. 

• The well-being of today‘s youth and future generations depends on an urgent and clear break with 
current trends of environmental decline. The coming decade is crucial. Society needs to reduce carbon 
dioxide emissions by 45 per cent by 2030 compared to 2010 levels and reach net-zero emissions by 
2050 to limit warning to 1.5 °C as aspired to in the Paris Agreement, while at the same time conserving 
and restoring biodiversity and minimizing pollution and waste.

• Earth’s environmental emergencies and human well-being need to be addressed together to achieve 
sustainability. The development of the goals, targets, commitments and mechanisms under the key 
environmental conventions and their implementation need to be aligned to become more synergistic 
and effective. 

• The economic, financial and productive systems can and should be transformed to lead and power 
the shift to sustainability. Society needs to include natural capital in decision-making, eliminate envi-
ronmentally harmful subsidies and invest in the transition to a sustainable future. 

• Everyone has a role to play in ensuring that human knowledge, ingenuity, technology and coopera-
tion are redeployed from transforming nature to transforming humankind‘s relationship with nature. 
Polycentric governance is key to empowering people to express themselves and act environmentally 
responsibly without undue difficulty or self-sacrifice. 
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Transforming nature puts human well-being at risk

The current mode of development degrades the Earth’s 
finite capacity to sustain human well-being  

• Human well-being critically depends on the Earth’s natural 
systems. Yet the economic, technological and social ad-
vances have also led to a reduction of the Earth’s capacity 
to sustain current and future human well-being. Human 
prosperity relies on the wise use of the planet’s finite space 
and remaining resources, as well as on the protection and 
restoration of its life-supporting processes and capacity to 
absorb waste. 

• Over the last 50 years, the global economy has grown ne-
arly fivefold, due largely to a tripling in extraction of natural 
resources and energy that has fuelled growth in production 
and consumption. The world population has increased by 
a factor of two, to 7.8 billion people, and though on ave-
rage prosperity has also doubled, about 1.3 billion people 
remain poor and some 700 million are hungry.   

• The increasingly unequal and resource-intensive model of 
development drives environmental decline through climate 
change, biodiversity loss and other forms of pollution and 
resource degradation. 

• Social, economic and financial systems fail to account for 
the essential benefits society gets from nature and to pro-
vide incentives to manage it wisely and maintain its value. 
The majority of the essential benefits of nature currently 
have no financial market value despite being the underpin-
ning of current and future prosperity. 

Society is failing to meet most of its commitments to  
limit environmental damage 

• Society is not on course to fulfil the Paris Agreement to 
limit global warming to well below 2°C above pre-industri-
al levels and to pursue efforts to further limit the tempe-
rature increase to 1.5°C. At the current rate, warming will 
reach 1.5°C by around 2040 and possibly earlier. Taken 
together, current national policies to reduce greenhouse 
gas emissions put the world on a pathway to warming of 
at least 3°C by 2100. Human-induced current warming 
of more than 1°C has already led to shifts in climate 
zones, changes in precipitation patterns, melting of ice 
sheets and glaciers, accelerating sea level rise and more 
frequent and more intense extreme events, threatening 
people and nature. 

• None of the agreed global goals for the protection of 
life on Earth and for halting the degradation of land and 
oceans have been fully met. Three quarters of the land and 
two thirds of the oceans are now impacted by humans. 
One million of the world’s estimated 8 million species of 
plants and animals are threatened with extinction, and 
many of the ecosystem services essential for human well-
being are eroding. 

• Society is on course to restore the Earth’s protective 
stratospheric ozone layer. However, there is a lot more to 
be done to reduce air and water pollution, safely manage 
chemicals, and reduce and safely manage waste. 

The achievement of the Sustainable Development Goals  
is threatened by an array of escalating and mutually  
reinforcing environmental risks   

• Current and projected changes in climate, biodiversity 
loss and pollution makes achieving the SDGs even more 
challenging. For example, even small increases in tempe-
rature, along with associated changes such as in weather, 
precipitation, heavier rainfall events, extreme heat, drought 
and fire, increase risks to health, food security, water 
supply and human security, and these risks increase along 
with warming. In 2018 alone, damages from climate-rela-
ted natural disasters cost about US$155 billion. 

• The burden of environmental decline is felt by everyone, 
but disproportionally by the poor and vulnerable and 
looms even larger over today’s youth and future generati-
ons. Producers and consumers in wealthy countries often 
export their environmental footprint to poorer countries 
through trade and the disposal of waste.

• Environmental changes are already undermining hard-
won development gains and impeding progress towards 
ending poverty and hunger, reducing inequalities and 
promoting sustainable economic growth, work for all and 
peaceful and inclusive societies. Land degradation, for 
instance, adversely affects more than 3 billion people.

• Earth’s capacity to sustain growing needs for nutritious 
food, water and sanitation will continue to weaken in the 
face of ongoing environmental declines, as vulnerable 
and marginalized people are currently experiencing. 
For example, food security is threatened by the loss of 
pollinators and fertile soil. Loss of pollinators, threatens 
annual global crop output worth between US$235 billion 
and US$577 billion.
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• The deteriorating state of the planet undermines efforts 
to achieve healthy lives and well-being for all. Around one 
quarter of the global burden of disease stems from envi-
ronment-related risks, including those from animal-borne 
diseases (such as COVID-19), climate change, and exposu-
re to pollution and toxic chemicals. Pollution causes some 
9 million premature deaths annually and millions more die 
every year from other environment-related health risks. 

• Environmental risks in cities and urban areas, including 
those from heatwaves, flash floods, drought, wildfires and 
pollution, hamper efforts to make human settlements (in-
cluding informal settlements) inclusive, safe, resilient and 
sustainable.

There is an urgent need for a clear break with current 
trends of environmental decline and the coming decade  
is crucial 

• The risks to human well-being and the achievement of the 
Sustainable Development Goals will continue to esca-
late unless environmental degradation is halted. Global 
warming of more than 2°C combined with continued loss 
of biodiversity and increasing pollution will likely have dire 
consequences for humanity. 

• The costs of inaction on limiting environmental change far 
outweigh the costs of action. Global aggregate impacts 
from climate change are estimated to be very high by the 
end of the century unless cost-effective mitigations strate-
gies are undertaken. 

Transforming humankind’s relationship with nature is 
the key to a sustainable future 

Human knowledge, ingenuity, technology and cooperation 
can transform societies and economies and secure a sus-
tainable future

• Decades of incremental efforts have not stemmed the envi-
ronmental decline resulting from an expansive development 
model because vested and short-term interests often prevail. 

• Only a system-wide transformation will achieve well-being 
for all within the Earth’s capacity to support life, provide re-
sources and absorb waste. This transformation will involve 
a fundamental change in the technological, economic 
and social organization of society, including world views, 
norms, values and governance.

• Major shifts in investment and regulation are key to just 
and informed transformations that overcome inertia and 
opposition from vested interests. Regulatory processes 
should embody transparent decision-making and good 
governance involving all relevant stakeholders. Opposition 
to change can be defused by redirecting subsidies toward 
alternative livelihoods and new business models.  

• The COVID-19 crisis provides an impetus to accelerate 
transformative change. The pandemic and the ensuing 
economic upheaval have shown the dangers of ecosystem 
degradation, as well as the need for international coopera-
tion and greater social and economic resilience. The crisis 
has had major economic costs and is triggering significant 
investments. Ensuring that these investments support 
transformative change is key to attaining sustainability. 

Earth’s environmental emergencies should be addressed 
together to achieve sustainability

• Given the interconnected nature of climate change, loss of 
biodiversity, land degradation, and air and water pollution, 
it is essential that these problems are tackled together. 
Response options that address multiple issues can mitigate 
multidimensional vulnerability, minimize trade-offs and 
maximize synergies. 

• Limiting global warming to well below 2°C above pre-indus-
trial levels and pursuing efforts to further limit the tem-
perature increase to 1.5°C requires rapid implementation 
and a significant strengthening of pledges under the Paris 
Agreement. Globally, net carbon dioxide emissions need to 
decline by 45 per cent by 2030 compared with 2010 levels 
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and reach net zero by 2050 to put the world on a pathway to 
1.5°C with a probability of about 50 per cent, whereas more 
ambitious targets would be necessary for higher certainty. 
A pathway to 2°C would require global emissions to be redu-
ced by 25 per cent by 2030 compared with 2010 levels and 
reach net zero by around 2070. Both pathways entail rapid 
transformations in areas including energy systems, land 
use, agriculture, forest protection, urban development, in-
frastructure and lifestyles. Mitigating climate change is vital, 
urgent and cost saving: the lower the degree of warming, 
the easier and cheaper it will be to adapt. 

• The loss of biodiversity can only be halted and reversed by 
providing space dedicated for nature while also addressing 
drivers such as changing land and sea use, overexploitati-
on, climate change, pollution and invasive alien species. To 
prevent extinctions and maintain nature’s life-supporting 
contributions, biodiversity conservation and restoration 
must be integral to the many uses of terrestrial, freshwater 
and marine ecosystems, and coupled with an expanded 
and better-managed global network of interconnected pro-
tected areas designed to be resilient to climate change.  

• The adverse effects of chemicals and waste on the environ-
ment and human health can be substantially reduced by 
implementing existing international chemicals conventions. 
Further progress will require strengthening the science-po-
licy interface as the basis for evidence-based policymaking 
and improved management systems, along with legal and 
regulatory reform.  

The economic and financial systems can and should be 
transformed to lead and power the shift to sustainability

• Governments should incorporate full natural capital ac-
counting into their decision-making and use policies and 
regulatory frameworks to provide incentives for businesses 
to do the same. Yardsticks such as inclusive wealth (the 
sum of produced, natural, human and social capital) provide 
a better basis for investment decisions than gross domestic 
product, as they reflect the capacity of current and future 
generations to achieve and sustain higher living standards.   

• Governments should shift away from environmentally 
harmful subsidies, invest in low-carbon and nature-friendly 
solutions and technologies, and systematically internalize 
environmental and social costs.

• Achieving the Sustainable Development Goals will require 
massive shifts and increases in public and private financial 
flows and investment patterns, including in the water, food 

and energy sectors. Incentives must be shifted so that 
investments in sustainable development are financially 
attractive.

• The Global South needs increased access to low-in-
terest finance in order to build its capacity and overhaul 
accounting systems and policy frameworks in pursuit of 
the Sustainable Development Goals. The Global North has 
exacerbated the finance gap by failing to meet its commit-
ments on international environmental and development 
assistance.   

• Shifting taxation from production and labour to resource 
use and waste promotes a circular economy. Potential 
inequalities resulting from this shift can be offset through 
social safety nets. 

• Reducing inequalities and the risk of social conflict requires 
the minimization and reversal of environmental degra-
dation and declines in natural resources. It also requires 
structural changes to the economy, including steps to pro-
mote equity and address individual and community rights 
to property, resources and education.  

The food, water and energy systems can and should be 
transformed to meet growing human needs in an equitable, 
resilient and environmentally-friendly manner

• Feeding humanity, ensuring water and energy security, and 
enhancing the conservation, restoration and sustainable 
use of nature are complementary and closely interdepen-
dent goals. Achieving these goals requires food systems 
that work with nature, reduce waste, and are adaptive to 
change and resilient to shocks. Small-scale farmers, espe-
cially women farmers, are central to the challenge of food 
and nutrition security and must be empowered.  

• Changes in global patterns of consumption are critical to 
transforming food, water and energy systems, and to chal-
lenging social norms and business practices. Improving 
access to safe, nutritious and affordable food for all, while 
reducing food waste and changing dietary choices and 
consumer behaviour in high-income countries and groups, 
is central for the achievement of hunger, biodiversity, was-
te and climate goals.

• Ensuring sustainable food production from the oceans 
while protecting marine biodiversity requires policy action 
to apply sustainable harvesting approaches to fisheries 
management, improve spatial planning and address threats 
such as climate change, ocean acidification and pollution. 
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• Sustaining freshwater in the context of climate change, 
rising demand, and increased pollution involves cross-sec-
toral and sector-specific interventions at the watershed or 
river basin scale. This can be achieved by simultaneously 
increasing water-use efficiency, wisely expanding storage, 
reducing pollution, improving water quality, minimizing 
disruption and fostering the restoration of natural habitats 
and flow regimes.    

• Universal access to clean and affordable energy requires a 
transformation of both the production and use of energy. 
Increasing the supply of clean energy coupled with inno-
vation and efficiency gains is vital to achieving equitable 
and sustainable economic growth while limiting global 
warming. Clean energy will also reduce poverty and indoor 
and outdoor air pollution and provide critical services such 
as communications, lighting and water pumping.  

Keeping the planet healthy is key to providing health  
and well-being for all 

• Policies, good practices and appropriate technologies to 
limit climate change, ecosystem degradation and pollution 
can significantly reduce associated human health risks, 
including from respiratory diseases, water-borne, vector-
borne and animal-borne diseases, malnutrition, extreme 
weather events and chemical exposure. Technological 
change and diffusion are important mechanisms to drive 
transformation.

• A One Health approach integrates action across sectors 
and disciplines to protect the health of people, animals and 
the environment. Such an approach is key to minimize fu-
ture human health risks from climate change, ecosystem 
degradation and deteriorating food, air and water quality. 
It is also essential in preventing and limiting the impact of 
future health emergencies, including pandemic outbreaks 
of animal-borne diseases such as COVID-19.

• Cities and other settlements, especially rapidly expanding 
urban areas and informal settlements, must be made 
more sustainable. Improvements in urban planning, 
governance, infrastructure and the use of nature-based so-
lutions can be cost-effective ways to reduce pollution and 
make settlements more environment friendly and resilient 
to climate change impacts such as increased urban heat 
island effects and flooding. Blue and green infrastructure 
in urban areas have significant benefits for mental health.

Everyone has a part to play in transforming social  
and economic systems for a sustainable future 

• All actors have individual, complementary and nested roles 
to play in bringing about cross-sectoral and economy-wide 
transformative change with immediate and long-term im-
pact. This can be enhanced through capacity-building and 
education. Governments initiate and lead in intergovern-
mental cooperation, policies and legislation that transform 
society and the economy. Such transformations enable 
the private sector, financial institutions, labour organizati-
ons, scientific and educational bodies and media as well 
as households and civil society groups to initiate and lead 
transformations in their domains.

• Individuals can facilitate transformation by, for instance, 
exercising their voting and civic rights, changing their diets 
and travel habits, avoiding waste of food and resources, 
and reducing their consumption of water and energy. They 
can also promote behavioural change by raising awareness 
in their communities. Human cooperation, innovation and 
knowledge-sharing will create new social and economic 
possibilities and opportunities in the transformation to a 
sustainable future.
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HUMAN DEVELOPMENT (from 2020):
Sustainable economic and 
financial systems
Healthy, nutritious food and clean
water and energy
Healthy lives and well-being for
all in safe cities and settlements

     DISPOSALS OF WASTE MATTER:
  Net-zero carbon dioxide 
        emissions by 2050

  Management of 
  chemicals, waste and 
  pollution

USE OF SPACE AND 
RESOURCES:

Recycling of resources
Protection and 

sustainable use of land 
and oceans

Poverty elimination, equity, 
health, economic development, 
peace, food, water, sanitation, 
safe cities and settlements

SUPPORT for:
Livelihoods, equity, health,
economic development, peace, 
food, water, sanitation, safe 
cities and settlements

RISK to:

Earth‘s capacities to

ARE RESTORED
AND ADAPTED

support life
provide resources
absorb waste matter

support life
provide resources
absorb waste matter

Earth‘s capacities to

ARE DEGRADED
AND SURPASSED

Transforming nature 
puts human well-being at risk

Transforming humankind’s 
relationship with nature is the
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Figure KM.1: The well-being of today’s youth and future generations depends on an urgent and clear break with the current trends of environmental decline. Human 
knowledge, ingenuity, technology and cooperation need to be redeployed from transforming nature to transforming humankind’s relationship with nature. Time is 
of the essence. Society needs to reduce carbon dioxide emissions by 45 per cent by 2030 compared to 2010 levels and reach net-zero emissions by 2050 to limit 
warming to 1.5 °C as aspired to in the Paris Agreement, while at the same time conserving and restoring biodiversity and minimizing pollution and waste.   46
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Humanity has been grappling with environmental challen-
ges that have grown in number and severity ever since the 
Stockholm Conference in 1972. The scientific assessments 
synthesized in this report show that those challenges now 
represent a planetary emergency. While tackling the emer-
gency is demanding, the report lights a path to a sustaina-
ble future marked with new possibilities and opportunities. 

I. Transforming nature puts human 
well-being at risk  

Part I of the report addresses how the current expansive 
mode of development degrades and exceeds the Earth’s finite 
capacity to sustain human well-being. The world is failing to 
meet most of its commitments to limit environmental da-
mage and this increasingly threatens the achievement of the 
Sustainable Development Goals (SDGs).

A. The current mode of development degrades the 
Earth’s finite capacity to sustain human well-being  

Human well-being is critically dependent on Earth’s natural 
systems. Economic, social and technological advances 
have come at the expense of the Earth’s capacity to sustain 
current and future human well-being. Human prosperity rests 
on the wise use of the finite space and resources available to 
all life on Earth, as well as on the restoration of its life-sup-
porting processes and capacity to absorb human waste. 
Every person benefits from clean air and water, a protective 
stratospheric ozone layer, a hospitable climate and the many 
additional benefits that land and oceans provide, including 
food, medicines, energy, materials, inspiration and a sense of 
place. The rich web of life, of which humanity is a part, modu-
lates and maintains Earth’s systems in ways critical to people, 
for example by reducing the severity of natural disasters and 
by providing soil, pollination and pest control that help people 
harness the planet’s fertility. Over the past 50 years, human 

societies have dramatically increased the production and ex-
traction of food, energy and materials, resulting in economic, 
technological and social advances and increased prosperity 
for many. However, the exploitation of nature has reached 
unsustainable levels and is undermining the Earth’s capacity 
to sustain human well-being, now and in the future.

Human prosperity is strained by widening inequalities, 
whereby the burden of environmental decline weighs 
heaviest on the poor and vulnerable and looms even larger 
over today’s youth and future generations. Across the world, 
people are living longer, are more educated and have greater 
opportunities on average than previous generations, but the 
wealth gap is growing between rich and poor, both among 
and within countries. Economic growth and poverty reduction 
occurred across the developing world prior to the COVID-19 
pandemic. However, little of the economic progress seen in 
high- and middle-income countries has benefitted the least 
developed countries. About 1.3 billion people remain poor, 
and some 700 million are going hungry, and both numbers 
are expected to increase significantly because of the econo-
mic impact of the pandemic. Environmental decline affects 
and concerns everyone, rich and poor. However, the burden 
weighs most heavily on the poor and vulnerable, where wo-
men are often overrepresented. Future generations in many 
localities risk a situation where more people must struggle to 
make a living from diminished natural resources in a chan-
ging environment. 

Economic and financial systems fail to account for the 
essential benefits that humanity gets from nature and to 
provide incentives to manage nature wisely and maintain 
its value. Nature provides the foundation for human existen-
ce and prosperity. From an economic perspective, nature is 
a vital capital asset that provides many essential goods and 
services. Conventional metrics like gross domestic product 
(GDP) overstate progress because they fail to adequately 
capture the costs of environmental degradation or reflect 
declines in natural capital. Conventional economic measu-
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res also fail to reflect indicators of health, education and 
other dimensions of human well-being. Most of the essential 
benefits of nature currently have no financial or market value 
despite providing the underpinnings of current and future 
prosperity. Inclusive wealth, which sums the value of natural, 
human, manufactured and social capital, is a better measure 
of sustainable progress. The current practice of excluding the 
value of nature and the costs of its degradation from econo-
mic accounting and market prices, along with the impact of 
environmentally harmful subsidies such as those for agricul-
tural output and fossil fuel energy, pose an increasing risk to 
economies and societies. Excluding the value of nature skews 
investment away from economic solutions that conserve and 
restore nature, reduce pollution, expand renewable energy 
and make more sustainable use of resources while also 
increasing prosperity and well-being. 

The resource-intensive and increasingly unequal model of 
human development indirectly drives global environmental 
change. Over the last 50 years, the human population has 
more than doubled, while the extraction of materials and the 
production of primary energy and food have all more than 
tripled. The global economy has grown nearly fivefold, and 
trade has grown tenfold. Resource use is driven by growing 
supply resulting from innovation and efficiency gains in 
production of goods and services as well as from marke-
ting, governance and increasing consumer demands from a 
wealthier and expanding population. People in high-income 
countries generally consume far more than people in low- and 
middle-income countries. The world population, the economy 
and resource use are expected to continue growing, though 
at a slower rate. By 2050, the global population is projected to 
have increased from 7.8 billion people today to nearly 9 billion 
and become wealthier and more urban. The production of 
energy is projected to increase by about 50 per cent and food 
by 70 per cent. Projections depend on the implementation of 
policies in areas ranging from reproductive health and tenure 
rights to the economy. 

Increases in resource use and waste generation drive glo-
bal environmental change in ways that transcend borders 
and continents. To satisfy growing demands, humans use 
an ever-increasing fraction of the Earth’s land, freshwater 
and oceans for the production and extraction of food, fibre, 
energy and minerals as well as for industrial facilities, infras-
tructure and settlements. In doing so, society also releases 
greenhouse gases and pollutants, including nutrients and 
toxic chemicals as well as household, industrial and human 
waste. Humans modify life and move organisms around the 
world in pursuit of increased production or through accidental 
introductions. These practices also narrow down the range 

of genetic material in domesticated species. Many of the 
impacts of human activities are felt over large distances, such 
as through transboundary pollution or when wealthy count-
ries export their environmental footprint by meeting their 
demands through trade. 

B. Society is failing to meet most of its  
commitments to limit environmental damage 

The Earth’s climate is changing and its web of life is un-
ravelling as land and oceans degrade and chemicals and 
waste accumulate beyond agreed limits. The international 
community has set targets, informed by science, in multi-
lateral agreements for protecting natural assets and limiting 
harmful environmental change. Despite some progress, 
efforts to date have failed to meet any of the agreed targets.

The world is not on course to fulfil the Paris Agreement to 
limit global warming to well below 2°C above pre-industrial 
levels, let alone meet the 1.5°C aspiration. The Earth’s mean 
near-surface temperature has already risen by more than 1°C 
compared to the period from 1850 to 1900. At the current 
rate, warming will reach 1.5°C by around 2040 and possibly 
earlier. Taken together, current national policies to reduce 
greenhouse gas emissions put the world on a pathway to 
warming of at least 3°C by 2100, though this may change as 
countries update their pledges.1 Current warming, which is 
greater over land than over the ocean and is highest in the 
polar regions, has already led to melting of ice sheets and 
glaciers, accelerating increases in sea level, more frequent 
and more intense extreme events, changes in precipitation 
patterns, as well as shifts in climate zones, including expan-
sion of arid zones and contraction of polar zones. Emissions 
of heat-trapping greenhouse gases are still increasing, with 
current atmospheric concentrations much higher than at any 
time in the past 800,000 years. The accumulation of heat in 
the oceans will persist for centuries and affect many future 
generations. About two thirds of the warming caused by 
anthropogenic greenhouse gases is due to carbon dioxide, 
mostly originating from the use of fossil fuels and some in-
dustrial processes. About one quarter of the warming results 
from activities related to the land – agriculture, pastoralism, 
forestry and especially changing natural land covers to 
human-dominated ones. Natural sinks today are only able to 
absorb around half of anthropogenic carbon dioxide emissi-
ons, split between terrestrial ecosystems and the ocean. The 
increased uptake of carbon dioxide by the oceans is causing 
harmful ocean acidification. To fulfil the Paris Agreement 
to limit warming to well below 2°C or meet the agreement’s 
aspiration of restricting the increase to 1.5°C, net global 
emissions from human activities need to reach zero or even 

1 At the Climate Ambition Summit on 12 December 2020, 45 countries 
pledged significant emissions reductions by 2030, and 24 countries 
committed to reach net-zero by the middle of the century. 
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become negative by the middle of the century. While meeting 
the Paris Agreement is technically feasible, political commit-
ment to do so is currently lacking. 

None of the global goals for the protection of life on Earth 
have been fully met, including those in the strategic plan for 
biodiversity 2011–2020 and its Aichi biodiversity targets. 
At the global level, only six of the 20 Aichi targets have been 
partially achieved, including increases in the proportion of 
land and oceans designated as protected areas and improved 
international financial flows to developing countries. Little or 
no progress has been made on others, such as eliminating 
harmful subsidies. Species are currently going extinct tens 
to hundreds of times faster than the natural background 
rate. One million of the world’s estimated 8 million species 
of plants and animals are threatened with extinction. The 
population sizes of wild vertebrates have dropped by an ave-
rage of 68 per cent in the last 50 years, and the abundance 
of many wild insect species has fallen by more than half. The 
number of local varieties of domesticated plants and animal 
breeds and their wild relatives has been reduced sharply. 
For example, over 9 per cent of animal breeds have become 
extinct and at least another 17 per cent are threatened with 
extinction. Ecosystems are degrading at an unprecedented 
rate, driven by land-use change, exploitation, climate change, 
pollution and invasive alien species. Climate change exacer-
bates other threats to biodiversity, and many plant and animal 
species have already experienced changes in their range, ab-
undance and seasonal activity. Degradation of ecosystems is 
impacting their functions and harming their ability to support 
human well-being. Loss of biodiversity is anticipated to acce-
lerate in coming decades, unless actions to halt and reverse 
human transformation and degradation of ecosystems and to 
limit climate change are urgently implemented.

Society is not on course to achieve land degradation 
neutrality, where degradation is minimized and offset by 
restoration. Land degradation objectives are embedded 
in the SDGs and land degradation neutrality is a focus of 
the UN Convention to Combat Desertification (UNCCD). 
International targets on aspects such as combatting deserti-
fication, soil degradation, or wetland loss as well as national 
targets on preventing or reversing land degradation have not 
been sufficient to achieve land degradation neutrality. Natural 
ecosystems have been transformed by humans at an acce-
lerating rate since the middle of the twentieth century. Only a 
quarter of the original habitat on ice-free land is still functio-
ning in a nearly natural way. Much of this habitat is located in 
dry, cold, or mountainous areas with low human population 
densities and also includes the protected areas that currently 
cover 15 per cent of the total land area. A quarter of land has 

been radically transformed to cropland, plantations and other 
human uses. Half of the land area functions in an increa-
singly human-dominated and semi-natural way. It includes 
the rangelands grazed by livestock, the semi-natural forests 
harvested for wood and the freshwater systems altered by 
water use. The world’s forests constitute nearly a third of the 
land area, and about 10 per cent of their area has been lost 
through conversions to other land uses since 1990, though 
the deforestation rate is decreasing. Of the combined area of 
semi-natural and highly transformed landscapes, around one 
sixth is degraded to the degree that ecological capacities to 
support human well-being are reduced. Of particular con-
cern is degradation where ecological processes have been 
impaired to the point that the ecosystem is no longer able to 
recover. Wetlands are the most transformed and degraded 
ecosystem type. Only 15 per cent of wetlands remain. Land 
degradation and transformation contributed around a quarter 
of greenhouse gas emissions in the decade 2010–2019. 
Over half of these emissions derive from land transformation 
(particularly deforestation) and most of the remainder from 
the loss of soil carbon in cultivated land. Notwithstanding 
the agreed goal of halting land degradation, all development 
scenarios explored in the relevant assessments project that 
land degradation will continue to increase in the twenty-first 
century. The fraction of remaining near-natural land is projec-
ted to be only 10 per cent by mid-century, while degraded land 
will reach over 20 per cent.

Many of the targets for conservation, restoration and sus-
tainable use of oceans, coasts and marine resources will li-
kely not be fully met as marine and coastal ecosystems are 
declining. Targets for oceans and coasts have been agreed 
as part of the SDGs. Detrimental human activities including 
overfishing, coastal and offshore infrastructure and shipping, 
climate change, ocean acidification and waste and nutrient 
runoff combine to affect two thirds of ocean area. One third 
of wild marine fish stocks were overharvested in 2015, a porti-
on that has increased from 10 per cent in 1974. Sixty per cent 
of stocks are fished at maximum sustainable yield and only 7 
per cent are underexploited. Fertilizers entering coastal eco-
systems have produced more than 400 “dead zones” total-
ling more than 245,000 km2 – an area bigger than the United 
Kingdom or Ecuador. Marine plastics pollution has increased 
tenfold since 1980, constituting 60–80 per cent of marine de-
bris, and is found in all oceans at all depths and concentrates 
in the ocean currents. Marine plastic litter causes ecological 
impacts including entanglement and ingestion and can act as 
a vector for invasive species and other pollutants. The risk of 
irreversible loss of marine and coastal ecosystems including 
seagrass meadows and kelp forests increases with global 
warming. Warming of 2ºC is projected to result in a decrea-
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se in the biomass of marine animal communities and their 
productivity. Coral reefs are particularly vulnerable to climate 
change and are projected to decline to 10–30 per cent of their 
former cover at 1.5°C of warming and to less than 1 per cent 
at 2°C of warming, compromising food provision, tourism 
and coastal protection. Depending on the amount of sea level 
rise, 20–90 per cent of current coastal wetlands may be lost 
by the end of the century. Climate change is increasing the 
chances of the Arctic Ocean being ice-free in summer, further 
disrupting ocean circulation and Arctic ecosystems.

The world is on course to restore Earth’s protective stra-
tospheric ozone layer, but there is much more to be done 
to reduce air and water pollution and to safely manage 
chemicals and waste. Large quantities of hazardous che-
micals and pollutants continue to leak or be dumped into 
the environment. Up to 400 million tons of heavy metals, 
solvents, toxic sludge and other industrial wastes enter the 
world’s waters annually. The global chemical industry’s 
production capacity almost doubled between 2000 and 2017. 
Chemicals of particular concern include those that are carci-
nogens, mutagens, bioaccumulative and toxic, as well as tho-
se with endocrine-disrupting or neurodevelopmental effects. 
The synergies between multilateral agreements related to 
chemicals and waste have been instrumental in addressing 
the life cycle of chemicals, but many developing countries 
still lack the capacity to manage chemicals safely. In recent 
decades, outdoor air pollution – for example, sulphur dioxide 
and particulate matter in the troposphere (i.e. lower atmo-
sphere) – has improved in high-income countries but conti-
nues to worsen in most low-income countries. Urban areas 
typically have high levels of pollution. Of 45 megacities with 
measurements, only four satisfied World Health Organiza-
tion (WHO) guidelines for air quality. Currently, more than 90 
per cent of the world’s population lives in places breaching 
WHO guidelines for particulate matter. The stratospheric 
ozone layer that protects life from ultraviolet radiation has 
started to recover and should return to its pre-1980 levels by 
mid-century as long as countries continue to eliminate the 
production and consumption of ozone-depleting chemicals 
as agreed under the Montreal Protocol. Some of these gases 
are also potent greenhouse gases. The success in phasing 
out these gases demonstrates the role that multilateral trea-
ties can play in achieving joint action based on the scientific 
findings in international assessments. 

Climate change, loss of biodiversity, land degradation, and 
accumulating chemicals and waste reinforce each other 
and are caused by the same indirect drivers. Environmen-
tal changes are projected to increase and accelerate in the 
coming decades due to further expansion in human activities 

and time lags in the Earth’s systems. Climate change drives 
changes in wildfires and water stress and combines with 
biodiversity loss to degrade land and enhance drought in 
some regions. Globally, risks from dryland water scarcity and 
wildfire damage are projected to be high with global warming 
of 1.5°C, and very high for warming of 3°C. The combina-
tion of climate, land-use and land-cover changes has over 
the last few decades already resulted in more frequent and 
intense dust storms in many dryland areas. Climate change 
and land degradation combine to drive loss of biodiversity 
and increase extinction risks. Geographic range losses of 
over 50 per cent are expected for between a quarter and a 
half of terrestrial species at 3°C warming. Climate change, 
land degradation and pollution of land, water and oceans 
can degrade ecosystems in ways which exacerbate air and 
water pollution, reduce water availability and diminish nature’s 
uptake of carbon dioxide, which in turn can further increase 
climate change. Efforts to reduce carbon dioxide emissions 
from the use of fossil fuels also reduces local air pollution 
(as fossil fuels are also responsible for a very large share of 
pollutant emissions). Efforts to reduce local air pollution, such 
as from black carbon (soot), and ground-level ozone and its 
precursors, can also contribute to mitigating climate change.
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C. An array of escalating and mutually reinforcing  
environmental risks threatens human well-being 
and the achievement of the Sustainable  
Development Goals 

Current and projected future environmental degradation 
will seriously undermine society’s chances of achieving the 
Sustainable Development Goals (figure ES.1). Recent data 
and projected trends show that society prior to the COVID-19 
pandemic was reducing hunger, increasing access to safe 
drinking water and adequate sanitation and increasing access 
to clean modern energy services, but not enough to meet the 
targets in the 2030 Agenda for Sustainable Development. Cur-
rent and projected changes in climate, biodiversity loss and 
pollution make achieving the SDGs even more challenging. 
For example, even small increases in temperature, along with 
associated changes such as in weather, precipitation, heavier 
rainfall events, extreme heat, drought and fire, increase risks 
to health, food security, water supply and human security, and 
these risks increase along with warming. Combined environ-
mental changes increase the risks of crossing thresholds 
beyond which ecological and climatic shifts accelerate and 
become very hard to reverse. Socioeconomic development 
patterns strongly determine the vulnerability and exposure 
of people, and thus related impacts, as well as the groups 
in society that would bear the brunt of these impacts. The 
COVID-19 pandemic has disrupted already uneven progress 
towards achieving many of the SDGs and caused the first in-
crease in global poverty in decades by pushing an estimated 
70 million more people into extreme poverty in 2020. 

Damaging and long-lasting environmental change impedes 
progress towards ending poverty, reducing inequalities and 
promoting sustainable economic growth, decent work for 
all and peaceful and inclusive societies. Progress towards 
ending poverty in all its forms (SDG 1) is countered by the 
impacts of climate change, which are expected to exacerbate 
poverty in most developing countries and, in combination 
with increasing inequalities, create new pockets of poverty 
everywhere. Worldwide, 3.2 billion people (around 40 per cent 
of global population) are adversely affected by land degra-
dation, and the number is growing. Environmental change 
impedes the achievement of gender equality (SDG 5) especi-
ally in rural, agricultural and resource-based economies and 
livelihood systems, where women’s adaptive capacities are 
hampered by poorer access than men to financial resources, 
land, education, health and other basic rights. Inequalities 
in environmental opportunities and burdens along ethnicity, 
gender, race and income levels hamper efforts to reduce 
inequalities within and among countries (SDG 10). Countries 
with high average temperatures, low levels of development 

and high dependence on climate-sensitive sectors such as 
agriculture, are expected to bear the largest burdens of clima-
te change. Efforts to promote sustained, inclusive and sustai-
nable economic growth and decent work for all (SDG 8) are 
hampered by loss of natural capital and climate change. In 
2018 alone, damages from climate-related natural disasters 
cost about US$155 billion. Poorer workers in industry, agricul-
ture or the informal sector are more likely than higher-wage 
workers to be employed in dangerous, unregulated settings 
with high exposures to heat stress and hazardous chemicals. 
Environmental change also hampers the promotion of pea-
ceful and inclusive societies (SDG 16). Climate change can 
amplify migration, environmental degradation and intensify 
competition for natural resources, which in turn can spark 
conflicts, including between actors with power asymmetries 
where indigenous peoples or local communities are often 
vulnerable. Since the mid-twentieth century, at least 40 per 
cent of all intrastate conflicts have been linked to the exploita-
tion of natural resources. More than 2,500 conflicts over such 
resources are currently occurring across the planet, and at 
least 1,000 environmental activists and journalists were killed 
between 2002 and 2013.

Earth’s capacity to meet growing human needs for 
nutritious food, water and sanitation for all will weaken 
in the face of continued environmental decline. Environ-
mental degradation makes ending hunger, achieving food 
security and improved nutrition and promoting sustainable 
agriculture (SDG 2) more demanding. Agricultural yields 
are projected to be negatively impacted by climate change 
due to warming, changing precipitation patterns, greater 
frequency of extreme events such as heatwaves, heavy pre-
cipitation in several regions, and droughts in some regions, 
and changes in the incidence of pests and diseases. While 
sustainability choices influence food security at the local 
scale, climate change risks to food security could beco-
me very high at 2°C, whilst 4°C of warming is considered 
catastrophic. Air pollution such as ground-level ozone also 
negatively impacts agricultural yields and will be impacted 
by climate change. Species and genetic diversity in agricul-
ture, which are critical to resilient food systems, is lower 
than ever. Future agricultural expansion is projected to take 
place on more marginal lands with lower yields. Biodiversi-
ty loss poses risks to food production. The loss of animal 
pollinators, critical to more than 75 per cent of food crops, 
including many fruit and vegetables and cash crops such 
as coffee, cocoa and almonds, threatens annual global crop 
output worth between US$235 billion and US$577 billion. 
Soil erosion from agricultural fields is estimated to be 10 
to more than 100 times higher than the soil formation rate, 
affecting agricultural yields through reduced water-holding 
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capacity and loss of nutrients. An estimated 176 gigaton-
nes of soil organic carbon has been lost historically, mostly 
from land-use change, and another 27 gigatonnes is pro-
jected to be lost between 2010 and 2050. Wild fish catch, 
which has already declined due to overfishing, is under 
additional threat due to changing climatic conditions, ocean 
acidification and pollution. Efforts to ensure the availability 
and sustainable management of water and sanitation for all 
(SDG 6) are also impeded by environmental change. Climate 
change will exacerbate water stress risks, especially in 
areas of decreased precipitation and where groundwater is 
already being depleted, affecting both agriculture and more 
than 2 billion people who already experience water stress. 
Water pollution has continued to worsen over the last two 
decades, increasing the threats to freshwater ecosystems 
and human health.

The deteriorating health of the planet undermines efforts to 
secure healthy lives and well-being for all (SDG 3). Pollution 
is estimated to cause some 9 million premature deaths annu-
ally and millions more die every year from other environment 
related health risks.  Around one quarter of the global burden 
of disease stems from environment-related risks, including 
climate change, air and water pollution, and exposure to toxic 
chemicals. Climate-related health risks, which become grea-
ter with rising temperatures, include undernutrition, vector-
borne diseases (including dengue, chikungunya, yellow fever 
and zika virus), animal-borne (zoonotic) diseases (see box 
below), heat-related morbidity and mortality, and food- and 
water-borne diseases. Indoor air pollution from cooking with 
biomass on traditional stoves, and outdoor air pollution, much 
from the combustion of fossil fuels, currently cause around 
6.5 million premature deaths per year related to respiratory 
diseases and are projected to continue to represent a serious 
human health risk. Other major environmental health risks 
include lack of access to clean drinking water and sanitation 
services, causing 1.7 million deaths per year from diarrheal 
diseases, many of which are deaths of children under the age 
of five. Pollution-related health risks also stem from exposure 
to heavy metals and chemicals. The stratospheric ozone layer  
– which is slowly recovering – reduces the risk of excessive 
solar ultraviolet radiation exposure that leads to skin cancer, 
cataracts and other health problems in humans. As a result 
of the loss of biodiversity and ecosystem services, nature’s 
ability to support human health through regulation of air and 
water quality is in decline in many places, as well as its ability 
to provide opportunities for recreation and relaxation, which 
support physical and mental health and well-being. Biodiver-
sity loss is also negatively affecting nature’s ability to supply 
medicines. An estimated 4 billion people – more than half 
the global population – rely primarily on natural medicines 

for their health care, and some 70 per cent of drugs used for 
treating cancer are natural or are synthetic products inspired 
by nature. Antimicrobial resistance, industrial chemicals, mul-
ti-exposures and newly emerging diseases are increasingly 
threatening human health and well-being.

Box ES.1 COVID-19 and One Health

Diseases that originate in wild and domestic animals 
(zoonotic diseases) pose threats to human health and 
the economy, as the COVID-19 pandemic demonstrates. 
Addressing the pandemic has upended people‘s lives, 
brought sectors such as travel and tourism to a stand-
still, and caused major health, economic and social 
impacts around the world. The crisis, which was still 
unfolding as this report was completed, shows that 
modern society is susceptible to the risks that zoonotic 
diseases have presented throughout human history. 
It has been estimated that, of the 1.6 million potential 
viruses in mammals and birds, 700,000 could pose a 
future risk to human health. Risks depend partly on how 
human interaction with nature is managed. Ecological 
degradation increases the risk of zoonotic diseases 
through increased human contact with pathogens and 
changes in pathogen ecology. Human impacts that 
may increase the risk include climate change, land-use 
change and fragmentation, agricultural intensification, 
deforestation, and the legal and illegal wildlife trade. The 
creation of new habitat edges provides more opportuni-
ties for spillover events from wildlife hosts into humans 
and livestock. A One Health approach recognizing 
how human health is interconnected with the health of 
animals, plants and the shared environment and applied 
at all levels of decision-making – from the global to the 
local – can reduce the risk of zoonotic pandemics and 
epidemics into the future.

Environmental degradation hampers efforts to make cities 
and human settlements inclusive, safe, resilient and sus-
tainable (SDG 11). Climate change and loss of biodiversity 
and ecosystem services can negatively impact the provision 
of basic services and accentuate natural disasters, while air 
pollution and waste management remain challenging in many 
cities. Coastal communities are exposed to multiple climate- 
related hazards, including tropical cyclones, sea level rise 
and flooding, marine heatwaves, sea-ice loss and perma-
frost thaw. Global warming exacerbates the urban heat island 
effect in cities and their surroundings, especially during heat-
waves, increasing people’s exposure to heat stress. At 1.5°C 
of warming, twice as many megacities than at present are 
likely to become heat-stressed, possibly exposing more than 
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Environmental degradation threatens the achievement of the SDGs
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Figure ES.1: Selected environmental changes and related impacts on the SDGs. The clustering of SDGs provides an integrated perspective with the environment as the 
foundation for the economy, human development and, ultimately, human well-being. Human-induced environmental degradation adversely impacts human well-being. 
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350 million more people to potentially deadly heat stress by 
2050. Urbanization can amplify the effects of extreme rainfall 
and wind. Large-scale urbanization is also impacting on bio-
diversity hotspots and agricultural land, which in turn will have 
consequences for human settlements in terms of declining 
ecosystem services and food security. Urban populations are 
particularly exposed to air pollution. Solid waste per capita 
has doubled in the last decade to 1.3 billion tons a year, most 
of which is generated and disposed of in cities. At least 2 bil-
lion people lack access to collection services for solid waste 
and 3 billion people lack access to adequate waste disposal 
facilities. Many low-income cities still have waste collection 
coverage in the range of 30–60 per cent. 

The risks to human well-being and to the achievement 
of the Sustainable Development Goals will continue to 
escalate unless current rates of environmental degrada-
tion are halted. Global warming of more than 2°C combined 
with continued loss of biodiversity and increasing pollution 
will likely have dire consequences for humanity. If warming 
exceeds 2ºC, both marine and terrestrial animals and plants 
are projected to decline, including the decline of warm-water 
coral reefs by 99 per cent, the decline of Arctic summer sea 
ice, large declines in marine fishery catches and the placing 
of 20–30 per cent of terrestrial species at increased risk of 
extinction. Substantial increases in heatwaves, heavy preci-
pitation in several regions and drought in some regions are 
associated with global warming, and in turn increase risks to 
food security. Crop yields are already declining in some regi-
ons due to global warming. The fraction of remaining near-na-
tural land is projected to be only 10 per cent by mid-century, 
while degraded land will reach over 20 per cent.

The costs of inaction on limiting environmental changes far 
outweighs the costs of action. By 2100, negative impacts 
from climate change exceeding 2.5°C of warming are likely 
to be substantial, far in excess of impacts with limiting 
warming to 1.5°C or well below 2°C. Furthermore, limiting 
greenhouse gas emissions would also generate considera-
ble benefits, including for human health. Cost estimates for 
reducing emissions, though substantial, are far less than the 
avoided economic damage. There is an urgent need for a 
clear break with current trends of environmental decline, and 
the coming decade is crucial. 

II. Transforming humankind’s  
relationship with nature is the key  

to a sustainable future  
Part II of the report addresses the transformational changes 
required to achieve a sustainable world. It also assesses the 
roles and responsibilities of different actors and presents op-
tions for action in the interconnected sectors of environment, 
economics, finance, energy, food, water, health and cities.

D. Human knowledge, ingenuity, technology and  
cooperation can transform societies and  
economies and secure a sustainable future  

Decades of growing efforts have not stemmed the environ-
mental decline resulting from the current development 
model because vested and short-term interests often 
prevail. While progress has been made in addressing climate 
change, biodiversity loss, land degradation, and air and water 
pollution, the types of transformational change needed have 
often been thwarted by vested interests that benefit from 
preserving the status quo. 

Only system-wide transformation will enable humanity to 
achieve well-being for all within the Earth’s finite capacity 
to provide resources and absorb human waste. Society 
continues to exceed and degrade the Earth’s capacities 
despite clear evidence of the risk that this development 
path poses to humanity and growing efforts to reduce its 
environmental impacts. Continuing along this path consti-
tutes an ongoing and increasing risk to current and future 
prosperity and well-being. Human skills need to be rede-
ployed from transforming nature to transforming the social 
and economic fabric of society. This effort needs to put 
human well-being centre stage, and speed progress towards 
achieving the opportunities set out in the indivisible and 
interdependent SDGs, whose target date is fast approaching. 
Transformation involves a fundamental, system-wide shift in 
world views and values and in the technological, economic 
and social organization of society. Transformations requires, 
amongst other things, innovation, learning, collaboration, 
multilateralism and adaptation of governance structures, 
policies, business models, technologies, education and 
knowledge systems. In particular, cross-sectoral planning 
and integrated policy mixes are essential to find synergies, 
address trade-offs, and manage the interactions between 
areas including water, food, energy, climate change and hu-
man health. Beyond policy, initiatives from actors in society 
that challenge current social norms or the status quo can 
spark organizational and societal deliberation, which may 
substantially speed up transformations. 
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Transformation towards sustainability involves significant 
and mutually reinforcing changes in behaviour, culture, 
material flows and systems of management and knowled-
ge transmission. With successful transformative change, 
the consumption of resources would decrease in wealthy 
contexts and increase sustainably elsewhere. People would 
be empowered to express and act in accordance with values 
of environmental responsibility without undue difficulty or 
self-sacrifice. Human opportunities and outcomes would 
be more equitable across dimensions of social differen-
ce including gender, ethnicity, race and region. Trade and 
other economic activities including resource extraction 
and production of goods and services would yield net-posi-
tive effects, resulting in a substantial reduction in negative 
consequences. Systems of innovation and investment would 
yield technologies that enable net-positive environmental ef-
fects. Education and knowledge transmission would enable 
everyone to participate in well-functioning societies and new 
practices of stewardship and sustainability. Human ambiti-
ons for a good life would no longer be centred around high 
levels of material consumption, but around rich relationships 
involving people and nature, in keeping with diverse traditi-
ons throughout the world. Behaviour change can be achie-
ved by enabling the strong underlying values of responsibi-
lity that are already present via subtle or structural changes 
in institutions and infrastructure, but paradigms, goals and 
values would further change as systems and human action 
transform. The above components of transformative change 
have been called the “leverage points” to reflect the potenti-
ally synergistic nature of change.

Achieving sustainability will entail interventions across 
scales and sectors and changes to incentive structures, 
management systems, decision-making processes, rules 
and regulations.  Transformed incentive structures would 
encourage conservation and discourage actions that result 
in environmental degradation. Systems for policymaking, 
planning and managing natural resources and the use of 
lands and waters would be coordinated across sectors and 
jurisdictions; pre-emptive in addressing emerging threats 
via effective environmental monitoring and evaluation; 
include meaningful participation, especially of stakeholders 
and rightsholders such as indigenous peoples and local 
communities; and be designed for resilience and adapted to 
uncertainties. Strong environmental laws would protect eco-
systems and the human enjoyment of a healthy environment, 
bolstered by consistent enforcement of laws and independent 
judiciaries. These three sets of governance interventions 
have been called the “levers” of transformation to reflect their 
power to effect change at the specified leverage points and 
also more broadly.

Opposition from vested interests to transformations 
aiming to secure a sustainable and prosperous future is 
to be expected but can be addressed. Existing infrastruc-
ture and built capital provide system inertia that can make 
change difficult and incurs short-term costs, especially if 
change involves the premature retirement of capital stock. 
Also, individuals and organizations have habits, procedures 
and ways of doing business that can yield a reluctance and 
resistance to change. Individuals and organizations can also 
oppose change that disrupts their livelihoods, market share 
and revenues, or that otherwise appear unfair. Transparent 
regulatory action and consistent enforcement, coupled with 
political leadership, media vigilance and civil society engage-
ment, can shift the status quo and help level the playing field 
so that firms cannot gain competitive advantages by exter-
nalizing costs that are then borne by society. Some opposi-
tion can be addressed proactively by redirecting subsidies 
to steer workers and firms toward opportunities associated 
with transformative change. Programmes fostering a just 
transition can include, for instance, retraining workers from 
unsustainable industries and helping them relocate in order to 
take up new jobs.

Box ES.2 Recovering from the COVID-19 pandemic

The COVID-19 crisis provides the impetus to rethink how 
society can accelerate the transformation to a sustai-
nable future. Governments and other actors are rolling 
out significant policy measures and investments to help 
societies and economies recover from the COVID-19 
crisis. These initiatives are an opportunity to move away 
from unsustainable practices and accelerate transfor-
mation towards implementation of the SDGs. Economic 
support can be channelled into, for example, sustainable 
infrastructure and programmes that reduce the risks and 
impacts of future pandemics. A post-COVID world needs 
to address the issues of habitat destruction, wildlife 
trade and other human-nature interactions that increase 
exposure to zoonotic diseases. It also needs stronger 
international governance structures that can help take 
coordinated actions quickly and transparently. 
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E. Earth’s environmental emergencies must be  
addressed together to achieve sustainability

Given the interconnected nature of climate change, 
loss of biodiversity, land degradation, and air and water 
pollution, it is essential that these problems are tackled 
together now. Immediate action is required to mitigate 
climate change, conserve and restore biodiversity, improve 
air and water quality, make more efficient use of resources 
and reduce the adverse effects of chemicals. Actions also 
need to be taken now even where the benefits may not be 
realized for years due to the long-lasting nature of environ-
mental effects or to inertia in the socio-economic system. 
Essential actions with delayed effects include reforestation 
and restoration of degraded lands. Response options that 
can address multiple environmental issues, mitigate multi-
dimensional vulnerability and help minimize trade-offs and 
maximize synergies, need to be implemented. Numerous 
response options that can preserve and restore the en-
vironment and contribute to achieving some of the other 
SDGs have already been identified. For example, large-scale 
reforestation with native vegetation can simultaneously help 
address climate change, biodiversity loss, land degradation 
and water security. A key challenge is to avoid unintended 
consequences. For instance, large scale afforestation sche-
mes and replacing native vegetation with monoculture crops 
to supply bioenergy can be detrimental to biodiversity and 
water resources. 

The further development and implementation of the 
goals, targets, commitments, and mechanisms under the 
key multilateral agreements on climate change, biodi-
versity, land-degradation, oceans and pollution need to 
be aligned and become more synergistic and mutually 
supportive. There needs to be enhanced harmonization in 
the implementation, monitoring and financing of the multi-
lateral agreements. Sustainable policies, technologies and 
management practices need to be implemented within the 
interconnected agriculture-fisheries-forestry-water-energy 
systems given their impact on climate, biodiversity and land 
degradation. 

Governments must scale up and accelerate action to 
meet the Paris Agreement goals and limit dangerous 
climate change. Evidence shows that the risks associated 
with climate change, including the risks of extreme weather 
events, impacts on unique and threatened systems, and 
large-scale discontinuities such as the disintegration of the 
Greenland and Antarctic ice sheets (Figure 1.1), are generally 
higher than previously understood. Limiting the global mean 
temperature increase to well below 2°C and pursuing efforts 

to hold it to 1.5°C, in line with the Paris Agreement, require 
immediate significant strengthening and rapid implementa-
tion of existing national pledges to reduce greenhouse gas 
emissions. To limit global warming to 1.5°C, with a proba-
bility of about 50 per cent, net emissions of carbon dioxide 
will need to be reduced by 45 per cent by 2030 compared to 
2010 levels and reach zero by 2050. To limit global warming 
to 2°C, emissions need to decline by about 25 per cent by 
2030 compared to 2010 levels and reach net zero by around 
2070. The emissions of other greenhouse gases must also 
be reduced. More ambitious reductions would be necessary 
for higher certainty in limiting dangerous climate change. 
The emission gaps presented in figure ES.2 show pathways 
with about 66 per cent chance of limiting global warming to 
1.5°C and 2°C. Delaying action exacerbates difficulties and 
incurs greater costs. Scenarios in which warming tempora-
rily exceeds the Paris Agreement around mid-century before 
falling rapidly depend heavily on the development of carbon 
dioxide removal technologies, whose ability to capture and 
store carbon dioxide at scale is so far unproven and could 
lead to unintended negative impacts on biodiversity and 
food production. 

Emissions reductions entail rapid and far-reaching 
transformations in the energy, land, industrial production, 
urban and infrastructure sectors. Such transformations 
are unprecedented in scale, implying deep emissions 
reductions in all sectors and in all countries, as well as new 
lifestyles, norms and values. Developing countries will need 
financial and technical assistance. Nature-based solutions, 
such as reforestation with native trees, restoration of de-
graded lands, improved soil management and agroforestry 
can contribute significantly to reducing the atmospheric 
abundance of carbon dioxide. Such solutions have been 
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estimated to be able to provide between 35 and 40 per cent 
of the mitigation effort needed until 2030 to limit warming 
to 2°C. Bioenergy (often in combination with carbon capture 
and storage) and afforestation can contribute to mitigation 
but must be designed to avoid or minimize adverse effects 
on biodiversity, food and water security, and air quality. 

Reducing short-lived climate forcers is a key part of the 
global climate response and must be pursued with high 
priority. Reducing short-lived climate forcers such as black 
carbon, ground-level ozone and methane is one of the most 
effective options for slowing the rate of global warming in 
the near term. It also delivers ancillary benefits by impro-
ving public health from lowering air pollution, improving 
food security from increasing crop yields, and reducing 
poverty and inequality. 

Adaptation to the impacts of climate change is critical 
and involves both preparations for and responses to the 
impacts, with nature-based solutions playing a vital role. 
Mitigating climate change is vital, urgent and cost saving: 
the lower the degree of warming the easier and cheaper 
it will be to adapt. Societies, economies and ecosystems 
must adapt to changing temperature and precipitation 
patterns, including more heatwaves, heavy precipitation 
in several regions, droughts in some regions and higher 
sea levels. There has been significant progress in planning 
for climate change preparedness over the last two deca-
des. Adaptation options, if well designed and managed 
in a participatory manner, can reduce the vulnerability of 
human and natural systems, and have many synergies with 
most of the SDGs, such as food and water security, though 
potential trade-offs must be recognized. Adaptation is 

Figure ES.2: Global greenhouse gas emissions under different scenarios and the emissions gap in 2030 for unconditional and conditional nationally determined 
contributions (NDCs) scenarios (median and 10th to 90th percentile range; based on the pre-COVID-19 current policies scenario). 

Source: Figure adapted from UNEP 2020a, EGR, ES, Figure ES.5
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place- and context-specific and can be enhanced through 
complementary actions across all levels from individu-
als to governments. Increasing investment in social and 
physical infrastructure is vital to enhance the resilience and 
adaptive capacity of societies. Specific interventions can 
include climate-resilient agriculture, nature-based solutions 
such as conserving and restoring ecosystems, land-use 
planning, coastal defence systems and social safety nets. 
Nature-based solutions have gained prominence, given the 
prominence, given the many interlinkages between climate 
change and biodiversity loss, and the potential to deliver 
co-benefits for livelihoods and human well-being. Adapta-
tion actions include restoration or protection of coral reefs, 
seagrass meadows, coastal wetlands, mangroves, and 
beaches to reduce coastal flooding and erosion; green and 
blue spaces to reduce urban flooding and heat-related risks; 
protecting and restoring floodplains, peatlands and riparian 
vegetation to reduce river flooding.

The unravelling of the web of life on Earth can only be 
halted and ultimately reversed by addressing the indi-
rect and direct human drivers of its decline. The causes 
of biodiversity decline are many and deeply embedded in 
society, so the future of life on land, in freshwater and in 
the oceans fundamentally depends on society embracing 
transformative pathways. Halting and reversing biodiversity 
loss means addressing the direct drivers such as land and 
sea use, overexploitation, climate change, air and water 
pollution and invasive species. That in turn is contingent 
on incentive structures, improved management systems 
and the rule of law that promotes conservation, restoration 
and sustainable use of biodiversity. Such efforts need to 
be embedded in system-wide reforms addressing pover-
ty, sustainable livelihoods, food, energy and resource-use 
systems. They also need to encompass combatting the 
illegal wildlife trade and avoiding human development in 
biodiversity hotspots. Systemic shifts will mean changing 
lifestyles and economic systems, including measures of 
progress. Alleviating these existing and growing pressures 
will permit populations of many wild organisms to remain 
viable as they shift their ranges under the influence of 
climate change. Measures to protect biodiversity from the 
impacts of trade and corporate supply chains are import-
ant to slow and reverse biodiversity loss. This includes the 
removal of implicit or explicit harmful subsidies for farming, 
fishing, mining and industries that export commodities. 
Production standards, moratorium agreements, consumer 
pressure and education, product traceability to source and 
certification are all important complementary interventions. 
Well-designed, legitimate offsets could facilitate market 
transformation.

Biodiversity conservation and restoration must be 
integral to the many uses of terrestrial, freshwater and 
marine ecosystems. Reduction of pressure on biodiver-
sity and ecosystem services in populated, productive and 
human-transformed landscapes and freshwater systems 
is a key conservation strategy, especially in large-sca-
le intense and highly transformed agricultural lands. The 
use of transparent participatory approaches to landscape 
planning and resource management is key to success. 
Recognition of the custodial traditions and knowledge of 
indigenous peoples and local communities is also import-
ant. Pastoral, cropping and forestry practices can sustain 
biodiversity while supporting local livelihoods, avoiding 
land degradation and embracing restoration of degraded 
lands. Community gardens and parks can be designed and 
implemented to enhance biodiversity in cities. Equally, the-
re need to be reduced pressures on coastal ecosystems 
and the open ocean.  

A more extensive, better managed and more representative 
global network of interconnected terrestrial, freshwater 
and marine protected areas, designed to adapt to climate 
change, can contribute to the conservation of biodiversity. 
A more extensive network of protected areas is needed in 
order to include key biodiversity currently not protected. Many 
protected areas are currently too small or isolated to be effec-
tive in the long term, given that climate change is shifting the 
geographic ranges of animal and plant species. Increasing 
connectivity between protected areas makes them more 
resilient to climate change and more able to sustain viable 
populations of threatened species. Some ostensibly protec-
ted areas have weak management and governance and need 
increased investment for surveillance, law enforcement and 
restoration. A number of governments and NGOs are commit-
ting to or promoting the protection of 30 per cent of the land 
and oceans by 2030.
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Fisheries reform, integrated spatial planning, conserva-
tion, climate mitigation and reduced pollution are all key to 
restoring marine life. Sustainable fish quotas are essential to 
reform fisheries, end overfishing and restore marine biodiver-
sity. Trade negotiations are ongoing to craft new rules on the 
elimination of harmful fisheries subsidies. Expanded protec-
ted areas in both territorial waters and the open ocean can 
conserve and rebuild stocks of commercial and non-com-
mercial species. Achieving the Paris Agreement aspiration of 
holding global warming to 1.5°C would limit harmful ocean 
acidification. Protecting marine life also means countering 
ocean contamination from chemicals, plastics, sewage and 
excess sediment resulting from land degradation. Integrated 
spatial planning covering multiple uses of marine resources 
can help advance sustainable development in oceans and 
coastal areas.

The impact of chemicals and waste on human health and 
the environment can be substantially reduced by imple-
menting existing international chemicals conventions, 
strengthening the science-policy interface, and further 
legal and regulatory reform. A strengthened scientific 
assessment process is needed to provide a stronger basis 
for evidence-based policymaking aimed at improving the 
management of chemicals and waste and minimizing their 
adverse impacts. Successful implementation of the 2030 
Agenda for Sustainable Development can accelerate progress 
in achieving sound whole cycle management and minimizing 
adverse impacts. This will require more ambitious, urgent and 
worldwide collaborative action by all stakeholders in all count-
ries. Policies and procedures need to be enacted to reduce 
the pollution loads of these chemicals and human exposure 
by reducing their release to the air, water and soils. A well-de-
fined set of indicators for chemicals management needs to 
be developed for global and national accounting.

F. Economic and financial systems can and  
must be transformed to lead and power  
the shift toward sustainability 

Economic and financial systems need to be significantly 
transformed to attain a vibrant and sustainable world. These 
systems need to help align production, consumption, infras-
tructure and human settlement with the SDGs. Governments 
should incorporate full natural capital accounting into their 
decision-making and use policies and regulatory frameworks 
to provide incentives for businesses to do the same. Incen-
tives can favour sustainability and penalize environmental 
degradation, for instance by taxing unsustainable resource 
use and pollution rather than production and labour, measures 
that also promote a circular economy. Governments phasing 

out harmful subsidies can redirect that support to low-carbon 
and nature-friendly solutions and technologies. Governments 
and businesses need to systematically internalize environ-
mental costs and benefits throughout their management 
systems and supply chains. Using full natural capital accoun-
ting and providing economic incentives will also shift finance 
away from investing in environmentally harmful activities and 
towards sustainable investments. Some nations may need 
development assistance to help finance shifts towards a more 
sustainable economy. Transforming the nexus of energy, 
human settlements, agriculture, forestry and water systems is 
among the highest priorities. 

Measures of economic performance must include the value 
of nature’s contributions to human well-being. Conventional 
measures of economic activity such as GDP are commonly 
used as indicators of national prosperity and to guide econo-
mic planning. But GDP fails to properly account for gains or 
losses in the natural capital that underpin many vital econo-
mic activities or for environmental quality and other non-mo-
netary factors that contribute to human well-being. More 
inclusive economic yardsticks such as changes in inclusive 
wealth – the sum of produced, human, social and natural 
capital – provide a better measure of the capacity of current 
and future generations to achieve and sustain higher living 
standards and quality of life without eroding natural capital 
and causing environmental harm, as well as a better basis for 
investment decisions. Some natural capital cannot be fully 
substituted by other forms of capital and may require special 
protection. Another approach is to use a Genuine Progress 
Indicator to correct GDP for social and environmental factors 
such as inequality, costs of underemployment and costs of 
pollution. Quality-added GDP is a further alternative to conven-
tional GDP.      

Progress towards achieving the Sustainable Development 
Goals requires increased financing and massive shifts in 
public and private financial flows and investment patterns. 
To meet the SDGs, large increases and shifts in investments 
will be needed in the water, food, energy and other sectors. The 
investments required exceed the capacity of public financing, 
therefore substantial private sector financing is essential. Soci-
ally and environmentally oriented investment funds that provi-
de low-cost financing to sustainable initiatives can partly close 
the gap but achieving large-scale financial flows will require 
shifting incentives such that only investments in sustainable 
development are financially attractive. New tools and approa-
ches that can leverage and incentivize private sector funding 
include the use of capital markets to unlock private sector in-
vestment in sustainable infrastructure. The Global South needs 
increased access to low-interest finance in order to achieve the 
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SDGs. The Global North has exacerbated the shortfall by failing 
to meet its commitments under environmental conventions 
and on international development assistance.

Reducing inequalities and the risk of social conflict requi-
res the minimization and reversal of environmental degra-
dation and declines in natural resources, as well as struc-
tural changes to the economy. Removing inequality requires 
steps to address individual and community property rights, 
persistent poverty, hunger, education, equity and inclusion 
in resource management. Actions include reforming trade 
agreements, eliminating perverse subsidies and taxes that 
promote wasteful and harmful use of natural resources, and 
investing in urban areas, public services, education and health 
care facilities. Investments should be targeted at indigenous 
peoples and local communities, as well as underrepresented 
and marginalized social groups. 

G. Food, water and energy systems can and must  
be transformed to meet growing human needs  
in an equitable, resilient and environmentally 
friendly manner 

Feeding humanity, ensuring water security, and enhancing 
the conservation, restoration and sustainable use of nature 
are complementary and closely interdependent goals. Irri-
gated agriculture is the largest human use of water, currently 
accounting for about 70 per cent of freshwater withdrawals 
worldwide and projected to increase. The impacts of land 
and water use on nature, and therefore on long-term food 
and water security, must be addressed together. Practices 
and policies that affect the demand for food, as well as its 
production, will have strong feedbacks on water and nature. 
Sustainable solutions will be context-specific. Reducing food 
and water waste is critical, requiring changes in areas ranging 
from production and extraction systems to storage and dis-
tribution infrastructure to individual consumption patterns.

Agricultural systems that work with nature, are adaptive 
to change, resilient to shocks and minimize environmental 
impacts, are critical to eliminate hunger and malnutrition 
and contribute to human health. Sustainable agricultural 
systems and practices include integrated pest and nutrient 
management, organic agriculture, agroecological practices, 
soil and water conservation, conservation aquaculture and 
livestock systems, agroforestry, silvopastoralism, integrated 
farming systems, improved water management and practices 
to improve animal welfare. Sustainable agriculture conserves 
and restores soils and ecosystems, rather than degrading 
them. Sustainable agricultural systems must be resilient to 
climate change, addressing issues of temperature, drought, 

pests and salinity through the development of new traits, and 
the conservation of genetic and species diversity will help 
facilitate this. Multifunctional landscapes and waterscapes 
can be the basis for a shift towards ecological intensification 
or biodiversity-based agriculture, which aims to enhance eco-
system services generated by agro-diversity, some of which 
boost production.   

Changes in patterns of consumption are critical to transfor-
ming food, water and energy systems and can be achieved 
through altered norms in business and cultural practices. 
Strategic use of economic instruments, new forms of poly-
centric governance involving all key stakeholders, and chan-
ges in purchasing patterns will all be necessary to transform 
food, water and energy systems. Sustainable agricultural 
practices are often disincentivized by current systems of in-
dustrial-scale agricultural production, inappropriate subsidies, 
crop insurance and capital investments. Changing the dietary 
habits of consumers, particularly in developed countries, 
where consumption of energy- and water-intensive meat and 
dairy products is high, would reduce pressure on biodiversity 
and the climate system. These habits are a function of indivi-
dual choices but are also influenced by advertising, food and 
agricultural subsidies and excess availability of cheap food 
that provides poor nutrition.

Small-scale farmers, particularly women farmers, are cen-
tral to the challenge of achieving sustainable food security 
and need to be empowered. Women farmers need access to 
education and training, information and technology, gender-
sensitive extension services, financial and legal services, mar-
kets, crop insurance and social safety nets. They also need 
access to and control over land and production inputs such 
as high-yielding, water efficient, and pest-and disease-resis-
tant crops, fertilizers and other inputs, as well as groundwater 
and irrigation services. 

Maintaining aquatic food production requires sustainable 
fisheries management, the implementation and expan-
sion of marine protected areas, including no-take zones, 
and action on climate change and pollution. Pathways to 
sustainable fisheries entail conserving, restoring and sustai-
nably using marine and freshwater ecosystems, rebuilding 
overfished stocks (including through targeted limits on 
catches or moratoria), reducing pollution from chemicals and 
plastics, managing destructive extractive activities, elimina-
ting harmful subsidies and illegal, unreported and unregulated 
fishing, adapting fisheries management to climate change 
impacts and reducing the environmental impact of aquacul-
ture. Marine protected areas, including no-take zones and 
locally managed marine areas, have demonstrated success 
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in biodiversity conservation and rebuilding fish stocks when 
managed effectively; they can be further expanded through 
larger or more interconnected protected areas or new pro-
tected areas in currently underrepresented regions and key 
biodiversity areas.

Sustaining adequate and high-quality freshwater in the 
context of climate change, rising demand and increased 
pollution requires improving efficiency, wisely increasing 
storage and fostering the restoration of natural habitats and 
flow regimes. Cross-sectoral and sector-specific interventions 
may require actions to reduce pollution, improve water quality, 
sustainably manage groundwater extraction and minimize 
disruption. Achieving sustainability will require increased wa-
ter use productivity in agriculture, improved management of 
urban water and other water users, redirected investments in 
water distribution infrastructure and in wastewater treatments 
that recover resources, and climate- and biodiversity-sensitive 
increases in water storage. Policy instruments include water 
reallocation at the basin scale, shifting incentives to increa-
se water-use efficiency, drought resilience and appropriate 
pricing. Transboundary agreements and regional frameworks 
provide a strong foundation for regional coordination and co-
operation for the equitable sharing of water.  

Universal access to clean energy requires a rapid transition 
to low-carbon systems in both the production and use of 
energy. Improving access to affordable and modern energy 
(SDG 7) coupled with innovation and efficiency gains are vital 
to achieving equitable and sustainable economic growth while 
limiting global warming. Clean energy will also reduce poverty 
and indoor and outdoor air pollution and provide critical ser-
vices such as communications, lighting and water pumping. 
Achieving this goal while combating climate change involves a 
rapid transition to low-carbon energy systems encompassing 
both production and consumption. Investments in the energy 
transition need to grow five- or sixfold between now and 2050 
to achieve the Paris Agreement aspiration of limiting warming 
to 1.5°C. Renewable energy technologies such as wind and 
solar, along with improved energy efficiency in buildings and 
elsewhere, will be key. Governments must develop laws and 
policies that enable greater public and private investments 
in generation and distribution, while also encouraging more 
responsible energy consumption. Government policy and 
incentives can speed the phase-out of fossil fuels in pow-
er generation and transportation, including by supporting 
the development of renewable energy storage and electric 
vehicles. Large-scale renewable energy installations on land, 
watercourses and in the ocean require careful planning to 
avoid or minimize adverse effects on nature and on food and 
water security.

H. Keeping the planet healthy is key to providing 
health and well-being for all 

Reversing environmental decline reduces threats to 
human health and well-being. Human health and the 
health of the planet are closely interlinked, underlining how 
policies aimed at protecting human and planetary health 
should also be integrated. For example, mitigating green-
house gas emissions will limit the health risks and impacts 
from climate change. These include vector- and water-bor-
ne diseases such as malaria and cholera, heat stress, extre-
me weather events, loss of nutrients in foods, air pollution 
leading to cardiovascular and respiratory diseases. Halting 
and reversing ecosystem degradation will help safegu-
ard food and water security, secure medicinal plants and 
genetic resources valuable to medical research and reduce 
the risk of zoonotic disease pandemics. The reduction of air 
and water pollution and safe management of chemicals are 
key to safeguarding human health. 

Future human health risks from environmental decline 
can be minimized with a One Health approach. One Health 
is an approach that seeks to simultaneously secure optimal 
outcomes for human health, animal health and the health of 
the environment. A healthy society relies on a multifactorial 
foundation of physical, mental and social well-being, which 
can only be maintained and fostered if cross-sectoral and 
interdisciplinary approaches are pursued. Collaborative 
efforts under a One Health approach can prevent human 
health disasters such as zoonotic pandemics. The need for 
such an approach is widely recognized as a critical compo-
nent in creating a healthier world. The COVID-19 pandemic 
has underlined the need for bold and creative actions and 
agendas that facilitate cooperation across institutional, 
geographical, and socioeconomic boundaries and help re-
move current constraints. Health is increasingly influenced 
by geopolitical developments that are affected by environ-
mental factors, such as climate change-induced mass 
migration. It is key to target the social determinants of the 
many aspects of human health. 

Cities and communities, including informal settlements, 
can and must be made much more sustainable, inclu-
ding with nature-based solutions. Urban populations face 
immense risks from environmental degradation, including 
extreme heat and flooding, air and water pollution, infec-
tious diseases and growing inequality. The opportunities 
for promoting sustainability are also huge, including the 
transition to a low-carbon economy, reduced pollution and 
energy demand, sustainable consumption and production, 
and the restoration of biodiversity. Improved urban plan-
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ning and nature-based solutions offer cost-effective ways 
to address the SDGs in cities and make urban areas more 
resilient to climate change. Options include protecting or 
expanding green spaces that can reduce the heat island 
effect and absorb rainwater, retrofitting infrastructure, 
and promoting urban and peri-urban agriculture. Cities are 
expected to expand significantly in the next two decades, 
making the application of sustainable urban planning and 
development to existing and new residential and commer-
cial areas extremely urgent. Cities must also address the 
issue of informal settlements, which contribute to environ-
mental degradation and bear the brunt of its consequen-
ces. City planners must deliver or facilitate high-density, 
mixed-use and resource-efficient settlements, connected 
by multimodal and low-carbon transport and other infras-
tructural systems, with access to safe and abundant green 
space. Coastal cities need to be designed or retrofitted to 
face the threat of flooding due to sea level rise and salt 
water intrusion into freshwater systems, including, in some 
cases, planned retreat. 

I. All actors have a part to play in transforming  
social and economic systems for a  
sustainable future

Transformations can be just, informed and effective if the 
full range of actors in the public, private and civil society 
sectors collaborate. At the heart of the various trans-
formational changes needed for a sustainable future are 
informed, fair and participatory governance systems, where 
all relevant stakeholders have a voice. Polycentric systems 
of governance allow for improved information flow as well 
as collaborative planning, participation and coordination. 
Because governance systems are not merely the product 
of governments but rather of all societal actors, realizing 
governance systems suited for sustainability will require 
coordination amongst many different actors, including 
those who may not cooperate at present. This will mean 
transcending formal boundaries between individuals, and 
between and within organizations, agencies, and sectors to 
achieve vibrant, sustainable futures. 

All actors have individual, complementary and nested 
roles to play in bringing about cross-sectoral and econo-
my-wide transformative change with immediate and long-
term impact (Table ES.1). Governments initiate and lead in 
intergovernmental cooperation, policies and legislation that 
transform society and the economy. Such transformations 
enable the private sector, financial institutions, non-govern-
mental organizations, scientific and educational institutions 
and media, as well as households and civil society groups, 

to initiate and lead transformations in their domains. Multip-
le actors will need to cooperate within each transformation, 
for example in developing frameworks to use inclusive 
wealth in decision-making, or policies and strategies to 
integrate biodiversity conservation and restoration into the 
many uses of terrestrial, freshwater and marine ecosys-
tems. Human innovation and knowledge-sharing will create 
new social and economic possibilities and opportunities in 
the transformation to a sustainable future.
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Table ES.1 Actors and actions to transform humankind‘s relationship with nature

 Actors Examples of key actions to be taken

Governments –  
legislature, judicial  
and executive 
branches at national, 
subnational and 
local level

1.    Address Earth’s environmental emergencies and human well-being together 
a) Synergies Establish mechanisms and approaches for cross-sectoral coordination 

of assessments, policies, legislation, enforcement and financing, including through 
integrated approaches such as a One Health policy for human and animal health and 
the environment.

b) Climate change Adopt plans and goals consistent with the Paris Agreement for 
transitioning to net-zero carbon dioxide emissions by 2050, cutting emissions by 45 per 
cent by 2030 compared with 2010. Put a price on carbon, phase out fossil fuel finance and 
end fossil fuel subsidies, stop building new coal power plants and advance adaptation and 
resilience to climate change.

c) Biodiversity loss and ecosystem degradation Develop policies and strategies to integrate 
biodiversity conservation and restoration into the many uses of terrestrial, freshwater 
and marine ecosystems, as well as expanding and improving protected areas. Drastically 
reduce deforestation and systematically restore forests and other ecosystems as the 
single largest nature-based opportunity for climate mitigation. 

d) Health and well-being Recognize a healthy environment as a basic human right and provide 
health and well-being for all. Comply with obligations under the chemicals conventions. 
Implement and enforce chemicals and waste policies, adopt reuse and recycling standards 
and develop strategies to meet WHO guidelines for air pollutants. Invest in community-
based family planning and assist women to access financing and education. 

e) Cities and settlements Design and develop socially and environmentally sustainable cities 
and settlements by embracing nature-based solutions, promoting enhanced access to 
services such as clean water and energy and public transport, and making infrastructure 
and buildings sustainable.

2.    Transform economic and financial systems so they lead and power the shift  
toward sustainability

a) Accounting for nature Reform national economic, financial, planning and tax systems 
to include natural capital (using inclusive wealth as a measure of sustainable economic 
performance) and environmental costs (by internalizing externalities) in decision-making. 
Integrate the goals of carbon neutrality, land degradation neutrality and conservation of 
biodiversity into all economic and fiscal policies and decisions.

b)  Subsidies and markets Reform subsidies to eliminate harmful environmental and social 
effects including by ending fossil fuel subsidies. Establish carbon taxes, carbon pricing, 
markets for carbon trading, and schemes for offsetting of nature and payments for ecosystem 
services. Regulate to establish a level playing field in national and international markets. 

c)  Investments Invest in economic activities, research and development – nationally and 
through international development assistance and transfer of technology – that enhance 
the stock of natural assets and advance the shift towards sustainability and a low-carbon 
economy. Provide funding for developing countries to meet their obligations under the 
multilateral environmental agreements and SDGs.
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Governments –  
legislature, judicial  
and executive 
branches at national, 
subnational and local 
level 
(continued)

3.    Transform food, water and energy systems to meet growing human needs in an  
equitable, resilient and environmentally friendly manner

a)  Access Develop and implement policies to provide sustainable access to affordable and 
nutritious food, clean energy and safe water for all.

b) Food and water Integrate sustainable production and management of food and water 
within terrestrial, freshwater and marine ecosystems. Make agriculture, forestry, fisheries, 
aquaculture and resource extraction biodiversity-positive. Promote sustainable agricultural 
intensification, agroecological practices and conservation of genetic resources. Stop 
overfishing. Promote healthy diets and reductions in food and water waste. Restrict 
groundwater extraction and advance appropriate water pricing and the use of agricultural, 
forestry and fisheries certification standards.

c)  Energy Develop energy efficiency regulations, renewable energy targets, sustainable 
bioenergy strategies and infrastructure for electric vehicles.

Intergovernmental  
organizations

1.    Address Earth’s environmental emergencies and human well-being together 
a) Synergies Facilitate international cooperation in science-policy interfaces and advance 

UN system-wide efforts including by promoting synergies among scientific assessments 
and multilateral environmental agreements through norms, implementation, financing, 
capacity-building and technological cooperation.

b) Climate change Build a global coalition for carbon neutrality consistent with the Paris 
Agreement for transitioning to net-zero carbon dioxide emissions by 2050 and cutting 
emissions by 45 per cent by 2030 compared with 2010. Advance adaptation, especially in 
least developed countries.

c) Biodiversity loss and ecosystem degradation Advance international cooperation on 
addressing the biodiversity emergency, including through relevant multilateral environmental 
agreements. Promote ambitious post-2020 targets and actions for biodiversity and land 
neutrality. Support the UN Decade on Ecosystem Restoration focused on preventing, 
halting and reversing the degradation of forests, land and other ecosystems worldwide. 
Make own international activities and operations sustainable.

d) Health and well-being Facilitate international cooperation on protecting the health of the 
planet in order to provide health and well-being for all. Advance a One Health approach and 
strategies to meet WHO guidelines for air pollutants. Continue to promote the coordination and 
implementation of existing chemicals conventions and strengthen the science-policy interface 
for chemicals and waste. Implement monitoring and surveillance and early warning systems.

e)  Cities and settlements Promote sustainable urban planning, nature-based solutions for 
climate and biodiversity in urban areas, retrofitting of blue and green infrastructure, and 
access to urban services including clean energy and water.

2.    Transform economic and financial systems so they lead and power the shift  
toward sustainability

a)  Accounting for nature Facilitate international cooperation on frameworks for natural 
capital accounting, reform of measures and models of economic growth including through 
the use of natural capital and inclusive wealth in decision-making, and reform of trade 
systems to make them more fair and environmentally sustainable. 
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Intergovernmental  
organizations 
(continued)

b)  Subsidies and markets Promote a circular economy, elimination of environmentally 
damaging fossil fuel and agricultural subsidies, harmonization of environmental taxes 
such as carbon taxes, cooperation on carbon trading, schemes for offsetting nature and 
payments for ecosystem services. Support private sector initiatives to create sustainable 
global supply chains.

c)  Investments Facilitate cooperation on international development assistance, capacity-
building and transfer of technology that help enhance the stock of natural assets in recipient 
countries and advance their shift towards sustainability and a low-carbon economy. 

3.    Transform food, water and energy systems to meet growing human needs in an  
equitable, resilient and environmentally friendly manner

a)  Access Facilitate international research and cooperation on improving access to affordable 
and nutritious food, clean energy and safe water for all. 

b) Food and water Promote and facilitate sustainable policies, technologies and management 
within agriculture-fisheries-forestry-water-energy systems, including through sustainable 
fisheries, agricultural intensification, agroecological practices and multifunctional 
landscapes. Advance the use of agricultural, forestry, aquaculture and fisheries 
certification standards and labelling. Encourage healthy diets, and reductions in food and 
water waste. Support cooperation on water management including through freshwater 
treaties and assist the development of agreements for the protection of genetic resources  
for agriculture and the fair and equitable sharing of benefits arising from their use.

c) Energy Support the transition to a low-carbon economy, both in the production and  
use of energy. 
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Financial  
organizations 

1.    Address Earth’s environmental emergencies and human well-being together
a) Synergies Finance international and cross-sectoral cooperation, capacity-building and 

technological cooperation that address environmental challenges and human well-being. 
Disclose climate-related financial risk, and the use of natural resources and the impact of these 
activities on the environment. Align operations with the net-zero carbon emissions objective 
and sustainability principles.

b) Climate change Multilateral, regional and national development institutions as well as private 
banks should commit to align their lending to the global net-zero carbon emissions objective. 
Asset owners and managers should decarbonize their portfolios and join initiatives including 
the Global Investors for Sustainable Development Alliance and the Net-Zero Asset Owners 
Alliance. Multilateral and national development banks should commit to increase the share 
of adaptation and resilience finance to at least 50 per cent of their climate finance to support 
activities such as early warning systems, and climate-resilient infrastructure and agriculture. 

c) Biodiversity loss and ecosystem degradation Develop and promote innovative financing 
mechanisms for the conservation and restoration of biodiversity, including through payments 
for ecosystem services. Support the expansion and better management of protected areas 
and other effective area-based conservation measures and activities aligned with the UN 
Decade on Ecosystem Restoration.

d) Health and well-being Support One Health and disease prevention initiatives and strategies 
to meet WHO guidelines for air pollutants. Support health research, especially in developing 
countries. Provide financing for improved waste management.   

e) Cities and settlements Develop and promote innovative financing for sustainable infrastructure. 
Support sustainable urban planning and investments in low-carbon infrastructure, including 
mass transportation, congestion charges, nature-based solutions and green and blue spaces. 

2.    Transform economic and financial systems so they lead and power the shift toward 
sustainability

a) Accounting for nature Promote and use natural capital accounting and inclusive wealth in 
decision-making, including lending and grant-making policies. Promote the internalization of 
externalities in prices and a circular economy.

b) Subsidies and markets Promote the elimination of environmentally harmful subsidies. Facilitate 
carbon trading, schemes for offsetting nature and payments for ecosystem services. Develop 
environmental and social risk registers for all financial transactions.

c) Investments Facilitate a major shift away from investments in environmentally unsustainable 
activities and toward economic activities that enhance the stock of natural assets. Fund the 
transition to a circular, green and low-carbon economy. Funding should flow to resilience, 
adaptation and just transition programmes. Fund research and development nationally and 
through international development assistance. 

3.    Transform food, water and energy systems to meet growing human needs in an  
equitable, resilient and environmentally friendly manner

a)  Access Fund programmes that improve access to affordable and nutritious food, clean energy 
and safe water for all. 

b)  Food and water Finance sustainable intensification and ecological intensification of agriculture, 
and sustainable fisheries, and stop supporting unsustainable activities such as deforestation. 
Advance the use of agricultural, forestry, aquaculture and fisheries certification standards and 
labelling and encourage healthy diets, and reductions in food, water and energy waste. Support 
the development and use of certification standards for agriculture, fishing, aquaculture, forestry 
and water use.

c)  Energy Finance low-carbon energy production and use, and stop supporting unsustainable 
activities, such as fossil fuel energy.
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Private sector 1.    Address Earth’s environmental emergencies and human well-being together
a) Synergies Help develop and comply with strong environmental legislation that levels the 

playing field so that firms cannot gain competitive advantage by externalizing costs that 
are then borne by society. Implement certified and traceable sustainable practices along 
the complete supply chain. Disclose climate-related financial risk, use of natural resources 
and the impact of activities on the environment. Practise corporate social responsibility. 

b)  Climate change Adjust business models and align them with the global net-zero carbon 
emissions objective and sustainability practices in all sectors, including in shipping and 
aviation. Investors should demand information from companies on the resilience of those 
models. 

c)  Biodiversity loss and ecosystem degradation Develop and promote innovative public-
private partnerships for financing and engaging in the conservation and restoration of 
biodiversity, including through the use of payments for ecosystem services. Implement 
sustainable land management practices for agriculture and forestry. Engage in 
transformative landscape governance networks. Develop sustainable global supply chains 
for deforestation-free agricultural commodities.

d) Health and well-being Comply with environmental standards to protect human health. 
Move industries to a sustainable and circular business model by reducing waste and 
resource use and encouraging sharing, reuse and recycling. Promote and support plastic 
free/environmentally friendly packaging. Conduct transparent risk assessments of the 
impact of chemicals on the environment and human health. Increase the use of green 
chemistry, invest in waste recycling and set high standards for waste disposal. 

e)  Cities and settlements Engage with and support government in sustainable urban 
planning, public transport, energy-efficient buildings and partnerships to enhance access 
to urban services. 

2.    Transform economic and financial systems so they lead and power the shift toward 
sustainability

a) Accounting for nature Use natural capital in decision-making and develop environmental 
and social risk registers for all projects and investments. 

b) Subsidies and markets Engage in carbon trading, schemes for offsetting nature, and 
payments for ecosystem services. Promote behaviour change in customers. Further 
develop and implement social and environmental standards for corporate operations.

c) Investments Shift investments and operations away from unsustainable industries, such 
as fossil fuels. Invest in innovation, environmentally sound technologies and move towards 
a circular economy.

3.    Transform food, water and energy systems to meet growing human needs in an  
equitable, resilient and environmentally friendly manner

a) Access Develop and invest in systems to produce, store and distribute affordable and 
clean power and water and healthy food to all. 

b) Food and water Provide modern food storage and distribution services that minimize 
waste. Promote the development and use of food certification standards and product 
labelling. Invest in sustainable intensification in agriculture, fisheries and aquaculture. 
Develop climate-resilient crops and livestock breeds as well as alternatives to harmful 
agricultural inputs, including to fertilizers and pesticides.

c) Energy Develop, invest in and use low-carbon energy technologies and distribution 
networks.
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Non-governmental 
organizations

1.    Address Earth’s environmental emergencies and human well-being together
a) Synergies Support education, promote youth movements and engage communities 

in citizen science. Participate in community-led initiatives to promote sustainable 
consumption and production. Help hold societal actors accountable for their environmental 
promises, commitments and responsibilities. Support the training of the next generation 
of leaders.

b) Climate change Promote and align activities and operations with the net-zero carbon 
emissions objective. Implement mitigation, adaptation and resilience programmes and 
projects, including through nature-based solutions.

c)  Biodiversity loss and ecosystem degradation Support and implement efforts for 
the conservation, restoration and sustainable use of biodiversity. Develop local-
regional-national conservation programmes. Participate in community-led initiatives to 
conserve nature. Engage in transformative landscape governance networks. Support 
the development and management of protected areas and other effective area-based 
conservation measures.

d)  Health and well-being Raise awareness on chemical safety and take a greater role 
in the SAICM chemicals management processes. Work with communities and local 
municipalities for the safe disposal of waste.

e) Cities and settlements Campaign for and support sustainable urban planning and 
improved access to urban services and community initiatives, especially for the urban 
poor.

2.   Transform economic and financial systems so they lead and power the shift toward 
sustainability

a) Accounting for nature Promote the use of natural capital accounting, and initiatives for the 
transformation to a sustainable and circular economy. 

b) Subsidies and markets Engage in carbon trading, schemes for offsetting of nature 
and payment for ecosystem services Promote behavioural change in consumption and 
production, including among their own members and wider society.

c) Investments Advocate for policies and regulations that promote investment in sustainable 
development.

3.    Transform food, water and energy systems to meet growing human needs in an  
equitable, resilient and environmentally friendly manner

a) Access Advocate for and implement programmes and projects for improved access to 
affordable and nutritious food, clean energy and safe water for all. 

b) Food and water Develop and implement initiatives for the ecological intensification and 
sustainable use of multifunctional landscapes. Promote dietary transitions and reductions 
in food, water and energy waste. Assist in improving certification standards. 

c) Energy Participate in community-led initiatives to shift toward cleaner fuels, increase 
energy-efficiency, conserve energy and develop sustainable bioenergy strategies.
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Individuals,  
households,  
civil society and  
youth groups, and  
indigenous peoples 
and local communities

1.    Address Earth’s environmental emergencies and human well-being together
a) Synergies Foster social norms and behaviours that embody sustainability principles 

by exercising voting and civic rights and holding governments and the private sector 
accountable for their actions. Review and comment on local and national policies. Engage 
in initiatives that promote sustainable consumption. Engage in education and citizen-
science initiatives. 

b)  Climate change Make climate-friendly everyday choices on travel and consumption that 
contribute to the net-zero carbon emissions objective. Engage in local adaptation and 
resilience initiatives, including through nature-based solutions.

c)  Biodiversity loss and ecosystem degradation Engage in local and national conservation 
and restoration efforts, transformative landscape governance networks and awareness 
campaigns to influence consumer behaviour. 

d) Health and well-being Understand and promote the links between environment and 
human health. Participate in community-led clean-ups of waste in public spaces. Ensure 
materials are recycled and waste is properly disposed of. 

e) Cities and settlements Engage in participatory processes to advance sustainable urban 
planning and initiatives to increase access to urban services, and promote nature-based 
solutions and green and blue infrastructure.

2.   Transform economic and financial systems so they lead and power the shift toward 
sustainability

a) Accounting for nature Foster economic and financial transformations by supporting 
initiatives to include environmental costs in the prices of goods and services.

b) Subsidies and markets Engage in carbon trading, schemes for offsetting nature, and 
payments for ecosystem services. Support fair trade and companies with sustainable 
production models that provide services and products that foster societal well-being. 

c) Investments Support shifts in investment towards those needed to achieve the SDGs, and 
away from unsustainable industries, such as fossil fuels. 

3.    Transform food, water and energy systems to meet growing human needs in an  
equitable, resilient and environmentally friendly manner

a) Access Support and engage in local production and distribution systems for healthy food, 
safe water and clean energy.

b) Food and water Consider what constitutes a healthy diet and also reduces environmental 
damage. Adopt sustainable practices in community-based and small-scale food 
production. Purchase sustainably produced food and reduce waste. Reduce wasting 
water, and collect rainwater and use grey water. 

c) Energy Support community-based energy production. Reduce energy consumption and 
chose clean energy when possible.
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Scientific and  
educational  
organizations

1.    Address Earth’s environmental emergencies and human well-being together
a) Synergies Develop analytical tools, including plausible futures models, using exploratory, 

target-seeking and policy-screening scenarios that account for the complex interlinkages 
between environment and development. Further develop observational programs. Engage 
in national and international scientific assessments. Develop environmental education 
programs for all age groups. Raise public awareness through public engagements, 
editorials, social media. 

b)  Climate change Assess the impact of climate change on socio-economic sectors, nature 
and human health at all scales. Assess the efficacy and cost-effectiveness of different 
mitigation and adaptation policies and technologies. 

c) Biodiversity loss and ecosystem degradation Assess the impact of multiple drivers 
on biodiversity and ecosystem degradation, and the efficacy and cost-effectiveness of 
conservation and restoration activities, including nature-based solutions. 

d) Health and well-being Promote education, information and awareness of One Health 
approaches. Assess interactions among environmental issues and their impacts on socio-
economic sectors and human health. Assess the implications of chemicals for human 
health and the environment, and develop health surveillance and monitoring systems, and 
approaches to prevent disease outbreaks, including pandemics. Assess the mental health 
implications of green and blue infrastructure in urban environments. 

e)  Cities and settlements Support sustainable urban planning and development, including 
the use of nature-based solutions. Promote education, information and awareness on 
sustainable cities and settlements and their importance for human health.

2.   Transform economic and financial systems so they lead and power the shift toward 
sustainability

a)  Accounting for nature Further develop the framework for natural capital accounting and 
the relevant databases. Assess the costs and benefits of mitigating and adapting to climate 
change, loss of biodiversity and ecosystem degradation, land degradation, and air and 
water pollution at a range of spatial scales. Assess the implications of reforming measures 
and models of economic growth. Promote education, information and awareness on 
sustainable economic and financial systems.

b)  Subsidies and markets Assess the environmental and distributional social impacts 
of reductions in harmful subsidies, and the reallocation of these resources to support 
sustainable consumption and production.

c)  Investments Assess the environmental and social impacts of switching investments from 
unsustainable activities such as fossil fuels to sustainable activities.

3.    Transform food, water and energy systems to meet growing human needs in an  
equitable, resilient and environmentally friendly manner

a)  Access Help develop and monitor systems and networks to produce and distribute clean 
water and energy and nutritional food. Support the development of certification processes.  

b)  Food and water Promote education, information and awareness on sustainability 
within agriculture-fisheries-forestry-water-energy systems. Assess the implications of 
environmental degradation on agriculture and water resources. Develop temperature, 
drought, pest and salinity resistant crops. Assess how to reduce the environmental 
footprint of agriculture. Facilitate the conservation and sustainable use of genetic 
resources. Develop water purification and desalination technologies.

c) Energy Develop low-carbon production and use technologies, and assess how to overcome 
the barriers to market penetration of these technologies.
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Media and  
social networks

1.    Address Earth’s environmental emergencies and human well-being together
a) Synergies Inform all actors about the relationships between environment and development 

issues. Help hold societal actors accountable for their environmental promises, 
commitments and responsibilities. Support campaigns for meaningful actions to address 
environmental degradation. Counter disinformation and promote environmentally 
responsible social norms.

b) Climate change Highlight the implications of climate change for people and nature, and 
the opportunities for adaptation and mitigation.

c) Biodiversity loss and ecosystem degradation Highlight the importance of biodiversity 
for human prosperity and well-being and the options for its conservation and restoration.

d) Health and well-being Spread understanding and awareness of One Health approaches. 
Support campaigns for meaningful transformations in the health sector.

e) Cities and settlements Document the impact on people and nature of unsustainable 
systems in urban areas and support campaigns for transformations in how cities and 
settlements are planned and designed, including the supply of essential services.

2.   Transform economic and financial systems so they lead and power the shift toward 
sustainability

a) Accounting for nature Raise awareness of how current economic models and performance 
measures as well as the price of some goods and services fail to fully account for natural 
capital and environmental costs, and how this skews investment toward unsustainable 
activities. Support campaigns for meaningful transformations in economic and financial 
systems.

b) Subsidies and markets Inform the public and other actors of the adverse consequences 
of fossil fuel and agricultural subsidies that lead to environmental damage, and explore the 
impact of redirecting the financing of subsidies to sustainable activities.

c) Investments Highlight government spending and private sector investments that are 
unsustainable and those which are sustainable.

3.    Transform food, water and energy systems to meet growing human needs in an  
equitable, resilient and environmentally friendly manner

a) Access Highlight the inequitable access to safe and affordable food, clean water and 
clean energy, and ways to improve access.

b) Food and water Provide information and raise awareness of the need for more sustainable 
practices in the agriculture-fisheries-forestry-water-energy systems. Support campaigns 
for meaningful transformations in the agricultural, water and energy sectors. Provide 
information on the health and environmental effects of different diets.

c) Energy Raise awareness of the benefits from and pathways for meaningful transfor- 
mations in the energy sector.
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Humanity has been grappling with a growing number of 
environmental challenges of increasing severity ever since 
the Stockholm Conference in 1972. The decision to hold 
what became the first in a series of decadal conferences on 
sustainable development was taken by the General Assembly 
of the United Nations (UN) in 1969.1 The Stockholm Con-
ference identified the environment as a challenge needing 
a UN system-wide response and resulted in the establish-
ment of the UN Environment Programme (UNEP) to help 
spearhead and coordinate the effort.2 Governments have 
since put in place a number of specific multilateral environ-
mental agreements and instruments, some of which address 
issues largely unknown in 1972, such as the depletion of the 
ozone layer and climate change.3 Environmental challenges 
such as climate change, biodiversity loss and pollution have 
become increasingly severe. For example, the Intergovern-
mental Panel on Climate Change (IPCC) has compared key 
impacts and risks of global warming across sectors and 
regions to people, economies and ecosystems for selected 
natural, managed and human systems through a sequence 
of science-based assessments (figure 1.1). The more recent 
assessments find that the risks kick in at lower temperature 
increases than the earlier ones did, and that the reasons for 
concern about climate change have increased over time. 

Science in interaction with policy has played a key role in 
identifying emerging environmental issues and providing 
the evidence base needed to address them. International 
environmental cooperation has developed an elaborate 
science-policy interface, including intergovernmental as-
sessments co-designed and co-produced by independent 
experts interacting with government representatives and 
stakeholders. International assessments have established a 
foundation of shared knowledge that has often gone hand in 
hand with the development of international actions to curb 
environmental decline. A prominent example is the inter-
national effort to restore the life-protecting ozone layer in 
the upper atmosphere. Stratospheric ozone depletion was 
first hypothesized in 1974 and prompted a series of disco-

veries showing that human-produced substances were to 
blame (figure 1.2). An elaborate interplay between science 
and policy resulted in the Montreal Protocol, which initiated 
the phasing out of ozone-depleting substances so that the 
ozone layer could start to recover, as detected in 2014. How 
science and policy interacted on this issue is detailed in 
Section 3. Advanced science-policy processes are key to ge-
nerating actions needed to address more complex problems 
such as climate change and biodiversity loss.

Current environmental challenges together represent a 
planetary emergency that demands transformative change 
to secure a sustainable future. Humanity can make peace 
with nature and tackle the combined environmental crisis by 
redeploying human skills from transforming nature to trans-
forming the social and economic fabric of society. Such an 
effort needs to put human well-being centre stage and speed 
up progress towards the Sustainable Development Goals 
(SDGs). The 17 indivisible SDGs frame the transformations 
required as part of the 2030 Agenda for Sustainable Develop-
ment adopted by the UN General Assembly in 2015. The 
Agenda sets out a partnership for people, planet, prosperity 
and peace under what the General Assembly refers to as “a 
supremely ambitious transformational vision.”4 The Agenda 
and its integrated and indivisible goals link to a number of 
other instruments, including multilateral environmental agree-
ments and the Sendai Framework for Disaster Risk Reduction 
2015–2030.5 Transformations require amongst other things 
innovation, learning, solidarity and adaptation. As well as costs 
and disruption, transformations promise to open up many new 
social and economic possibilities and opportunities.

This report presents a flexible scientific blueprint for how 
the climate change, biodiversity and pollution emergen-
cies can be tackled jointly within the framework of the 
SDGs. The first of its kind, this report gathers expertise from 
across recent global assessments to gauge Earth’s environ-
mental decline and suggest how society at large can best 
respond. The expert analysis synthesizes key findings from 
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1.1. Comparison of risk thresholds across Intergovernmental Panel on 
 Climate Change (IPCC) Assessments

the assessments with those from additional high-impact 
peer-reviewed literature and grey literature. Part I of this 
report shows how the findings of the assessments are inter-
linked and add up to an unparalleled planetary emergency. 
It presents a diagnosis of how the human transformation of 

Earth’s natural systems puts the collective human future at 
risk. Within Part I, Section 2 examines how human survival 
and well-being remain critically dependent on the natural 
world, how the economy fails to reflect this relationship and 
how the environment is increasingly shaped by human  

Figure 1.1: The “burning embers” diagrams in the IPCC assessments link global warming to estimates of impacts and risks for people, economies and ecosystems 
across sectors and regions for selected natural, managed and human systems. The systems include (a) unique and threatened systems (such as tropical glaciers, 
coral reefs and indigenous communities),  (b) extreme weather events (including floods, droughts and tropical storms; term used in the Special Report on Global 
Warming of 1.5 Degrees (SR 1.5) but called extreme climate events in Zommers et al. 2020), (c) distribution of impacts (including the heightened vulnerability of de-
veloping countries), (d) aggregate impacts (such as global monetary damage, global-scale degradation and loss of ecosystems and biodiversity) and (e) large-sca-
le discontinuities (such as the shutdown of the North Atlantic thermohaline circulation or the collapse of the West Antarctic Ice Sheet; called large-scale singular 
events in the IPCC Fifth Assessment Report (AR5) and the Special Report on Global Warming of 1.5 Degrees (SR 1.5)). All burning embers are presented with the 
same colour and temperature scale, removing technical details that varied between the original publications. Grey areas at the top of each column correspond to 
temperatures above the assessed range in the corresponding report. Dashed lines connect the midpoints between undetectable and moderate risk, and modera-
te and high risk. Risks transitions have generally shifted towards lower temperatures with updated scientific understanding. TAR is the IPCC Third Assessment 
Report and AR4 is the IPCC Fourth Assessment Report. Smith et al. (2009) updated the TAR diagram incorporating AR4 findings. Figure produced using the Ember 
Factory online application.6

Source: Figure adapted from Zommers et al. 2020, Figure 3.
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1.2. Milestones in the History of Stratospheric Ozone Depletion
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activities. Section 3 explores how the world is currently 
failing to meet almost all of its targets on limiting environ-
mental decline. Section 4 analyses how an array of dee-
pening and mutually reinforcing environmental risks now 
threatens human well-being and the achievement of the 
SDGs. In Part II, the report urges the world to respond to the 
planetary emergency by transforming people’s relationship 
with nature and with each other. Section 5 analyses how this 
daunting goal of a fundamental, system-wide change in the 
technological, economic and social organization of society 
can be achieved. Section 6 then assesses how the Earth’s 
environmental emergencies should be addressed together to 
achieve sustainability. Section 7 moves on to examine how 
the economic and financial systems can be transformed to 
lead and power the shift to a sustainable future, and then ex-
plores how food, water and energy systems can be transfor-
med to meet growing human needs in an equitable, resilient 
and environmentally friendly manner. Actions to reverse 
environmental decline in order to reduce the threats it poses 
to human health and well-being are addressed in Section 8. 
It also examines the environmental dimensions of promoting 

peaceful societies before addressing how cities and commu-
nities could become more sustainable. Finally, Section 9 sets 
out the roles and responsibilities that actors in the public and 
private sphere should assume if transformation is to suc-
ceed. It makes clear that humanity needs to take ingenuity 
and cooperation to a whole new level in order to achieve the 
sustainable development that will safeguard people and the 
planet in both the immediate and distant future.

Figure 1.2: The key role of science in identifying the depletion of the life-protecting stratospheric ozone layer and the generation of knowledge needed to curb 
emissions of ozone-depleting substances. Emissions are presented in CFC-11 (trichlorofluoromethane) equivalents. For a graphic representation of the interaction 
between science and policy that yielded this result, see figure 3.6. 

Source: figure adapted from Salawitch et al. (2019)

1 United Nations General Assembly Resolution 2581 (XXIV)

 of 15 December 1969

2 United Nations General Assembly Resolution 2997 (XXVII) 

 of 15 December 1972.

3 UNEP/GC.26/INF/23, Environment in the United Nations System, 

 Note by the Executive Director.

4 United Nations General Assembly Resolution 70/1 of 21 October 2015

5 UN 2015, Transforming our world: the 2030 Agenda for Sustainable

 Development.

6 Smith et al. 2009
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People rely on nature for livelihoods, prosperity, health and 
well-being. This section lays out the many ways in which 
people depend on nature, including through the provision of re-
sources, the cycling of materials and the regulation of environ-
mental conditions, and the many non-material contributions 
that nature makes to a good quality of life. It assesses how 
current economic and financial systems fail to account for 
society‘s dependence on the environment. The section then 
explores the underlying social and economic dynamics driving 
the human activities that directly degrade the environment 
through appropriation of space, modification of life, produc-
tion, extraction, consumption, pollution and waste disposal. 

2.1 Human well-being is critically dependent on the 
Earth’s natural systems 

Human survival and well-being rests on the Earth and its 
ecosystems, and though the benefits of nature are recei-
ved by all, the burden of environmental decline is unjustly 
distributed. Humans depend on the Earth‘s finite space and 
resources as well as its capacity to regenerate renewable 
resources, absorb waste and sustain life. The Earth provides 
humanity with clean water and air,1 a protective stratospheric 

2 
The current mode of development degrades  

the Earth‘s finite capacity to sustain human well-being 

I. Transforming nature puts human well-being at risk 

ozone layer,2 a stable global climate and many other critical 
benefits. Human dependence on Earth and its ecosystems is 
often exposed when human systems degrade or surpass the 
planet’s capacity to sustain prosperity. The growing use of 
land, freshwaters, coasts, oceans and natural resources such 
as fossil fuels, food crops, timber and aquatic foods have 
fuelled economic, technological and social advances (see 
figure 2.2).3 However, human use of space and resources lea-
ves less room for other living beings, and disposal of waste 
surpasses the Earth‘s absorptive capacity (see Section 3). 
The consequences, as this report shows, are devastating for 
human well-being and unjust (see Section 4). The benefits 
of nature have accrued unequally, and the burden of environ-
mental decline is often disproportionately borne by poor and 
vulnerable communities.4,5

Nature provides both material and non-material benefits 
crucial to human well-being and regulates Earth system 
functions that secure liveable conditions and protect peo-
ple from harm. Many benefits derived from nature flow from 
interactions between people and the environment. Nature 
provides food, medicines, fibre, materials and energy and, 
with the aid of human inputs the production of many of these 
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goods has increased over the past 50 years.6 Nature also 
provides inspiration and learning, physical and psychological 
experiences, a sense of place and supports human identi-
ties.7 The diversity of nature maintains humanity’s ability 
to choose alternatives in the face of an uncertain future; 
for example, wild species might be domesticated as new 
crops.8 In addition, natural processes modulate and main-
tain Earth systems, thereby providing a stable climate, mit-
igating natural hazards such as floods and fires, maintaining 
air and water quality, and supporting biological productivity.9 
Food production, for example, depends not only on food 
plants themselves but on many contributions from nature, 
including animal pollination, maintenance of soil fertility and 
water holding capacity and genetic diversity to withstand 
environmental changes such as increased temperatures or 
pests and disease (see Section 4).10 

Human well-being, now and in the future, depends on 
a healthy planet, achieved by avoiding climate change, 
pollution of air and water, degradation of land, water and 
oceans, and erosion of life on Earth. A changing climate, 
a degraded ozone layer, pollution and the degradation of 
ecosystems threaten human health, infrastructure and the 
many benefits that nature provides to people.11 Nature itself 
is critical in mitigating these impacts, though in doing so its 
integrity is threatened. For example, oceans and land eco-
systems have absorbed roughly 50 per cent of total human 
carbon dioxide emissions, but in so doing the oceans have 
acidified, negatively affecting ocean ecosystems that many 
people depend on,12 and the persistence of natural carbon 
sinks are themselves uncertain due to climate change13,14 and 
other drivers (see Section 2.3).15 Sustaining the flow of be-
nefits from nature increasingly depends on avoiding further 
loss of biodiversity.16 For example, biodiversity in agricultural 
systems, including species and genetic variability, reduces 
vulnerability to stresses and shocks, in part by increasing the 
choices available to producers.17 Avoiding land degradation 
will benefit billions of people by maintaining crop yields and 
other benefits of nature.18 A healthy planet is a prerequisite 
and foundation for long-term prosperity, human health and 
well-being and for the achievement of the 2030 Agenda.

The aggregate value of nature is often difficult to quan-
tify because people value nature and its contributions to 
quality of life and cultural integrity in many different ways.19 
Groups with different culture, history, experience, education, 
income or other factors may use and value nature quite diffe-
rently.20 People experience the value of nature through their 
physical and mental health and as social, cultural and holistic 
well-being.21 Multiple dimensions of value integrate cultu-
ral uniqueness; community reliance on nature that links to 

livelihoods, incomes, and level of importance for well-being; 
cultural traditions, including connectedness to place, rituals, 
and width of interest across the community; and dramatic 
cultural change.22 

2.2 Economic and financial systems fail to  
account for nature 

Natural capital, as an asset that contributes to human 
well-being, is an important component of human wealth. 
Natural capital refers to the stock of renewable and non-rene-
wable natural resources (e.g. plants, animals, air, water, soils, 
minerals) that combine to yield a flow of benefits to people.23 
Inclusive wealth accounting measures the value of all forms 
of capital assets. It includes natural capital, human capital 
(skills, knowledge and experience), manufactured capital 
(building, infrastructure and machinery) and social capital 
(institutions and relationships among people). A partial 
accounting puts the value of natural capital at 20 per cent of 
planetary wealth.24 This estimate excludes the many values 
of nature that are not sold as goods in market economies and 
hence have no conventionally measured economic value. Ho-
wever, since natural capital provides the life support system 
for humanity, all wealth is ultimately dependent on preserving 
natural capital.25

Gross Domestic Product fails to fully account for the be-
nefits people get from nature and the costs of its degra-
dation. The standard measure of economic performance, 
gross domestic product (GDP), only measures the value of 
market transactions and therefore excludes much of the 
value of nature’s contribution to human well-being. GDP 
excludes the value of ecosystem functions that regulate 
environmental conditions and the value of non-material 
benefits related to spiritual or cultural values. It also exclu-
des measures of negative externalities associated with the 
depletion and destruction of nature. GDP measures current 
income but does not show whether that income is sustaina-
ble. Supporting current income through depletion of natural 
capital is not sustainable. 

Inclusive wealth is a better measure of sustainable pro-
sperity. Rising GDP overstates human progress because it 
does not account for declines in natural capital. Maintaining 
or enhancing inclusive wealth (also known as weak sustaina-
bility) gives future generations the possibility to be at least as 
well off as the current generation.26 Between 1990 and 2014, 
the annual growth rate in GDP for a set of 135 countries was 
almost double the increase in inclusive wealth (3.4 per cent 
versus 1.8 per cent).27 Yet even this comparison only partially 
reflects the loss of nature’s contributions over this period.
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Natural capital provides contributions to human well-being 
for which there may not be substitutes. Maintaining stocks 
of critical natural capital for which there are no substitutes is 
necessary for sustainability (also known as strong sustai-
nability).28 For example, the natural processes integral to 
growing food cannot be replaced. Even where substitutes 
for natural capital exist, they may be limited and costly. For 
example, biodiversity often reduces the need for food and 
agricultural producers to rely on costly or environmentally 
harmful external inputs. Similarly, high-quality drinking water 
can be provided through ecosystems that filter pollutants, 
through human-engineered water treatment facilities, or 
through hybrid solutions such as constructed wetlands and 
greywater treatment. Coastal flooding from storm surges 
can be reduced by coastal mangroves or by dikes and sea 
walls. Where limited or no substitutes for natural capital are 
available, policymakers can set science-based standards for 
environmental sustainability and adopt measures to ensure 
that these standards are met. This approach has been adop-
ted for climate change, biodiversity loss and protection of the 
stratospheric ozone layer. 

Markets do not provide sufficient reward for businesses to 
invest in conserving or restoring natural capital. Busin-
esses often find it unprofitable to invest in natural capital 
because they bear the costs but are not able to capture fully 
the benefits of conserving or restoring natural capital that 
accrue to wider society. The lack of investment results in 
natural capital’s continued decline. 

Market prices fail to internalize environmental costs, mag-
nifying environmental harm. Business and consumers often 
fail to pay the full costs of producing and consuming goods 
and services. For example, production and use of fossil fuels 

causes climate change, air pollution, destruction of habitat, 
ocean acidification and other environmental costs that are 
borne by society as a whole. Failure to pay for external costs 
encourages overproduction and overconsumption of environ-
mentally harmful goods and services and discourages shifts 
towards more environmentally friendly substitutes such as 
renewable energy. 

Subsidies to environmentally destructive industries in-
crease environmental degradation and its costs to people. 
Subsidies to fossil fuels, non-sustainable agriculture and 
fishing, non-renewable energy, mining and transportation 
exceed US$5 trillion annually. Globally, fossil fuel subsidies 
alone have been estimated at US$4.7 trillion (6.3 per cent of 
global GDP) in 2015 and are projected at US$5.2 trillion (6.5 
per cent of GDP) in 2017.29 In 2017–2019, the net transfers 
to the agricultural sector in 54 countries was more than 
US$600 billion per year.30 These subsidies distort market 
outcomes and result in greater environmental degradation. 
Removing harmful subsidies would improve both economic 
and environmental outcomes.  

The failure to recognize the true costs of resource use or 
the value of waste reduction impedes movement towards a 
sustainable and circular economy. Failure to include the full 
costs of environmentally harmful activities skews investment 
away from sustainable solutions that involve the restoration 
of nature, development of renewable energy, more efficient 
use of resources, the reuse of materials and other charac-
teristics of a circular economy. In a circular economy, the 
by-products of production or consumption becomes the raw 
material for other products.31 A circular economy eases the 
pressure on natural resources and reduces waste and the 
costs of disposal. The current economic system does not 
provide effective incentives to reduce resource use, reuse 
materials or reduce waste, thereby slowing progress towards 
a circular economy. 

2.3 Rapidly expanding human activities are  
driving environmental change 

Human activities are changing the Earth‘s ecosystems and 
climate and leaving a geological signature so significant 
that the current geological epoch may be named the An-
thropocene.I,32 These changes in the Earth system are driven 
by an array of underlying causes anchored in socioeconomic 
dynamics, the indirect drivers of environmental change, which 

I See Working Group on the Anthropocene of the Subcommission on 
Quarternary Stratigraphy of the International Commission on Stratigraphy 
http://quaternary.stratigraphy.org/working-groups/anthropocene/; 
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are addressed in Section 2.3.1. Indirect drivers determine the 
way societies produce and extract resources use space, and 
rid themselves of waste matter. The direct drivers of environ-
mental change are discussed in Section 2.3.2. 

2.3.1 Resource-intensive and increasingly unequal human 
development indirectly drives global environmental change in 
ways that transcend borders and continents 

Environmental change is driven by accelerating human 
activities that result from an array of underlying causes 
anchored in societal values, behaviour and governance. In-
direct drivers of environmental change reflect socioeconomic 
dynamics, including developments in population, economy, 
consumption, production, equity, technology, human health, 
culture, conflicts, governance and behaviour. Indirect drivers 
interact. For example, human consumption and production 
patterns are perhaps the major determinants of environ-
mental impact, and they are a function of both population 
and per capita income. Per capita consumption is highest in 
high-income segments of the world population. However, as 
both population and per capita consumption increase, emer-
ging economies are increasing their consumption. As with 
all indirect drivers, understanding the interaction between 
population and per-capita consumption is key to explaining 
past and future consumption patterns. Indirect drivers evolve 
with social and economic development paths, and scenario 
analysis can improve the understanding of future pathways 
(see box 2.1). Transformation to a sustainable future rests 
on collectively committing to a pathway that addresses the 
drivers of environmental change, keeping in mind that they 
are subject to time lags, non-linearities and thresholds in the 
socioeconomic systems.

Box 2.1: The role of scenario analysis and the shared 
socioeconomic pathways (SSPs)

Scenario analysis can guide society’s response to en-
vironmental challenges. Human-environment interac-
tions affect human well-being, and society can deduce 
how environmental change is likely to increase due to 
time lags and the projected growth in human activities. 
However, future developments in environmental change 
and related trends in human well-being have substantial 
uncertainties, linked to population dynamics, economic 
growth and income distributions, behavioural change 
and technological progress. To address uncertainties 
and to account for the complex interrelations among 
their sources, the assessments explore plausible futures 
based on, among other methods, scenario analysis. 
Scenarios are plausible descriptions of how future 

developments might evolve, based on a coherent and 
internally consistent set of assumptions about the key 
relationships and driving forces. They can be model-
based quantifications or narrative storylines and often 
include both. A storyline is quantified using computer 
models. While scenarios are not forecasts, they can in-
form decision makers on potential and alternative future 
developments on specific environmental issues or likely 
progress towards globally agreed environmental goals.

A widely used set of scenarios are the shared socioe-
conomic pathways (SSPs). The SSPs describe five al-
ternative trajectories of future socioeconomic develop-
ment with a focus on challenges to climate change 
mitigation and adaptation (figure 2.1). For example, 
SSP1 represents a sustainable and cooperative society 
with a low-carbon economy and high capacity to 
adapt to climate change, while SSP3 is characterized 
by social inequality that entrenches reliance on fossil 
fuels and limits adaptive capacity. Although developed 
principally to support climate research, the SSPs are 
also used extensively for other fields of environmental 
research (e.g. land, biodiversity, resource use) and in 
many recent assessments. It should be noted that not 
all environmental issues discussed in this synthesis 
report are addressed equally in the scenario literature 
and thereby the assessments. For instance, there are 
many scenarios published on climate change, land-
use change and air pollution, while only a few scenario 
studies focus on land degradation and chemicals. 
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2.1. Shared socio economic pathways (SSPs)

The number of people on Earth has more than doubled over 
the last 50 years but the growth rate is projected to slow. 
The world population has grown from 3.7 billion people in 
1970 to an estimated 7.8 billion in 2020 (see figure 2.2 panel 
a.i).33 Although the population growth rate is projected to 
slow, the total population is expected to continue expanding 
in most regions. Based on a range of future fertility, mortality, 

migration and education assumptions, population projections 
used in existing assessments vary between 8.5 billion and 
10.0 billion people by 2050 and between 6.9 billion and 12.6 
billion people by 2100 (figure 2.2 panel a.i).34,35,36,37,38,39 The lar-
gest uncertainty is the speed of the fertility transition, with low 
population projections resulting from a relatively rapid drop 
in fertility rates, though drops in fertility rates have a lag time 

Figure 2.1: Shared socioeconomic pathways (in the figure, OECD stands for Organisation for Economic Co-operation and Development)

Source: figure adapted from O’Neill et al. 2017
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Figure 2.2 a) Past developments and future projections under different SSPs for global population, per capita GDP and energy consumption. b) Past declines in the 
Living Planet Index.

Data sources: a) IIASA 2018, SSPs Database, b) WWF 2020, Living Planet Report, 1
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2.3. Development pathways by country income

on population growth. Towards 2050, the largest growth is 
projected in developing countries with low per capita carbon 
footprints and high gender inequity in access to education, 
work, and sexual and reproductive rights, for instance in Sub-
Saharan Africa and South Asia. A recently published scenario 
study suggests that meeting the SDGs of universal secondary 
education and universal contraception coverage by 2030 
could result in a significant slow down in population growth, 
resulting in a global population of between 4.8 billion and 8.7 
billion people in 2100.40 A decline in total world population in 
the latter half of 2100 is potentially good news for the global 
environment, although climate change and loss of biodiversity 
will still be a major challenge. Population decline and shifts in 
age structures also have other profound and potential negati-
ve social, economic and geopolitical consequences.41

Urbanization is increasing and is associated with rising 
energy consumption, greenhouse gas emissions, air and 
water pollution and generation of waste such as plastic. 
Since 1975, the total area of urban settlements has grown 
by approximately 2.5 times, accounting for 7.6 per cent of 
the global land area and housing 3.5 billion people in 2015. 
Most future population growth is projected to take place in 
cities. The share of people living in urban areas is projected 
to increase from 54 per cent in 2015 to 78 per cent in 2050. 

Around 90 per cent of population growth in cities is projected 
to take place in low-income countries, mainly in small and 
medium-sized cities in Sub-Saharan Africa and South Asia. 
Rural-urban migration is the critical factor for future urbaniza-
tion trends, more important than urban fertility rates. Trends 
in urbanization are critical to environmental change. While 
more than 50 per cent of the global population live in cities, 
cities are responsible for around 75 per cent of all carbon 
dioxide emissions from energy use.42 Climate change is ex-
pected to increase urban energy demand.43 Unplanned urban 
expansion has been observed worldwide, mostly on fertile 
and productive lands.44 Urban areas have generally smaller 
land use-related biodiversity impacts due to their limited 
extent compared to agriculture and forestry, but urbanization 
may alter consumption patterns and hence indirectly lead to 
additional impacts on land and biodiversity.45 On the other 
hand, urbanization and infrastructure development can gene-
rate positive economic effects and even environmental gains 
based on efficiency, innovation and migration, depending on 
where and how investment is implemented and governed. 

The global economy has grown nearly fivefold over the 
last 50 years46 and growth is projected to continue while 
inequalities deepen (figure 2.3 panel a and figure 2.2 panel 
a.ii). Across the world, on average, people live longer, are 

Figure 2.3: Development pathways since 1970 across developed, developing and least developed countries. The vast majority of growth in gross domestic product 
(GDP) have occurred in developed and developing countries (panel a) while extraction of living biomass (e.g. crops and fish) to meet the demand for domestic 
consumption and for export is highest in developing countries and rising rapidly (panel b). Countries are classified according to the United Nations World Economic 
Situation and Prospects.

Source: Figure adapted from IPBES 2019a, GA SPM, Figure SPM.4
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more educated and have greater opportunities. The global 
Human Development Index value grew nearly 22 per cent 
from 1990 to 2017.47 Still, little of the economic growth seen 
in developed and developing countries has benefitted least 
developed countries (figure 2.3 panel a). Around 1.3 billion 
people are still poor according to the 2020 update of the 
Multidimensional Poverty Index, which captures deprivations 
in education, health and nutrition, access to services, and se-
curity, in addition to income poverty,48 and in 2017 nearly 700 
million people still lived in extreme income poverty (on less 
than US$1.90 a day) (see Section 4.1).49 In addition, these 
measures often mask asymmetries within households where 
women are often more exposed to deprivations than men.50 
The COVID-19 pandemic is projected to push more than 70 
million additional people into extreme poverty, and hundreds 
of millions more into unemployment and poverty.51,52,53 Furt-
hermore, in 2019 nearly 700 million people were estimated to 
be undernourished, up by nearly 60 million in five years. The 
COVID-19 pandemic may add more than 80 million people 
to the total number of undernourished in the world in 2020 
(see Section 4.2).54 Resources and opportunities are far from 
equally distributed within the most developed countries as 
well as among countries.55 Inequalities start at birth and ac-
cumulate through life in all countries. For example, a person 
born in a country with very high human development56 has a 
50 per cent chance of attending higher education and only a 
1 per cent chance of dying before the age of 20. In contrast, 
someone born in a country with low human development57 
has a 17 per cent chance of dying before the age of 20 and 
a 1 per cent chance of attending higher education. In the 
five SSP scenarios, global average per capita income is 
projected to increase by 60 per cent to 275 per cent between 
2015 and 2050, ranging between US$20,000 and more than 
US$50,000 per capita in 2050 (in purchasing power parity 
values) (see figure 2.2 panel a.ii).58 The wide range of these 
projections is largely driven by alternative assumptions on 
human development, technological progress and develop-
ment convergence between and within regions. 

Consumption has tripled over the last 50 years and is pro-
jected to grow further, with developed countries having the 
largest environmental footprint. The quantity of materials 
consumed per capita when all resources mobilized globally 
to the final consumer is taken into account (material foot-
print of consumption) is highest in high-income countries. 
The material footprint of consumption was, in 2017, 60 per 
cent higher in high-income countries than in upper-middle 
income countries, and thirteen times the level in low-income 
ones (figure 2.4).59 Extraction of living biomass (e.g. crops 
and fish) to meet the demand for domestic consumption 
and for export is highest in developing countries and rising 

rapidly (figure 2.3 panel b). Global demand is projected to in-
crease faster than population growth due to a shift to more 
resource-intensive lifestyles fuelled by increasing per capita 
incomes. Between 2015 and 2050, consumption of materials 
(including biomass, fossil fuels, metal ores and non-me-
tallic materials) is projected to increase by 110 per cent.61 

Figure 2.4: Domestic material consumption and footprint by country income 
(2017). Domestic material consumption measures the physical quantity of 
materials extracted from or imported into a nation’s territory. This consump-
tion is compared with the material footprint, which attributes all resources 
mobilized globally to the final consumer, according to country income. These 
metrics are used to monitor progress towards SDG Target 12.2, which calls 
for the sustainable management of natural resources, and SDG Target 8.4 
concerning resource efficiency. 60

Source: Figure adapted from IRP 2019a, GRO SPM, Figure IV 
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Figure 2.5: Development in global primary energy consumption by source since 1800 for biofuels (traditional and modern), coal, crude oil, natural gas, hydropower, 
nuclear and other renewables (wind, solar and other renewables). 

Data source: Our World in Data converted from TWh to EJ

The fastest growth is projected for non-metallic materials, 
reflecting additional needs for buildings and infrastructure.62 
Increased material consumption is putting further pressure 
on an already stressed environment, as the decreases in the 
Living Planet Indexes indicates (see figure 2.2 panel b).

Production, marketing and consumer choices have driven 
changes in energy and agriculture systems involving a 
significant and ongoing rise in the use of natural re-
sources. Economic growth has been fuelled by an increase 
in global primary energy production of more than 270 per 
cent over the last 50 years. While the share of renewable 
energy is increasing, fossil fuels are still the source of 
more than 80 per cent of primary energy and continue to 
drive climate change (figure 2.5).63 Innovations, marketing 
and changes in consumer preferences shape production 
systems, including that for food. There has been a shift to-

wards more meat-intensive diets and increases in material 
consumption among those in society who can afford it.  
The extent to which diets shift is a key variable in how 
much food is required by 2050. Between 2015 and 2050, 
demand for agricultural products (including wood, grass 
and fodder, food, feed and energy crops) is projected to 
increase by 30–80 per cent (SSP1-3), while primary energy 
demand is expected to rise by 80–130 per cent (SSP1-5) 
(figure 2.2 panel a.iii).64 Future developments in demand for 
energy and materials are also sensitive to economic growth 
and structure, while agricultural demand is more directly 
affected by population growth.65

Technology can yield important efficiency gains but is not 
a panacea for unsustainable resource use. Technological 
innovation and efficiency gains can reduce the environ-
mental footprint of human activities. For example, energy 
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2.6. Ratio of biomass of mammals
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Figure 2.6: Estimates of the biomass of mammals on Earth, split between humans, domesticated mammals and wild mammals (the area of the circles indicates 
the relative biomass of each group measured in gigatons of carbon.)

Source: Bar-On et al. 2018

efficiency increased by an estimated 12 per cent between 
2000 and 2018.66 However, growth in consumption due to 
reduced cost to consumers, sometimes called the rebound 
effect may offset efficiency gains.67 Structural shifts may 
also offset efficiency gains. Material productivity has not 
improved globally since the year 2000 due to structural 
shifts in production towards economies with low material 
productivity.68 Although the assessed SSPs show some 
decoupling of resource use from economic output (for 
example, in improved energy, water and nutrient-use effi-
ciency and increasing agricultural yields) they fall short of 
offsetting rising demand driven by increases in population 
and per capita income.69

Massively expanded global trade is exporting environ-
mental footprints and distancing consumers from their 
impacts on the climate and biodiversity. Global trade has 
grown by nearly ten times in the last 50 years.70 Ever-more 
distant consumers are shifting the environmental burden of 
consumption and production across regions.71 Assessment 
of the “upstream resource requirements” of trade (that is, 
the additional resources used in the country of origin for 

producing traded goods but left behind as wastes and 
emissions) reveals that resource-intensive processes have 
shifted from high-income importing countries to low-in-
come exporting countries, with a corresponding shift in 
associated environmental burdens.72 

2.3.2 Increases in resource use and waste generation drive 
global environmental change 

Human-caused direct drivers of environmental change 
are now a dominant force shaping the Earth. To satisfy 
growing demands, people use an ever-increasing fraction of 
the Earth‘s land, freshwater and oceans for the production 
and extraction of food, fibre, energy and minerals as well as 
for industrial facilities, infrastructure and settlements. Hu-
mans and farm animals have become the dominant species 
among all mammals on Earth. One estimate of the combi-
ned biomassII of mammals on Earth shows that the human 
population constitutes about a third and livestock nearly two 
thirds, while wild mammals, from whales to mice, amount to 

II  Biomass measured in gigatons of carbon
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Figure 2.7: Global use of ice-free land around year 2015 for different categories of use ordered by decreasing land-use intensity clockwise from the top.

Source: Figure adapted from IPCC 2019b, SRCCL SPM, Figure SPM.1

less than 5 per cent (figure 2.6).73 Society‘s use of resources 
results in the release of greenhouse gases and pollutants, 
including nutrients and chemicals as well as household, in-
dustrial and human waste. In addition, people modify life and 
move organisms, both intentionally, to achieve benefits such 
as increased food production, and unintentionally. 

Human transformation of landscapes and seascapes drives 
biodiversity loss, climate change and degradation of land, 
freshwater and oceans. Close to three quarters of ice-free 
land and two thirds of the oceans are significantly impacted 
by people.74 Food production occupies half of the habitable 
land on Earth75 (figure 2.7). Increasing agricultural extent 
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2.8. Global greenhouse gas emissions from all sources
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Figure 2.8: Global greenhouse gas emissions from all sources from 1990 to 2019. (CH4 Methane, CO2 Carbon Dioxide, N2O Nitrous Oxide)

Source: UNEP 2020a, EGR, Figure ES.1

converts natural habitats, resulting in a loss of biodiversity and 
carbon sinks, while agricultural intensification typically uses 
more inputs, often with adverse impacts on soil and water 
quality and on biodiversity. Half of all agricultural expansion 
from 1980 to 2000 occurred at the expense of forests, primar-
ily in the tropics, partly to accommodate cattle ranching and 
palm oil production.76 The world‘s forests constitute nearly a 
third of Earth’s land area, and about 10 per cent of forest area 
has been lost through conversions to other land uses since 
1990, though the deforestation rate is decreasing.77 Satellite 
imaging shows that human pressures reduced intact forest 
landscapes by 7 per cent globally from 2000 to 2013.78 More 
than two thirds of the remaining forests are either managed 
or plantation. Land is also converted for infrastructure and 
mining. Urban areas have more than doubled since 1992.79 
Land use change is ranked the most important direct driver of 
land degradation and loss of biodiversity on land,80 as well as 
the most important driver impacting freshwaters (see figure 
3.1). An estimated 23 per cent of total anthropogenic green-
house gas emissions (2007–2016) stem from agriculture, 
forestry and other forms of land use, including carbon dioxide 
emissions from deforestation, methane emissions from rumi-
nants and rice cultivation, and nitrous oxide emissions from 
fertilizer use.81 In the oceans, which covers 70 per cent of the 
planet, human use of seascapes is ranked the second most 
important driver of biodiversity loss (see figure 3.1).82 Indige-
nous peoples’ land, which is less impacted than other lands, 
includes approximately 35 per cent of all remaining terrestrial 
areas with very low human intervention.83

Extraction of natural resources has more than tripled and 
extraction of living biomass has doubled over the last 40 
years (figure 2.3 panel b). One third of fish stocks globally were 
overharvested in 2015, up from 10 per cent of stocks in 1974. 
Another 60 per cent are fished at the limit of sustainability. Just 
7 per cent are harvested at levels below the maximum sustai-
nable yield.84,85 Agricultural crop production has increased by 
about 300 per cent since 1970. However, 25–30 per cent of 
total food produced is currently lost or wasted.86 Agriculture 
accounts for nearly three quarters of all freshwater use,87 and 
water withdrawals, predominantly for irrigated agriculture, 
grew by nearly 65 per cent from 1970 to 2010.88 Resource 
extraction is ranked the second most important driver of bio-
diversity loss in freshwater (see figure 3.1).89 Between 1970 
and 2017, mining of metal ores increased by three and a half 
times and mining for sand, gravel and clay increased by nearly 
five times. Raw timber production has risen by 45 per cent. 
Approximately 60 billion tons of renewable and non-renewable 
resources are now extracted globally every year, having nearly 
doubled since 1980.90 Resource extraction often happens in 
combination with use of land and seascapes, and related emis-
sions and waste can drive climate change and pollution. 

Human emissions of heat-trapping greenhouse gases drive 
climate change. Emissions of greenhouse gases, in particular, 
carbon dioxide, methane and nitrous oxide, as a result of hu-
man activities have continuously increased since the industrial 
revolution. Greenhouse gas emissions grew 1.5 per cent per 
year in the last decade (2009 to 2018), excluding emissions 
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resulting from land-use change, and 1.3 per cent per year 
including land use-related emissions (figure 2.8). Atmospheric 
concentrations of greenhouse gases have reached levels much 
higher than at any time in the last 800,000 years. Emissions 
of carbon dioxide from fossil fuels and industrial processes 
accounted for nearly 80 per cent of the total anthropogenic 
increase in emissions in carbon dioxide equivalents from 1970 
to 2010. Carbon dioxide from these sources contributes two 
thirds of the warming caused by anthropogenic greenhouse 
gas emissions.91 About one quarter of the warming stems 
from greenhouse gas emissions from agriculture, forestry 
and other forms of land use. Land use (mostly agriculture) 
and land-use change is associated with 13 per cent of carbon 
dioxide emissions, 44 per cent of methane emissions and 82 
per cent of nitrous oxide emissions.92 Natural sinks today are 
only able to absorb around half of all carbon dioxide emissi-
ons, more or less equally split between terrestrial ecosystems 
and the ocean. Increased uptake of carbon dioxide is causing 
harmful ocean acidification.93,94 In order to limit warming to 
well below 2°C, net global emissions from human activities 
need to reach zero or even become negative by the middle of 
the century.95

Disposal, release and leaks of chemicals, nutrients and 
waste are driving environmental declines, especially in 
aquatic ecosystems. Pollution is regarded as the third most 
important driver of biodiversity loss in freshwater and the 
fourth in terrestrial and marine systems (see figure 3.1). Up 
to 400 million tons of heavy metals, solvents, toxic sludge 
and other industrial wastes are dumped annually into the 
world’s waters, and fertilizers entering coastal ecosystems 
have produced dead zones.96 Marine plastic pollution has 
increased tenfold since 1980, constituting 60 to 80 per cent 
of marine debris, and is found in all oceans at all depths and 
concentrates in the ocean currents. Marine plastics cause 
ecological impacts from entanglement and ingestion and 
can also act as a vector for invasive species and pollu-
tants.97,98,99 There has been a near-doubling of the global 
chemical industry’s production capacity between 2000 and 
2017. Air pollution (indoor and ambient), pathogen-polluted 
drinking water and inadequate sanitation currently causes 
millions of premature deaths per year, as discussed in 
Section 4.100 Pollutants like black carbon (soot) also act as 
short-lived forcers to climate change,101 while some haloge-
nated gases both deplete the stratospheric ozone layer and 
act as greenhouse gases (see Section 3.7).

Animal and plant domestication, gene technology and 
the spread of invasive alien species alters biodiversity. 
Domestication and human selection, sometimes over 
centuries or millennia, have created a large variety of plants 

and animals used by humans that are highly adapted to 
local conditions. The number of local varieties and breeds 
of domesticated plants and animals and their wild relatives 
has, however, been reduced sharply as a result of land use 
change, selective breeding for increased productivity, know-
ledge loss, market dynamics and large-scale trade.102,103 
Gene technology has opened up new ways of altering the 
traits of microorganisms, plants and animals to boost 
production or improve tolerance of pests, heat and drought, 
but its application could potentially have negative effects 
on human health, food production and the environment 
unless managed carefully.104 The spread of invasive species 
is the fifth most important direct driver of biodiversity 
loss (figure 3.1). Cumulative records of alien species have 
increased by 40 per cent since 1980 and are associated 
with increased trade. Nearly one fifth of Earth’s surface is 
at risk of plant and animal invasions.105 More rapid spread 
of infectious diseases, partially caused by the expanding 
range of vectors such as mosquitos, or the transmission of 
zoonotic diseases such as COVID-19, is a threat to human 
health (see box 4.4).
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This section examines the state of the Earth from six per-
spectives, each relating to a cluster of international agree-
ments: climate change; biodiversity loss; land degradation; 
air pollution; chemicals in the biosphere; and the depletion of 
stratospheric ozone. It demonstrates how society is failing 
to meet most of the internationally agreed environmental 
and sustainable development goals and targets relating to 
these topics. It concludes with a subsection showing how 
these major environmental challenges are linked to one 
another, and therefore why their collective solution requires 
a coordinated approach.

The future is not entirely bleak. Multilateral cooperation and 
actions by individual nations, industries and households have 
yielded positive results, albeit insufficient to date. In general, 
these successes are not keeping pace with the growing nega-
tive ecological consequences of expanding human activities. 
If humanity continues on this path, the environment will keep 
changing for the worse, and this decline will contribute to con-
flicts, a reduction in the quality of human life and deteriorating 
prospects for most other lifeforms on the planet.

Almost all of the Earth system and human system processes 
involved in the dramatic changes observed over the past 
century contain time lags of years to centuries. This imparts 
an inertia to the changes observed and reinforces the urgency 
with which people must act. There is a high risk that systems 
will cross thresholds beyond which change accelerates and 
becomes effectively impossible to reverse. 

3.1 Society is not on course to fulfil the  
Paris Agreement to limit global warming 

Human activities have already caused the Earth’s surface 
to warm by more than 1°C since the industrial period of 
1850–1900.1,2 Warming substantially greater than the global 
average is being experienced in most land regions: up to twice 
as large for hot extremes in mid-latitudes and more than three 
times larger in the cold season in the Arctic.3 The increased 
atmospheric warming has led to more frequent and inten-

3 
Society is failing to meet most of its  

commitments to limit environmental damage 

se heavy precipitation events at global scale, but also to an 
increase in the frequency and intensity of droughts in some 
regions.4,5 The additional warming has also led to Arctic sea 
ice retreat, permafrost thaw, and to melting of glaciers and ice 
sheets, which together with the thermal expansion of the oce-
ans, have resulted in accelerating sea level rise.6 Non-climatic 
drivers such as land subsidence, partly human-caused, have 
also played an important role in increasing vulnerability to sea 
level rise. Human-induced climate change has led to increa-
ses in the intensity and frequency of many extreme events, in 
particular hot extremes in all land regions, heavy precipitation 
in several regions and droughts in some regions.7,8 In many 
regions, changing patterns of precipitation and the melting of 
snow and ice are altering the volume and seasonal timing of 
water flows in rivers, affecting both the quantity and quality 
of water resources, and the potential occurrence of peak flow 
events. Climate zones are shifting, including expansion of arid 
zones and contraction of polar zones.9

The heat-trapping effect of atmospheric greenhouse gases 
will persist for centuries to millennia,10 and the resultant 
continued increase in global temperature will have large ad-
verse consequences. There is inertia in the climate system. 
While some changes in the natural system, such as ocean 
acidification, can be detected almost immediately and can be 
clearly attributed to anthropogenic influence, other effects, 
such as sea level rise, will gradually but inexorably reveal 
themselves over the next several centuries. They are equally 
attributable to climate change, but the connection is less 
obvious to non-scientific observers because of the delay. Ice 
loss from the Greenland and Antarctic ice sheets is already 
contributing to sea level rise.11 The unstable retreat of some 
Antarctic and Greenland glaciers may further accelerate sea 
level rise,12 possibly abruptly. Mass loss from the Greenland 
Ice Sheet could be irreversible in the foreseeable future.13 
Risks of biodiversity loss and extinction increase greatly both 
for terrestrial and marine species as warming increases, 
with large increases for warming levels between 1.5 and 2°C 
(see Section 3.2) and further increases in risk beyond 2°C 
warming. Ocean warming, acidification and deoxygenation, 
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permafrost degradation, and the extinction of species are 
phenomena that are highly relevant to human societies and 
ecosystem integrity but are effectively irreversible on century 
time scales.14,15 Other effects, such as marine heatwaves and 
the retreat of Arctic sea ice, may be reversible over a period of 
decades to centuries (table 6.1) if the drivers of warming are 
reversed. Widespread disappearance of Arctic near-surface  
permafrost is projected to occur this century, 2–66 per cent  
of the area is at risk under low emission scenarios, and 
30–99 per cent under high emission scenarios, releasing as 
much as 240 gigatonnes of carbon to the atmosphere, further 
accelerating climate change. Permafrost melting dries out the 
soil in some places, results in flooding in other places, and 
causes damage to infrastructure.16

Rising concern about the climate has led to the Paris Ag-
reement and other international accords to curb greenhou-
se gas emissions. The United Nations Framework Conven-
tion on Climate Change (UNFCCC), signed in 1992,17 led to the 
Kyoto Protocol in 1997,18 the first coordinated attempt to limit 
greenhouse gas emissions. The subsequent Paris Agreement 
of 2015 was the result of several years of intensive interna-
tional efforts to reach an agreement between all countries 
on limiting climate change. It includes the aim of “holding the 
increase in the global average temperature to well below 2°C 
above pre-industrial levels and pursuing efforts to limit the 
temperature increase to 1.5°C above pre-industrial levels.” In 
the light of different national circumstances, the Paris Agree-
ment calls for “rapid reductions” of emissions to be achieved 
“on the basis of equity, and in the context of sustainable 
development and efforts to eradicate poverty.”19 The connec-
tions between eradicating poverty and reducing inequality 
and addressing climate change are embedded in the sustai-
nable development goals (SDGs, see Section 4). 

Despite growing awareness and alarm about climate 
change, greenhouse gas emissions have continued to rise. 
Emissions of greenhouse gases increased from the equi-
valent of around 30 gigatonnes of carbon dioxide (GtCO2e) 
in 1970 to around 55 GtCO2e in 2019.20 In the absence of 
vigorous mitigation measures and policies, most projections 
show further increases in greenhouse gas emissions in the 
future, driven by increasing fossil fuel use, land-use changes 
and other human activities.

If society continues on its current emissions pathway, 
it will miss the target of keeping warming to well below 
2°C, let alone that of stabilizing global warming at 1.5°C, 
and be on course for warming of more than 3°C. Taken 
together, the national climate mitigation pledges (known 
as Nationally Determined Contributions) made to date fall 

far short of the reductions needed to achieve the goals set 
under the Paris Agreement. Current pledges are more con-
sistent with scenarios that lead to a warming well in excess 
of 3°C by the latter part of the century.21 Many countries are 
failing to achieve even the modest emissions reductions 
goals they set for themselves.22 Unless major emissions 
reductions are achieved by 2030, any chance of stabilizing 
global warming at 1.5°C will be lost.23 Typical scenarios 
aimed at holding warming well below 2°C or even to 1.5°C 
typically show a 25–50 per cent reduction compared to 
2010 (see also Section 6.1).24 Scenarios in which warming 
temporarily exceeds the Paris Agreement goals around 
mid-century before falling rapidly depend heavily on the de-
velopment of carbon dioxide removal technologies, whose 
ability to capture and store carbon dioxide at scale is as yet 
unproven and could lead to unintended negative impacts on 
biodiversity and food production.25,26 

In 2020, greenhouse gas emissions have shown a tempo-
rary drop as a result of the COVID-19 crisis. Carbon dioxide 
emissions could decrease by about 7 per cent in 2020 (range 
2–12 per cent) compared with 2019 emission levels due to 
COVID-19, with a smaller drop expected in overall emissions 
as other greenhouse gases are likely to be less affected. 
However, atmospheric concentrations of greenhouse gases 
continue to rise. Studies indicate that the biggest changes 
have occurred in transport, as some COVID-19 restrictions 
were targeted to limit mobility, though reductions have also 
occurred in other sectors.27 Long-term impacts on emissi-
ons are uncertain. The stimulus packages announced by 
governments to support economic recovery may have a 
strong impact on long-term emissions, leading to either lower 
emissions (if investments are combined with decarbonization 
strategies) or higher emissions (if investments are mostly 
made in greenhouse gas-intensive technologies).

Climate change amplifies existing risks and creates new 
risks for natural and human systems. 28,29,30,31,32,33 Restricting 
global warming to 1.5°C with no or limited overshoot avoids 
many additional risks compared to a stabilization at 2°C, 
including reducing the risk of some irreversible impacts.34 
At 2°C of warming and higher, the likelihood and magnitude 
of impacts rises steeply. For example, substantial further 
increases in hot temperature extremes in most inhabited 
land regions are projected at global warming of 2°C or more 
compared to warming of 1.5°C.35 There would also be further 
increases in heavy precipitation in several regions, and a 
higher probability of drought and precipitation deficits in 
some regions.36 Global mean sea level rise is projected to 
be around 10 centimetres less by the end of the twenty-first 
century in a 1.5°C warmer world compared to a 2°C warmer 
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world. The probability of a sea ice-free Arctic Ocean during 
summer is substantially higher at 2°C compared to 1.5°C of 
global warming. The risks to ocean and terrestrial ecosys-
tems, including the number of species at risk of accelerated 
extinction, increase more than proportionally to the change 
in global mean temperature; at 2°C, the number of species 
at risk is more than 30 per cent higher than for 1.5°C, and 
higher temperature increases further magnify the threats (see 
Sections 3.2 and 3.7). 

3.2 None of the goals for the protection of life on 
Earth have been fully met 

Worldwide, biodiversity continues to decline at an alarming 
and accelerating rate. The absolute abundance of wild or-
ganisms has decreased over the past half-century, typically 
by about half across many groups, including birds, mammals 
and insects. Hotspots of rare and endemic species, which 
account for a disproportionate fraction of global biodiversi-
ty, have on average suffered greater declines in ecosystem 
structure and biotic integrity than other areas. The global rate 
of species extinction is already at least tens to hundreds of 
times higher than the average rate over the past 10 million 
years and is accelerating. Over 1 million of the estimated 8 
million plant and animal species on Earth are at substanti-
ally increased risk of extinction in the coming decades and 

centuries as a direct or indirect consequence of human 
activities. Only a quarter of their original habitat is largely 
still functioning in a semi-natural way, and more than a third 
of terrestrial global plant production is now appropriated 
by humans for their own use and the use of domesticated 
species.37 Climate change exacerbates other threats to bio-
diversity (see Section 3.7). Many terrestrial, freshwater and 
marine species have shifted their geographic ranges, seaso-
nal activities, migration patterns, abundances and species 
interactions in response to climate change, and this trend will 
continue.38 Half of all warm-water coral reefs have already 
been lost due to such combined effects.39 A third of marine 
fish stocks have declined as a consequence of overharves-
ting.40 Fertilisers entering coastal ecosystems have produced 
more than 400 ocean “dead zones” with a total area greater 
than 245,000 km² – more than the land area of the United 
Kingdom.41 Widespread changes in organismal traits and 
reductions in genetic diversity are also evident. The diversity 
of organisms is in decline in both natural and managed en-
vironments (such as agricultural landscapes), with negative 
consequences for their productivity and resilience in the face 
of stress. The world’s major ecosystems vary in both the 
intensity of the change-inducing factors they face and their 
ability to withstand them. Some, including arctic ecosystems 
and tropical coral reefs, are thought to be close to collapse in 
the form of large-scale regime shifts.42 

Figure 3.1: Relative global impact of direct drivers on major ecosystems, ranking the past and current causes of declines in biodiversity.

Source: IPBES 2019a, GA SPM, Figure SPM.2
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None of the goals in the international agreements inten-
ded to slow the rate of biodiversity loss have been fully 
met, including those in the strategic plan for biodiversity 
2011–2020 and its Aichi Biodiversity Targets. Across six 
international agreements43 whose objectives include slowing 
or reversing biodiversity loss, only one in five of the strategic 
objectives and goals are on track to be achieved. Nearly a 

third of the goals are not being met or in some cases even 
becoming further out of reach.44 For example, none of the 
targets agreed under the CBD in 2010 (known as the “Aichi 
Biodiversity Targets”) were fully met by the target deadline of 
2020. One assessment of progress found partial progress in 
just four of the 20 targets.45 A subsequent assessment that 
also took into account reports by countries implementing 

Figure 3.2: A summary of the assessments of progress towards the 20 Aichi Biodiversity Targets and the elements contained in their formulations by the IPBES 
Global Assessment and the Global Biodiversity Outlook 5. Each segment represents an element of the target. Blue indicates that the element has been exceeded 
(not used by IPBES), green indicates good progress and that the element has been or is likely to be achieved by 2020, yellow indicates that moderate progress has 
been made towards the element but that it has not been achieved, red indicates poor progress or no significant change in the element, and purple indicates that 
the trends are moving away from achieving the element (not used by IPBES). In cases where the element could not be assessed due to insufficient information, 
the segment is grey. In the left hand column: “Drivers“ refers to Strategic Goal A on underlying causes of biodiversity loss; “Pressures“ refers to Strategic Goal B on 
the direct pressures on biodiversity; “Status“ refers to Strategic Goal C on improving the status of biodiversity; “Benefits“ refers to Strategic Goal D on enhancing 
benefits from biodiversity; and “Implementation“ refers to Strategic Goal E on enhancing implementation.

Source: IPBES 2019a, GA SPM, Figure SPM.6; CBD 2020a, GBO-5 SPM
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the targets concluded that six of the targets were partial-
ly achieved46 (see figure 3.2). Areas of progress included 
increases in the proportion of land and oceans designated as 
protected areas and improved international financial flows to 
developing countries. Little or no progress has been made on 
others, including the elimination of harmful subsidies.47 Both 
analyses show that there has been moderate or poor pro-
gress for most of the targets aimed at addressing the causes 
of biodiversity loss (see figure 3.1). As a result, the state of 
biodiversity overall continues to decline. Even though conser-
vation actions have likely reduced the number of species be-
coming extinct by between two and four times, the number 
of species threatened with extinction continues to increase. 
There has been moderate or poor progress on maintaining 
genetic diversity of cultivated plants and their wild relatives, 
restoring ecosystem services and no progress overall in 
enhancing carbon storage. Some progress has been made 
in adopting policy responses and actions including raising 
awareness of the value of biodiversity, sharing benefits 
equitably, developing national action plans, and improving 
scientific understanding of the causes and consequences of 
biodiversity loss.48 

Lag times and system feedbacks mean that species can be 
committed to premature extinction decades before the last 
individuals actually die and that there is a high likelihood 
that ecosystem thresholds will be crossed, with large and 
negative consequences. It is estimated that more than half 
a million terrestrial species have insufficient habitat for their 
long-term survival, and are committed to early extinction, 
many within decades, unless their habitats are restored.49 
Deforestation could cross critical thresholds of fragmenta-
tion and area loss that undermine forest ecological integ-
rity and ultimately human well-being.50 Once the world is 
committed to warming greater than 2–3°C, most warm-wa-
ter coral reefs will die, boreal forests will not reproduce, and 
ice-dependent ecosystems (such as permafrost, glacier-fed 
and seasonal coastal ice sheets) face collapse. Coral reefs 
are already dying as a result of a warmer world, whereas it 
will take many decades to see a significant reduction in the 
area of boreal forests (although leading indicators such as 
fire and diseases already show change), and centuries to 
millennia to see a complete destruction of ice-dependent 
ecosystems.51,52

Biodiversity and the benefits it provides are set to decline 
further because of continued climate and land-use change. 
Most scenarios project ongoing and often accelerating loss 
of biodiversity (see figure 3.3) and of many of the regulating 
and cultural services it supports, largely due to projected 
changes in climate and continued changes in land use.53 

3.3 The world is not on course to halt land  
degradation

Ongoing changes in land use are inevitable due to evol-
ving human needs and the effects of climate change, 
but they need not, in aggregate, lead to further degra-
dation of a finite but essential resource. To recognize 
this point while still aiming to halt and then reverse land 
degradation, the concept of “land degradation neutrality” 
has been proposed by the UNCCD and is a target in SDG 
15. It means that for every hectare newly degraded, a hec-
tare of equal value somewhere else is restored from past 
degradation.54 

In 2020, less than a quarter of the global land surface 
still functions in a nearly natural way, with its biodiversity 
largely intact. This quarter is mostly located in dry, cold, or 
mountainous areas, and thus far has a low human populati-
on and has undergone little transformation. It also includes 
much of the terrestrial protected area network, currently co-
vering 15 per cent of the land area. Of the remaining three 
quarters, a third (i.e. a quarter of the total land surface) has 
been radically transformed from its natural state. The origi-
nal ecosystem has been replaced by croplands, plantations, 
planted pastures, infrastructure such as roads, railways, 
dams, canalized rivers, human settlements, industrial 
developments, waste dumps or active or abandoned mining 
lands. The rate of this transformation has accelerated since 
the middle of the twentieth century. The other two thirds 
(i.e. half of the total global land area) retains some level 
of natural processes and biodiversity but is strongly and 
increasingly human-dominated. It includes the rangelands 
of the world that are grazed mostly by domesticated lives-
tock, the semi-natural forests from which wood and other 
products are harvested, and the freshwater systems where 
flows are altered by water use.55 Land degradation has 
reduced productivity in more than 20 per cent of the global 
terrestrial area.56,57 Wetlands are the most transformed and 
degraded ecosystem type. They have lost about 85 per cent 
of their area and much of their function.58 

Although land degradation is ubiquitous, its large and 
persistent impacts are only now being appreciated. 
Degradation occurs everywhere in the world, to varying de-
grees and in many forms, all of which compromise human 
well-being (see figure 3.4). The economic impact is large, 
and billions of lives are affected (see Section 4). However, 
land degradation has been present for so long, and in so 
many places, that it has often come to be thought of as the 
natural state or is conceived as an inevitable consequence 
of progress. The absence of an agreed global definition has 

71

Making Peace with Nature: a scientific blueprint to tackle the climate, biodiversity and pollution emergencies

99



Change 
between
2015 and 
2050

Fossil-fueled development
SSP5xRCP8.5

Model uncertainty
(When more than one model available) N = Number of models available (Values averaged)

Regional rivalry
SSP3xRCP6.0

Sustainability
SSP1xRCP2.6

Local species richness (N=3)

3.3. Projected loss of biodiversity between 2015 and 2050

Regional species richness (N=4) Biodiversity intactness (N=1)
0%

-4%

-8%

-12%

been an impediment to quantification of the issue (see box 
3.1),59 but in the past decade there has been a convergence 
on definitions that can be applied to all terrestrial and fresh-
water ecosystems, based on a long-term reduction in the 
capacity of the affected ecosystems to deliver benefits to 
people, now and in the future. Some definitions also include 
an accompanying reduction in the diversity, abundance, or 
health of nature. Of particular concern is degradation where 
ecological processes have been impaired to the point that 
the ecosystem is no longer able to recover – unaided, fully 
and in a reasonable time – once the causes of degradation 
have been alleviated.60 

Box 3.1 Teasing apart land degradation and land 
transformation

A useful distinction is between land transformation 
and land degradation.61 Transformation may be legal 
or illegal, but it is usually intentional. The ecosystem 
is deliberately altered for the purpose of increasing 
the delivery of a particular benefit, or set of benefits 
to a group of people, often at the expense of other 
benefits, and almost always with a loss of biodiversity. 
For instance, a diverse, self-regenerating natural forest 

may be converted to a managed tree plantation, or 
a grassland into a cropland. In the developed world, 
transformation often occurred centuries ago, and is 
often assumed to be the natural and desired state. 
In the present time, active transformation is more 
visible in the developing world, where it attracts much 
attention, unfairly in the opinion of people living there, 
since they are following a well-trodden development 
path. Degradation, on the other hand, is the loss of 
ecosystem function, in either transformed or natu-
ral lands, as a consequence of human actions. It is 
usually unintentional. The loss of ecological function 
leads to a reduced (or less reliable) flow of benefits 
to people, frequently including even the benefits for 
which the ecosystem was being managed. Degrada-
tion, like transformation, is typically accompanied by 
loss of biodiversity. Degradation is widespread and 
ongoing (even accelerating) in both the developed 
and developing world.62 Rehabilitation aims to reverse 
degradation, but not necessarily to reverse transforma-
tion. Restoration, which aims to return both function 
and biodiversity to some previous state before trans-
formation occurred, is harder to achieve and takes 
much longer.

Figure 3.3: Projected loss of Biodiversity between 2015 and 2050 under three different emissions scenarios .

Source: Figure adapted from IPBES 2019b, GA, Figure 4.2.14
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3.4. Land degradation world maps

Land degradation and transformation contributed around 
a quarter of greenhouse gas emissions in the last decade. 
Over half of these emissions derive from land transforma-
tion (particularly deforestation) and most of the remainder 
from the loss of soil carbon in cultivated land. Halting land 
transformation and degradation could contribute 6.6 (range 
2–11) GtCO2e per year to greenhouse gas emission reduc-
tions between 2020 and 2050, and land restoration-related 
activities63 could contribute a further 18.6 (range 1.8–35.5) 
GtCO2e per year over the same period, while simultaneously 
restoring ecological function and ecosystem services, and 
in some cases, biodiversity (see section 5).64,65,66

The issue of land degradation is recognized as a global 
concern, but the approaches to addressing it have been 
inadequate and fragmented. The UNCCD specifically ad-
dresses degradation in drylands. There is no single conven-

tion to protect forests, but several treaties address aspects 
of forest degradation, including the CBD, the UNFCCC, the 
International Tropical Timber Agreement and some of the 
rules of the World Trade Organization. Wetlands of interna-
tional importance are protected under the Ramsar Con-
vention. Sustainable Development Goal 15 (Life on Land) 
sets out to halt and reverse land degradation by 2030. 
This builds on the concept of land degradation neutrality, 
adopted by the UNCCD in 2015, also for achievement by 
2030. These constitute the first comprehensive global 
targets relating to land degradation. There have been other 
implicit or explicit targets relating to particular aspects of 
degradation, such as combatting desertification, or soil 
degradation, or wetland loss. Many countries have national 
targets related to preventing or reversing land degradation, 
but in aggregate they have not been sufficient to meet 
international goals. 

Figure 3.4: Human activities have modified the land surface of the planet as shown through the human footprint value indicating the intactness of terrestrial 
ecosystems (panel a) the soil erosion value (panel b), the human appropriation of net primary production (panel c) and the total abundance of originally occurring 
species as a percentage of their total abundance in minimally disturbed primary vegetation, expressed as the Biodiversity Intactness Index (panel d).

Data sources: a) Brooke, et al. (2020), b) Borrelli et al. (2007), c) Newbold et al. (2016), d) Haberl et al. (2007) 

Data compiled and plotted by Emily Zhang
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Despite the agreed goal of halting land degradation, land 
degradation is projected to increase in the twenty-first 
century under all development scenarios (see Section 4).67 

Under scenarios where slowing land transformation is not a 
priority, the fraction of land remaining in a near-natural state 
is projected to be as little as 10 per cent by mid-century, while 
degraded land will reach over 20 per cent. The pace of land 
degradation depends strongly on the outcome of efforts to 
mitigate climate change (see Section 3.7). In particular, under 
scenarios where mitigation actions are weak and slow, degra-
dation in arid lands and polar regions is projected to accele-
rate. Land-based climate mitigation actions can, if targeted 
at rehabilitation of degraded lands, achieve both climate and 
land restoration objectives, but the availability and productive 
potential of such lands is insufficient to supply more than a 
small part of the net carbon uptake needed by mid-century. If 
inappropriately applied, for instance by afforestation of lands 
not previously forested, or by reforestation using monocul-
tures of species not native to the area under restoration, the 
co-benefits to land restoration will not be achieved, and net 
biodiversity harm could result.68  

3.4 Air pollution is not sufficiently reduced to pro-
tect human well-being 

Air pollution is the biggest environmental risk factor con-
tributing to the global burden of disease.69,70 From a health 
perspective, the most important air pollutants are ground-le-
vel ozone and particulate matter,71 both of which can also act 
as short-lived climate forcers. An estimated 90 per cent of 
the world’s population lives in an area where annual average 
outdoor concentrations of the pollutant PM2.5 (fine parti-
culate matter with a diameter of 2.5 micrometres or less) 
exceeds WHO air quality guidelines.72,73 Urban areas typi-
cally have high levels of pollution; of the 45 megacities with 
measurements in 2013, only four met the WHO guidelines for 
PM2.5.74 Projected increases in urbanization have the poten-
tial to negatively impact on local and regional air quality.

Nature contributes to the regulation of air quality but 
can be degraded in the process.75 Nature improves air 
quality through the retention and detoxification of pollu-
tants, though these processes (such as acidic deposition) 
affect terrestrial and aquatic ecosystems negatively.76 Loss 
of biodiversity and ecosystem function, resulting from air 
pollution and other drivers such as land degradation and 
climate change, may compromise nature‘s contributions 
to moderating air pollution.77,78,79 Ecosystems can also be 
sources of pollutants, such as from biomass burning, dust, 
biogenic volatile organic compounds, and nitrogen emis-
sions, as well as ammonia and methane that contribute 

to secondary pollutants. These contribute interactively to 
ambient air pollution and many act as short-lived climate 
forcers.80,81,82,83,84,85 Nature also helps prevent emissions of 
air pollutants, for instance in the way that vegetation mo-
dulates dust emissions from soil.86 Climate-related factors 
interacting with land-use and land cover changes in many 
dryland areas have over the last few decades resulted in 
increased frequency and intensity of dust storms with 
negative impacts on air quality and human health.87 The 
increased occurrence of wildfires as a result of climate 
change will negatively impact air quality and thus repre-
sent a growing health risk.88 Natural or human-induced 
increases in the production and release of airborne aller-
gens (pollen or fungal spores) and consequent upsurges in 
allergy-related respiratory ill health can make people more 
susceptible to air pollution impacts.89 Releases of hazar-
dous chemicals from environmental reservoirs such as 
soil, water and ice due to increasing temperatures are also 
projected to increase exposures and vulnerabilities for both 
people and ecosystems.90
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While there is no global agreement on limiting air pol-
lution, international targets, regional agreements and 
national policies91,92,93 aim to decrease air pollution and its 
negative impacts. The international targets with a bearing 
on air pollution are SDGs 3.9, 7.1 and 11.6 and Aichi Bio-
diversity Target 8. The Montreal Protocol and the Paris 
Agreement also impact air pollution; their implementation 
will affect air quality, both directly through changes in 
emissions and atmospheric chemistry, and indirectly by 
mitigating climate change and its subsequent impacts on 
air quality.94,95 The United Nations Economic Commission 
for Europe’s Convention on Long-range Transboundary Air 
Pollution (CLRTAP)96 is an example of a successful regional 
agreement that has led to marked improvements in air qua-
lity. In Europe, the abatement of pollutant emissions under 
CLRTAP has helped to increase average life expectancy by 
12 months and decreased the exceedance of critical loads 
(i.e. the exposure ecosystems can sustain without being 
degraded) for acidification by a factor of 30 and nitrogen by 
a factor of three.97 

Progress on reducing air pollution is mixed, with air qua-
lity improving in high-income countries but continuing to 
degrade in low-income countries.98,99,100,101,102,103 Globally, 
health impacts from exposure to ambient PM2.5 and ozone, 
and household PM2.5 have decreased significantly (by about 
25 per cent) between 2006 and 2016.104,105 However, these 
trends are highly variable from place to place.106,107,108,109,110 
For example, North America and Europe have seen de-
creases of about 75 per cent in sulphur dioxide emissions 
(which contribute to ambient sulphur dioxide concentrations 
and particulate matter pollution) since 1990, while increa-
ses have been seen elsewhere, including of 50 per cent in 
Asia.111 The regional differences in progress towards targets 
are striking and cause for concern. Quantifying these trends 
in middle- and low-income countries is greatly hindered by 
lack of data. Large data gaps for quantifying and characteri-
zing air pollution and its impacts can be addressed through 
actions that expand the knowledge base as well as improve 
monitoring and reporting; these include improving emission 
inventories, increasing sampling coverage of a range of 
pollutants and impacts, as well as improving availability and 
accessibility of data and information.112,113 

While air pollution levels are impacted by activities in many 
sectors, action to decrease emissions in the energy sector 
is critical to achieve air quality targets.114 Energy production 
and use is the main source of anthropogenic emissions for 
many pollutants, accounting for 85 per cent of primary PM 
emissions and almost all of the emissions of sulphur dioxide 
and nitrogen oxides.115 Air quality related SDG targets will not 

be fully met with current energy policies alone, but rather a 
transformation of the energy sector is needed.116,117 As air 
quality has linkages across sectors, more holistic and integ-
rated assessments are needed to develop policies and inter-
ventions that avoid potential unintended trade-offs. 118,119,120

3.5 Chemicals and waste are not always  
managed safely 

A wide range of hazardous human-produced chemicals 
are accumulating in the biosphere, in the environment in 
which humans live, and in the human food chain, which 
adversely affect ecosystems and human health. The pro-
duction and use of chemicals are increasing (see figure 3.5). 
Hazardous and toxic chemicals have adverse effects on 
terrestrial and aquatic life. Large quantities of human-manu-
factured chemicals continue to be released to the air, water 
and soil. In many parts of the world, emissions and releases 
of hazardous chemicals are increasing. Not only do these 
emissions pose risks to human health and the environment, 
they also represent lost opportunities to realize economic 
benefits from repurposing the waste stream. Significant 
progress has been made in reducing releases of some che-
micals of concern, including ozone-depleting substances 
(see Section 3.6) and some persistent organic pollutants. 
Global warming leads to the remobilization of some pollu-
tants such as persistent organic pollutants due to melting 
glaciers and thawing permafrost. Atmospheric long-range 
transport of pollutants is responsible for their occurrence in 
remote areas. Supply chains involving trans- or inter-conti-
nental shipping of hazardous chemicals potentially increase 
the risk of their accidental release into the environment.121

The Millennium Development Goals set in 2002 to mi-
nimize the adverse impacts of chemicals and waste by 
2020 will not be achieved. Solutions exist (see Section 5), 
but more ambitious worldwide action by all stakeholders is 
urgently required. There has been good progress in addres-
sing the legacy of persistent organic pollutants, such as the 
pesticide DDT, under the Stockholm Convention, where a 
global monitoring programme has been in place for more 
than 10 years. The levels and trends of selected persistent 
organic pollutants in air and mother’s milk are monitored 
around the globe. On several continents there has been a 
reduction in concentration of a range of persistent organic 
pollutants of high concern, even in remote areas. The levels 
of contaminants newly added to this convention, such as 
brominated and fluorinated chemicals, have not yet shown 
a decline. The results of the monitoring programme suggest 
that targeted regulations, including those that predated the 
convention in some regions, are working to reduce levels of 
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persistent organic pollutants in the environment and in hu-
man populations. Effective regulatory actions at the global 
level since the entry into force of the Convention in 2004, 
particularly for listed persistent organic pollutants that are 
still commercially available, are expected to lower environ-
mental concentrations in the long term.122,123

Chemical-related multilateral agreements have improved 
the management of the whole life cycle of chemicals. 
Agreements including the Rotterdam, Stockholm and Basel 
Conventions address the life cycle of chemicals, including 
their sources, commerce (use), transport, and disposal. The 
Minamata Convention on mercury covers the entire life cycle 
of mercury and mercury-added products. A multi-stakehol-
der voluntary agreement known as the Strategic Approach 
to International Chemicals Management (SAICM) addresses 
emerging policy issues and other concerns in global chemi-
cals management such as: lead in paint; chemicals in pro-
ducts; hazardous substances within the life cycle of electrical 
and electronic products; nanotechnology and manufactured 
nanomaterials; endocrine-disrupting chemicals; environmen-
tally persistent pharmaceutical pollutants; perfluorinated 
chemicals and the transition to safer alternatives; and highly 
hazardous pesticides. Work to strengthen the science-policy 
interface and prepare recommendations regarding the Strate-
gic Approach and the sound management of chemicals and 
waste beyond 2020 are still ongoing.124

3.6 Strong international coordinated action is  
restoring Earth‘s protective ozone layer

Human-made chemicals have caused the depletion of the 
ozone layer in the stratosphere, exposing people and other 
organisms to harmful ultraviolet radiation. The reduction in 
the concentration of ozone in the stratosphere, first detected 
in the late 1980s, is directly due to the release of human-
made chemical compounds including chlorofluorocarbons 
(CFCs) and bromine-containing halons. The impact of these 
ozone-depleting substances is manifest as an ozone “hole” 
above Antarctica and a thinning of the ozone layer in the 
Arctic and in mid-latitudes. This has increased the amount 
of ultraviolet radiation reaching the Earth’s surface, which is 
harmful to both people and other organisms. 

Concern about the threat to the ozone layer prompted 
pioneering scientific research, assessments and inter-
national agreements to address a complex global environ-
mental problem. Meetings of international experts beginning 
in 1979125 produced the first of a series of in-depth scientific 
assessments of ozone depletion.126 With the threat identified, 
UNEP formed an expert working group to develop a frame-
work to protect the ozone layer. The resulting Vienna Con-
vention for the Protection of the Ozone Layer was adopted 
by 21 countries in March 1985.127 This Convention called for 
Parties to take measures to protect human health and the 

Figure 3.5: Examples of growth in the global use of chemicals and in the output of the chemical industry in emerging economies in the period 1955–2015

Source: Figure adapted from UNEP 2019a, GEO-6, Figure 4.4
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Figure 3.6: Evolution of the interaction between science and policy in identifying the depletion of the life-protecting stratospheric ozone layer and the generation of 
knowledge and actions needed to curb emissions of ozone-depleting substances. Emissions are presented in CFC-11 (trichlorofluoromethane) equivalents. 

Source: figure adapted from Salawitch et al. (2019)
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environment from ozone depletion, but to also cooperate 
on scientific research and observations. The full scientific 
assessment report published in late 1985 was the first of its 
kind, in the sense of being international, comprehensive, peer-
reviewed, and including a summary for policymakers.128 The 
summary noted the first evidence of the Antarctic ozone hole, 
albeit without an understanding of its cause. Two years later, 
the Montreal Protocol on Substances that Deplete the Ozone 
Layer was adopted to control, at least partially, the production 
and consumption of ozone-depleting substances. It establis-
hed technical committees and mandated scientific assess-
ments every four years, starting in 1990.129,130,131 

Stratospheric ozone has begun to recover because of con-
certed international action. In the late 1980s, laboratory, field 
and modelling studies established the cause of the Antarctic 
ozone hole and mid-latitude ozone depletion. The scientific 
assessments since 1988 have provided the scientific founda-
tion for strengthening the Montreal Protocol through a series 
of amendments and adjustments limiting the consumption 
and production of ozone-depleting substances. The levels of 
chlorine- and bromine-containing substances at the surface 
peaked in about 1995 and most are now steadily decreasing. 
It is now projected that the Antarctic ozone hole will disappe-
ar in the 2060s132 (see figure 3.6). 

Hydrochlorofluorocarbons (HFCs) used to replace some 
ozone-depleting substances have been shown to be potent 
greenhouse gases and subsequently controlled through 
international action. CFCs, which were widely used as 
refrigerants, propellants and solvents, have been replaced in 
some applications by hydrofluorcarbons (HFCs). The ozone-
depleting CFCs were also potent greenhouse gases, hence 
eliminating their emission into the atmosphere was greatly 
beneficial for the climate system. While HFCs have a very 
small impact on ozone levels, they are also powerful green-
house gases. Recognition of this unintended consequence 
led to the 2016 Kigali Amendment controlling the production 
and consumption of several HFCs.133 As a result, their projec-
ted climate impact in 2100 has been reduced from 0.3–0.5°C 
to less than 0.05°C.134

3.7 The different forms of environmental change are 
intertwined  

Climate change, land-use change, land degradation, and 
air and water pollution act synergistically to cause perva-
sive, extensive and systemic damage to biodiversity and 
ecosystem services on land and in the ocean135,136,137,138,139,140 

(figure 3.9). The abundance of wild organisms worldwide 
in 2010, as measured by the mean species abundance, is 
estimated to have reduced by 34 per cent relative to pre-in-
dustrial levels, and projections driven by future land use and 
climate change suggest losses of 38–46 per cent by 2050 
(figure 3.9, pale pink and dark orange arrows).141 Many land 
and ocean ecosystems and some of the services they provide 
have already changed due to global warming142,143 (figure 
3.8b).The projected terrestrial area where the ecosystem will 
shift from one biome to another as a result of climate change 
is 7–8 per cent for 1.5°C warming, 13 per cent (range 8–20 
per cent) at 2°C warming, 28 per cent (range 20–38 per cent) 
at 3°C warming, and 35 per cent at 4°C warming144 (figure 3.9, 
dark orange arrow). Climate change increases extinction risk, 
with 20–30 per cent of plant and animal species assessed 
globally at greater risk of extinction under 2°C warming,145,146 
and progressively higher numbers are risk with greater 
warming (figure 3.9, dark orange arrow). The global fraction 
of insects, vertebrates and plants for which more than half of 
their current range would no longer be climatically suitable 
by 2100 is 4–8 per cent for 1.5°C warming, 8–18 per cent for 
2°C, 26–49 per cent for 3.2°C and 44–67 per cent for 4.5°C 
(figure 3.7). Such extensive range losses would undermine 
the provision of ecosystem services such as pollination at the 
global scale (figure 3.9, magenta arrow; figure 1.1 (d)). Terres-
trial species on all continents have already been observed to 
have variously changed in abundance, seasonal activity or 
geographic range in response to climate change. Risks posed 
by climate change to terrestrial ecosystems in general, which 
include biome shifts, species range loss and phenological 
mismatches, are considered already moderate and are pro-
jected to transition to high even below 2°C of global warming 
and to very high with 3°C.147 A summary of risks to unique 
and threatened systems including coral reefs and the Arctic 
concludes that the risk level transitions globally from high to 
very high at 1.5°C warming (figure 1.1 (a)).148 Climate change 
and associated sea ice loss and biogeochemical changes 
such as oxygen loss have caused poleward shifts in distri-
butions of marine species since the 1950s of 52 km ± 33 km 
per decade for epipelagic species and 29 ± 16 km per decade 
for seafloor species, altering species composition, ecosys-
tem function, abundance and biomass of systems from the 
equator to the poles, and reducing fisheries catches.149 A 
decrease in the biomass of marine animal communities and 
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their production, and a shift in marine species composition 
are also projected over the twenty-first century.150 The effort 
required for humans to adapt to the effects of climate-driven 
species redistribution on economic development, livelihoods, 
food security, health and culture will be far-reaching and sub-
stantial (figure 3.9).151

Land-use change and unsustainable land use leading to 
land degradation contribute to climate change. The trans-
formation and disturbance of natural ecosystems that has 
occurred since 1750 has reduced global soil organic carbon 
by 176 Gt. If current trends continue, human-caused emissi-
ons from soil and vegetation will roughly add another 80 Gt 
of carbon to the atmosphere over the 2010–2050 period152 
(figure 3.9, light orange arrow). A fifth of vegetated areas 
showed declines in productivity between 1998 and 2013 due 
to poor land or water management practices.153 Such land-
use change and land degradation deplete terrestrial carbon 
stocks, accelerating climate change (figure 3.9, dark purple 
arrow) and depleting biodiversity154 (light pink arrow).

Land-use change also affects the climate system through 
altered albedo, evaporation and plant transpiration. In 
regions with seasonal snow cover, such as boreal regions 
and some temperate regions, increased tree and shrub cover 
has a wintertime warming influence due to an increase in the 
solar radiation absorbed by the less reflective vegetation.155 
This means that afforestation can locally induce warming in 
these regions and thus counteract cooling associated with 
added carbon uptake from trees. Land-use changes can also 
induce local to regional cooling, for instance through increa-
sed evaporation of water and plant transpiration in regions 
with irrigation,156 but the global effect is zero since the water 
re-condenses in the atmosphere, emitting the energy it absor-
bed during evaporation.

Climate change and biodiversity loss jeopardize the health 
and productivity of land. Loss of biodiversity and vegetation 
cover accelerates soil erosion and land degradation (figu-
re 3.9, dark pink arrow). Global warming has already led to 
shifts in climate zones in many parts of the world, including 

Figure 3.7: Species projected to lose over 50 per cent of their climatically determined geographic range. The proportions of species in four broad groups of 
organisms that are projected to lose over half of their climatically determined geographic range by 2100 under climate change scenarios in which global warming 
reaches 1.5°C, 2°C, 3.2°C or 4.5°C above pre-industrial levels by that time. The models used to make these projections assume that species move at realistic rates 
while attempting to track their geographically shifting climate envelope. The uncertainty range is the 10–90 per cent confidence interval across the various regio-
nal climate patterns explored. This study is based on the assessment of 19,848 insect species, 12,429 vertebrate species and 73,224 plant species.

Data source: IPCC 2018a, SR1.5, 3.4.3
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Changes in these processes drive risks to food systems, 
livelihoods, infrastructure, the value of land, and human and 
ecosystem health. Changes in one process (e.g. wildfire or 
water scarcity) may result in compound risks. Risks are 
location-specific and differ by region.   

a) Risks to humans and ecosystems from changes in land-based processes as a result of climate change

3.8. Impacts and Risks to Humans and Ecosystems from Climate Change
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Figure 3.8: Assessment of projected risks to (a) land-related human systems and ecosystems arising from the combination of global climate change, socioeco-
nomic development and mitigation choices in terrestrial ecosystems (b) coastal and open ocean based on observed and projected climate impacts on ecosystem 
structure, functioning and biodiversity. Impacts and risks are shown in relation to changes in global mean surface temperature relative to pre-industrial level. The 
literature was used to make expert judgements to assess the levels of global warming at which levels of risk are undetectable, moderate, high or very high. As part 
of the assessment, literature was compiled and data extracted into a summary table. A formal expert elicitation protocol (based on modified-Delphi technique 
and the Sheffield Elicitation Framework), was followed to identify risk transition thresholds in panel, including a multi-round elicitation process with two rounds of 
independent anonymous threshold judgement, and a final consensus discussion.

Panel (a) indicates risks to selected elements of the land system as a function of global mean surface temperature. Links to broader systems are illustrative and 
not intended to be comprehensive. Risk levels are estimated assuming medium exposure and vulnerability driven by moderate trends in socioeconomic conditions 
broadly consistent with an SSP2 pathway. 
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Figure 3.8 (continued): Panel (b) indicates assessed risks at approximate warming levels and increasing climate-related hazards in the ocean: ocean warming, 
acidification, deoxygenation, increased density stratification, changes in carbon fluxes, sea level rise, and increased frequency and/or intensity of extreme events. 
The assessment considers the natural adaptive capacity of the ecosystems, their exposure and vulnerability. Impact and risk levels do not consider risk reduction 
strategies such as human interventions, or future changes in non-climatic drivers. Risks for ecosystems were assessed by considering biological, biogeochemi-
cal, geomorphological and physical aspects. Higher risks associated with compound effects of climate hazards include habitat and biodiversity loss, changes in 
species composition and distribution ranges, and impacts/risks for ecosystem structure and functioning, including changes in animal/plant biomass and density, 
productivity, carbon fluxes and sediment transport. Since assessments of risks and impacts in panel (b) are based on global mean sea surface temperature, the 
corresponding sea surface temperature levels are shown. 

Sources: Figure adapted from IPCC 2019b, SRCCL SPM, Figure SPM.2 and IPCC 2019a, SROCC SPM, Figure SPM.3

expansion of arid zones and contraction of polar zones.157 
In Sub-Saharan Africa, parts of Central and East Asia, and 
Australia, warming and reduced precipitation have contribu-
ted to desertification (figure 3.9, light purple arrow).158 Loss 
of glacier mass and snow cover is higher with greater global 
warming.159 Widespread near-surface permafrost thaw is 
projected to occur during the twenty-first century, with losses 
of 69 +20 per cent by 2100 in the absence of climate change 
mitigation, reducing to 24+16 per cent for high-mitigation 
scenarios. A regional-scale threshold between 1.5°C and 2°C 
of warming has been identified in the Mediterranean above 
which biome shifts unprecedented in the last 10,000 years 
and associated with extreme drought are projected. In Sout-
hern Africa, much greater water stress and increased drought 
are anticipated for warming above 1.5–2°C. 160,161 Globally, 
risks from water scarcity, wildfire damage and permafrost 
degradation are projected to be already high at 1.5°C; for war-
ming of 3°C, risks arising from water scarcity, wildfire damage 
and vegetation loss become very high (figure 3.8a).

Climate change risks to food security are expected to 
become increasingly severe with increased global warming. 
The risk is expected to become high between 1.2°C and 
3.5°C of warming depending on socioeconomic development 
pathways, and very high risks could be incurred with only 
2°C warming in some pathways.162 At 3–4°C warming, very 
high risks of declines in low-latitude crop yields are expec-
ted whilst 4°C warming is considered catastrophic for food 
supply stability and access.163 Rising carbon dioxide concen-
trations are projected to reduce the protein and micronutrient 
content of major cereal crops, which is expected to further 
reduce food and nutritional security.164 

Climate change, biodiversity loss and water pollution affect 
oceanic and coastal ecosystems. Without action to limit 
global warming, marine heatwaves, coupled with ocean acidi-
fication and loss of oxygen, will result in the crossing of critical 
thresholds in the ocean and in coastal systems, beyond which 
ecosystem functioning will be impaired (figure 3.7). Marine 
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heatwaves have already resulted in large-scale coral bleaching 
events at increasing frequency, causing worldwide reef degra-
dation. Recovery is slow (more than 15 years), if it occurs at 
all.165 There are many potential limits to adaptation in marine 
ecosystems,166 and these limits are projected to be exceeded 
well before the end of the century in many coral reef envi-
ronments, urban atoll islands and low-lying Arctic locations. 
Marine heatwaves are projected to become 50 times more 
frequent and 10 times more intense in the absence of strenu-
ous climate change mitigation.167 Ocean acidification, which 
inevitably results from increasing atmospheric carbon dioxide 
concentrations, amplifies the adverse effects of warming, 
impacting the growth, development, calcification, survival and 
abundance of a broad range of species, from algae to fish.168 
Warm-water coral reefs are projected to decline by 70–90 
per cent at 1.5°C warming and by more than 99 per cent 
at 2°C,169,170 compromising food provision, tourism, coastal 

protection and the diversity of coral reef-associated species 
(figure 3.8b). Cold-water coral reefs, similarly highly biodiverse, 
are also projected to be harmed. Unless efforts to mitigate 
climate change are successful, by the end of the century the 
biomass of marine animals is projected to decline by 10–20 
per cent and the maximum potential catch of fisheries by 
20.5–24.1 per cent relative to 1986–2005.171 In the Arctic, the 
chances of the sea being ice-free in September by the end of 
the century rise from about 1 per cent each year for stabilized 
global warming of 1.5°C, to 10–35 per cent for a stabilized 
2°C increase.172 A sea ice-free Arctic Ocean would disrupt the 
functioning of the Arctic ecosystem.  

Coastal ecosystems face high to very high risks unless 
climate change is halted. The risk of irreversible loss of 
many already declining coastal ecosystems, such as seag-
rass meadows and kelp forests, increases with further global 

Figure 3.9: The interactions between climate change, land use and biodiversity.
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warming (figure 3.8b). Increased salinization and hypoxia in 
estuaries contribute to their decline.173 Global mean sea level 
is rising, with acceleration in recent decades due to increa-
sing rates of ice loss from the Greenland and Antarctic ice 
sheets174 as well as continued glacier mass loss and ocean 
thermal expansion, and is accompanied by increased wave 
heights in the Atlantic Ocean.175 Irreversible loss of the Green-
land ice sheet and instability in the West Antarctic ice sheet 
may occur between 1.5°C and 2°C.176 A high risk of potential 
collapse of the West Antarctic ice sheet is considered to exist 
for 2.5°C warming ( figure 1.1 (e)). Depending on the amount 
of sea level rise, 20–90 per cent of current coastal wetlands 
are projected to be lost by the end of the century, including 
mangrove forests and salt marshes (figure 3.8b).177 Local 
sea levels that historically occurred once per century are 
projected to become at least annual events at most locations 
during the twenty-first century.178 Extreme sea levels and 
coastal hazards will be exacerbated by projected increases in 
tropical cyclone winds and associated heavy rainfall.179

Reducing the emissions of greenhouse gases typically 
also reduces air pollution. The greenhouse gases and aero-
sols responsible for anthropogenic climate change are in 
some cases also air pollutants, and even when they are not 
themselves toxic at ambient levels, they are often associa-
ted with chemicals that are. For instance, carbon dioxide 
is not poisonous at current elevated levels, but reducing 
carbon dioxide emissions from industrial processes typical-
ly reduces the emissions of gases that cause human and 
ecosystem health problems, including tropospheric ozone 
precursors. Similarly, methane is not toxic at normal levels, 
but combines with oxides of nitrogen emitted from industry 
and vehicles to form tropospheric ozone, which as a result 
frequently exceeds damage-causing levels. Particulate 
matter affects both the Earth’s radiation balance and human 
health (see Section 3.4).

Water pollution is a leading cause of the loss of biodiversi-
ty and ecosystem services in freshwater and coastal aqua-
tic systems (figure 3.1). Key water pollutants include excess 
nutrients, salts and sediments resulting from agriculture, hu-
man settlements and land degradation. Water pollution and 
air pollution are often linked, since diversion of waste from 
one pathway can simply displace it into another pathway. For 
instance, excess nitrogen in water is often removed by an-
aerobic denitrification, which results in emissions of nitrous 
oxide. The solution is to reduce nitrogen waste overall.

Plastics and chemical waste entering the biosphere con-
tributes to both biodiversity loss and to land degradation. 
The accumulation of plastics in the oceans and pesticide 

residues in soils and sediments are examples. On the other 
hand, plastic and other chemicals can reduce food waste 
through spoilage, and pesticides reduce the loss of crops 
before and after harvest.180

Most human-created substances implicated in stratos-
pheric ozone depletion are also greenhouse gases, as are 
some of the substances that replace them. While the state 
of stratospheric ozone is improving as a result of concerted 
international efforts to reduce the production and emis-
sion of ozone-depleting chemicals, a degree of depletion 
of this life-protecting layer will persist well into the middle 
of the twenty-first century (Section 3.6). This reduction in 
emissions also reduces the contributions of these gases to 
climate change.181

The multiple interactions between environmental problems 
mean that uncoordinated single-issue solutions are ineffi-
cient and likely to fail. An integrated approach that addres-
ses the underlying root causes of interlinked environmental 
problems and pays attention to unintended consequences of 
actions is both more cost-effective and more likely to be suc-
cessful than treating the issues as if they were independent 
of one another. It further allows synergies to be identified and 
exploited, while steering away from the worst trade-offs.
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Where Section 2 showed people’s dependence on the natural 
world and their role in shaping it, Section 3 concluded that, 
under current trends, internationally agreed environmental 
goals are unlikely to be achieved. People are changing the 
climate system, polluting air and water and using more land 
and marine resources than ever before. Life on Earth is 
rapidly eroding and nearly all of nature‘s regulating functions 
are in decline. This section discusses how environmental 
degradation, including climate change, loss of biodiversity 
and ecosystem services and pollution of air, land and water, 
undermines progress towards achieving the economic and 
social objectives of the SDGs. It explores risks to poverty 
and economic development (SDG 1 and SDG 8), to food and 
water security (SDG 2 and SDG 6), to human health (SDG 
3), to reducing inequality (SDG 5 and SDG 10), to promoting 
peaceful and inclusive societies (SDG 16) and to cities and 
communities (SDG 11). Figure 4.1 provides an overview of 
selected environmental changes, as discussed in Section 3, 
and selected impacts on the SDGs, as discussed below.

Ongoing and projected environmental degradation under-
mines progress towards the SDGs. In many countries in the 
Global South, poverty levels and thereby people’s vulnerabi-
lity to environmental degradation remain high (see Sections 
2.3.1 and 4.1). Most scenarios project clear improvement 
over time in areas including reducing hunger (SDG 2), increa-
sing access to safe drinking water and adequate sanitation 
(SDG 6) and increasing access to modern energy services 
(SDG 7), though not enough to meet the related SDG targets 
by 2030.1 Trends in environmental degradation will make 
reaching these and other goals even more challenging (see 
figure 4.1).2,3 Poor and vulnerable communities are most at 
risk from environmental threats and future generations will 
be more affected than the current. Poverty is increasingly 
concentrated in rural dryland areas of South Asia and Sub-
Saharan Africa.4 Socioeconomic developments, such as in 
population, trade, consumption and inequality, determine 
the vulnerability and exposure of people and thus related im-
pacts on their well-being. For instance, a scenario with low 
population growth, reduced inequalities, land-use regulation, 

4 
The achievement of the Sustainable Development Goals  

is threatened by environmental risks

low meat consumption, increased trade and few barriers to 
adaptation or mitigation (SSP1) shows much lower clima-
te-related risks of, for example, water scarcity, flooding and 
food security than scenarios with opposite characteristics 
(SSP3), given the same level of global mean temperature 
increase (see figure 4.2).5,6

The COVID-19 pandemic has impacted human well-being, 
disrupted implementation towards many of the SDGs and, 
in some cases, turned back decades of progress.7 In 2020, 
global per capita GDP is expected to decline by 4.2 per cent 
(SDG 8), pushing an estimated 71 million more people into 
extreme poverty (SDG 1) and resulting in hundreds of thou-
sands of additional under-5 deaths (SDG 3). The disruption 
caused by the pandemic is also a threat to food security, 
with the World Food Programme estimating an almost dou-
bling of the number of people facing acute food insecurity in 
2020 compared to 2019 (SDG 2) (see Section 2.3.1).8 Due to 
lockdowns, school closures have kept 90 per cent of all stu-
dents out of school for some period of time (SDG 4) and, in 
some countries, cases of domestic violence have increased 
by 30 per cent (SDG 5). Poor and disadvantaged people have 
been affected most (SDG 10), while all these impacts can 
further threaten global peace and security (SDG 16).

4.1 Environmental decline impedes progress  
on economic development and ending poverty 
(SDGs 1 and 8) 

While economic poverty has decreased (SDG 1.1), multi-
dimensional poverty remains high (SDG 1.2). Absolute 
poverty, as indicated by the number of people living on less 
than US$1.90 per day, fell from 1.85 billion in 1990 to 736 
million in 2015.9 Recent estimates indicate that nearly 700 
million people lived in extreme poverty in 2017, but that the 
COVID-19 pandemic may push at least another 70 million 
into extreme poverty. Around 1.3 billion people are still poor 
according to the Multidimensional Poverty Index, which 
captures deprivations in education, health and nutrition, ac-
cess to services, and security, in addition to income poverty 
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Environmental degradation threatens the achievement of the SDGs

Biodiversity loss 
and ecosystem 
degradation

 Loss of species 
 richness and ac-
 celerated species 
 extinction
  Loss of genetic 
 resources in do-
 mestic and wild 
 species
 Loss of ecosystem 
 functions, such as 
 pollination, seed 
 dispersal, soil for-
 mation and bio-
 logical productivity

Weakening food and 
water security

 Increased food-
 system vulnerability
 Reduced agricultural 
 productivity
 Reduced nutritional 
 value of crops
 Lower catch in fisheries
 Increased water 
 scarcity

Hampering efforts to 
make cities and com-
munities sustainable

 Increased vulnerability 
 to natural disasters
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 infrastructure
 Rising air and water 
 pollution 
 Rising waste disposal 
 problems

Changing climate
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 More extreme 
 weather events, 
 e.g. flooding, 
 droughts, storm 
 surges and 
 heatwaves
 Rising sea level
 Changing 
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 patterns
 Ocean 
 acidification

Threatening human health
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 heat stress and air 
 pollution-related diseases
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 water-borne infections and 
 zoonotic diseases
 Reduced ability of nature 
 to provide medicines and 
 support physical and 
 mental well-being

Impeding poverty elimination, 
inequity reduction, economic 
development and peace

 Exacerbated multi-
 dimensional poverty
 Accentuated inequality, 
 including gender inequality
 Lost income opportunities
 Increased risk of conflict 
 over resources
 Increased risk of displace-
 ment and outmigration 

Figure 4.1: Selected environmental changes and related impacts on efforts to achieve the SDGs. The clustering of SDGs provides an integrated perspective with 
the environment as the foundation for economic and social development and, ultimately, human well-being. As a result, unsustainable resource use, waste and 
pollution impact adversely both the natural resource base and human well-being.

Source: Figure adapted from UNEP 2019a, GEO-6, Figure 20.1 116
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(see Section 2.3.1). What is critical is not merely absolute 
poverty but also relative poverty, especially as income 
disparities have been increasing worldwide.     

Climate change and ecosystem degradation makes po-
verty reduction more difficult. Climate change impacts are 
expected to exacerbate poverty in most developing count-
ries and create new pockets of poverty through increasing 
inequality in both developed and developing countries.10 Key 
risks include deteriorating livelihoods, destruction and de-
terioration of assets, shifts from transient to chronic poverty, 
declining work productivity, declining agricultural yields and 
reduced access to water. Ecosystem degradation, including 
land degradation, negatively impacts people’s vulnerability 
to extreme events, access to resources and small-scale 
food production and agricultural sustainability, with negative 
impacts on both the urban and rural poor who are directly 
reliant on environmental resources.11 Without rapid and 

inclusive progress on eradicating multidimensional poverty, 
climate change can increase the number of the people living 
in poverty by between 35 million and 122 million people by 
2030.12 Limiting global warming to 1.5°C, compared with 
2°C, could reduce the number of people exposed to clima-
te-related risks and susceptible to poverty by up to several 
hundred million by 2050.13 

Environmental changes are increasingly impacting eco-
nomic development and employment (SDG 8). Changes in 
temperature and precipitation patterns, along with changes 
in extreme events such as heatwaves, heavy precipitation 
in several regions and droughts in some regions (Section 
3.1), are already having an impact on human systems.14 Key 
economic sectors being affected include tourism, energy 
systems and transportation.15 In 2018 alone, damages from 
natural disasters, the vast majority of which were climate-
related (including droughts, fires, storms and floods), were 

Figure 4.2: As Figure 3.8, but for risks associated with desertification, land degradation and food security due to climate change and patterns of socioecono-
mic development. Increasing risks associated with desertification include population exposed and vulnerable to water scarcity in drylands. Risks related to land 
degradation include increased habitat degradation, population exposed to wildfire and floods and costs of floods. Risks to food security include availability and 
access to food, including population at risk of hunger, food price increases and increases in disability adjusted life years attributable due to childhood underweight. 
Risks are assessed for two contrasted socioeconomic pathways (SSP1 and SSP3) Risks are not indicated beyond 3°C because SSP1 does not exceed this level of 
temperature change.

Source: Adapted from IPCC 2019b, SRCCL SPM, Figure SPM.2
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estimated at US$155 billion.16 Safe work activity and worker 
productivity during the hottest months of the year will be 
increasingly compromised with higher ambient temperatures 
and climate change.17 Land degradation has already reduced 
productivity in 23 per cent of the global terrestrial area,18 with 
economic losses as large as 5 per cent of total GDP being 
observed.19 Over the past 50 years, the potential of nature to 
contribute to human well-being has declined in 14 of 18 major 
categories of contributions that were recently assessed.20 
These changes have decreased the flow of regulating and 
non-material benefits to people, resulting in a significant loss 
of non-market values. For example, loss of pollinators puts 
between US$235 billion and US$577 billion in annual global 
crop output at risk.21

The costs of inaction on limiting environmental change far 
outweigh the costs of action. Though estimates of future 
damages to the economy from climate change are uncertain 
and exclude important categories of damages (e.g. loss of pu-
blic goods and global commons)22 global aggregate impacts 
are estimated to reach high levels with 2.5–3°C of warming 
(see figure 1.2).23,24 By the end of the century, inaction on 
climate change could lead to a 15–25 per cent reduction in 
per capita output for 2.5–3°C of global warming, relative to a 
world that did not warm beyond 2000–2010 levels.25 Estima-
tes of economic damages associated with 2°C of warming 
reach US$69 trillion,26 while an estimated US$15–38.5 trillion 
in economic damage could be avoided by limiting warming to 
1.5°C.27 The global health savings from reduced air pollution 
could be more than double the costs of implementing the 
Paris Agreement between 2020 and 2050.28 Estimates of the 
costs of reducing emissions, though substantial, are far less 
than the estimates of damages. Cost estimates for limiting 
warming to less than 2°C are 2–6 per cent of global GDP in 
2050, and 3–11 per cent in 2100.29 Further delays in climate 

mitigation action increase the risk of escalating costs, lock-in 
of carbon-emitting infrastructure, stranded assets and redu-
ced flexibility in future options for reducing emissions.30 The 
loss of benefits that people get from nature are also costly. 
Some benefits, such as wild pollination, are irreplaceable, whi-
le for others substitution can be extremely expensive, such 
as the replacement of coastal mangroves with built flood pro-
tection infrastructure.31 The diversity of nature also maintains 
humanity’s ability to choose between alternative development 
options in the face of an uncertain future.

4.2 The Earth‘s capacity to supply food and water 
weakens in the face of environmental decline 
(SDGs 2 and 6) 

Though food security has been improving, environmental 
changes and shocks threaten further progress in ending 
global hunger (SDG 2). After a period of reductions in the 
number of people affected by hunger, the world is now facing 
an alarming situation. In 2019, nearly 700 million people were 
estimated to be hungry (undernourished), up nearly 60 million 
in five years. This upward trend is partly due to increasing 
frequency of extreme weather events, altered environmental 
conditions and the associated spread of pests and diseases 
over the last 15 years. Such factors contribute to vicious 
circles of poverty and hunger, particularly when exacerbated 
by fragile institutions, conflicts, violence and the widespread 
displacement of populations. The economic impact of the 
COVID-19 pandemic may add more than 80 million people 
to the total number of undernourished in the world in 2020. 
If recent trends continue, the number of people affected by 
hunger will surpass 840 million by 2030, which is far from 
the goal of ending hunger by 2030.32 Current low levels of 
biodiversity (species and genetic variability) in agricultural 
systems increase their vulnerability to stresses and shocks 
(SDG 2.5), and biodiversity loss, land degradation and climate 
change jeopardize land productivity, potentially altering the 
suitability of vast areas for agricultural production and human 
habitation.33 

Billions of people face the challenges of inadequate access 
to drinking water and sanitation, increasing water pollu-
tion and water scarcity (SDG 6). In 2017, around 2.2 billion 
people did not have access to safely managed drinking water 
(SDG 6.1) and more than 4 billion people did not have access 
to safely managed sanitation (SDG 6.2). Together, these 
deprivations were responsible for approximately 8 per cent of 
all deaths among children under 5. Water pollution (SDG 6.3) 
has continued to worsen over the last two decades, causing 
increased threats to freshwater ecosystems, human health 
and sustainable development.34 Furthermore, more than 
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2 billion people globally live in river basins suffering water 
stress, where total withdrawals exceed 40 per cent of the 
renewable freshwater available (SDG 6.4). In some countries 
in Africa and Asia, the proportion withdrawn extends beyond 
70 per cent.35 Irrigation is the primary human use of freshwa-
ter resources, and around 71 per cent of the world’s irrigated 
area and 47 per cent of major cities currently experience at 
least periodic water shortages.36 In addition, many vulnerable 
and poor people are dependent on activities such as rainfed 
agriculture that are highly susceptible to variability in precipi-
tation patterns.37,38 

Environmental change poses multiple, interacting and mu-
tually reinforcing risks to agricultural productivity and food 
security (SDG 2). Climate change is affecting crop yields. 
Yield decreases are already occurring in the tropics and are 
expected to continue.39,40 Climate change also reduces the 
nutritional quality, availability and diversity of crops as well 
as undermining key ecosystem services that underpin food 
production.41 Soil erosion from agricultural fields is estimated 
to be 10 to 20 times higher (under no-till systems) to more 
than 100 times higher (with conventional tillage) than the soil 
formation rate.42 An estimated 176 Gt of soil organic carbon 
has been lost historically, mostly from land-use change, and 
another 27 Gt of soil organic carbon is projected to be lost 
between 2010 and 2050, affecting agricultural yields through 
reduced water-holding capacity and loss of nutrients.43 As 
the remaining natural land suitable for agriculture is limited, 
future expansion is projected to take place on more marginal 
lands with lower yields.44 Biodiversity loss and declines in 
regulating ecosystem services pose risks to food production 
through impacts on pollination services, resistance to more 
frequently applied pesticides and herbicides in insects and 
plants, and soil nutrient losses.45 Animal pollination is critical 
to more than 75 per cent of global food crop types, including 
fruits and vegetables and some of the most important cash 
crops, such as coffee, cocoa and almonds.46 Ground-level 
ozone is a strong oxidant that can enter plants through the 
leaves, affecting photosynthesis and other physiological 
functions, and thereby affecting forest productivity and 
agricultural yields.47 Climate change risks to food security are 
expected to become high between 1.2°C and 3.5°C of war-
ming depending on socioeconomic development pathways, 
and very high risks could be incurred with only 2°C warming 
in some pathways.48 At 3–4°C of warming, very high risks of 
declines in crop yield in low latitudes are expected whilst 4°C 
of warming is considered catastrophic for food stability and 
access.49 Rising carbon dioxide concentrations are projected 
to reduce the protein and micronutrient content of major 
cereal crops, which is expected to further reduce food and 
nutritional security.50

Water availability, reliability and quality is being threatened 
by climate change, pollution and ecosystem degradation 
(SDG 6). Water stress is mostly driven by water demand, 
and demand from agriculture and irrigation – already the 
largest user – is expected to increase further in a changing 
climate.51,52,53 All assessed scenarios project an increase 
in water demand and water scarcity.54,55 Climate change is 
projected to reduce water availability significantly in most 
dry subtropical regions and increase water availability at high 
latitudes.56 Projections of the number of people exposed and 
vulnerable to water stress by 2050 under climate change vary 
widely. The number increases from an average of 496 (range 
103–1159) million people at 1.5°C to 662 (range 146–1480) 
million people at 3°C,57 distributed unequally between regions. 
Climate-driven sea level rise will exacerbate coastal water 
stress due to changes to the salinity of coastal groundwater 
and damage to infrastructure.58 Combined with scarcity of 
water in river channels and excess pumping of groundwater, 
sea level rise has caused intrusion of highly saline seawater 
inland, posing a threat to coastal water resources and an 
emerging challenge to land managers and policymakers.59,60 
Water quality is negatively affected by waste discharges, in-
cluding pathogens from wastewater, nutrients from untreated 
sewage discharges and agriculture, and heavy metals and 
organic chemical from industrial and agricultural sectors.61 
New pollutants not easily removed by current wastewater 
treatment technologies are of emerging concern, including 
certain veterinary and human pharmaceuticals, pesticides, 
antimicrobial disinfectants, flame retardants, detergent meta-
bolites and microplastics.62
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4.3. Environmental Risks and Human Health

Figure 4.3: Connections between environmental risks and human health and 
well-being. 

Biodiversity loss in agriculture threatens the resilience 
of food systems (SDG 2). The decline in pollinators, crop 
and livestock diversity and soil organic matter, threatens the 
agricultural yields of the few main crops that feed the world.  
Biodiversity in agricultural systems, whether at the gene-
tic, species or ecosystem level, decreases vulnerability to 
stresses and shocks, reducing their impacts and supporting 
recovery and adaptation in the face of climate change and 
other environmental shifts.63 Diversity increases the choices 
available to producers in their efforts to adapt production sys-
tems and to breeders in their search for better-adapted plant 
and animal populations. While more than 6,000 plant species 
have been cultivated for food, fewer than 200 make substan-
tial contributions to global food output, with only nine (sugar 
cane, maize, rice, wheat, potatoes, soybeans, oil-palm fruit, 
sugar beet and cassava) accounting for 66 per cent of total 
crop production in 2014. The world’s livestock production is 
based on about 40 animal species, but only a handful provide 
most of the global output of meat, milk and eggs. Among 
extant local breeds, 26 per cent are classed as being at risk 
of extinction. A third of freshwater fish species assessed 
are considered threatened.64 Pollinators, natural enemies of 
pests, and beneficial soil organisms are under pressure from 
threats including habitat degradation and pollution.

Climate change accelerates damage to ocean and coastal 
ecosystem integrity and functioning, impacting fishery 
catch and coastal livelihoods (SDG 2). Climate change, 
biodiversity loss and ocean acidification are increasing risks 
to fisheries and aquaculture via impacts on fish physiology, 
survivorship, habitat, reproduction and disease incidence, and 
on invasive species, and these effects will increase at higher 
levels of warming.65 One projection suggests a decrease in 
global annual fishery catch for marine fisheries of more than 
3 million tonnes for 2°C of global warming.66 This threatens 
benefits for coastal livelihoods, especially for fishing com-
munities in the tropics, sub-tropics and the Arctic.67,68 In the 
oceans, nearly a third of fish stocks are already overfished69 
and over 55 per cent of the total ocean area has been subject 
to industrial fishing.70

4.3 The deteriorating environmental health of the 
planet undermines human health (SDG 3) 

Environmental degradation impacts human physical and 
mental health and causes millions of deaths annually 
(SDG 3). In 2012, almost a quarter of all deaths were attri-
butable to modifiable environmental health risks, including 
air, water and land pollution; heatwaves, flooding and other 
weather extremes due to climate change; spread of patho-
gens; desertification; reduced biodiversity; and food inse-

curity.71 The SDGs address many of these risks, including 
vector and water-borne diseases (SDG 3.3), non-communi-
cable diseases and mental health (SDG 3.4) and exposure 
to hazardous chemicals and air, water and soil contaminati-
on (SDG 3.9). The incidence of non-communicable diseases 
is on the rise globally and will continue to be affected by 
the state of the environment in relation to pollution, diet and 
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physical (in)activity. Furthermore, emerging impacts and 
challenges for human health and well-being include threats 
from antimicrobial resistance, industrial chemicals, multiple 
exposures and newly emerging diseases.72 

Environmental pressures disproportionately affect the 
health of vulnerable and disadvantaged groups. The 
young, the elderly, women, people living in poverty and 
or with chronic health conditions, indigenous people and 
those targeted by racial profiling are some of the groups 
whose health is most vulnerable to the impacts of environ-
mental decline.73 Diarrhoeal disease, mostly caused by 
faeces-contaminated water, is responsible for around 1.7 
million deaths every year, many of them children under 5 in 
sub-Saharan Africa and South Asia.74 This is a prime exam-
ple of how environmental pressures can disproportionately 
affect the young, especially as a significant proportion of 
these deaths can be prevented through safe drinking water, 
adequate sanitation and handwashing (SDGs 6.1 and 6.2).75 
The multifaceted relationship between the environment and 
human health should be framed within the context of social 
determinants of health as illustrated in figure 4.3. Socioe-
conomic and cultural factors have significant impacts on 
human health, through lifestyle choices and agency, inequa-
lities, and damaging practices such as war, violence, unsafe 
working conditions and child labour.76 Social and wealth 
inequalities as well as complex interrelations between 
health, socioeconomic and environmental factors, must be 
considered when striving to achieve SDG 3. 

Climate change increases health risks through under-
nutrition, disease, mental health stressors and violence, 
extreme weather events, heat stress and pollution. Health 
impacts from climate change depend on population vulne-
rability, individual livelihood status, cultural identity, income 
level and living area. Low-lying coastal zones and small 
island states, for example, will be more exposed to storm 
surges, coastal flooding and sea level rise.77 Increases in 
ambient temperature are linearly related to hospitalizations 
and deaths once specific thresholds are exceeded. Risks 
associated with extreme weather events such as heatwa-
ves, heavy precipitation in several regions, and droughts 
in some regions already become high between 1°C and 
1.5°C warming (see figure 1.1, panel b). Tipping points could 
exist for human systems with increased temperatures and 
may arise in places in which low human adaptive capaci-
ty exists. Warming of ambient temperatures by up to 3°C 
is projected to see substantial increases in heatwaves 
causing heat stroke and death.78,79 Risks of heat-related 
mortality and morbidity become high between 1°C and 3°C 
of global mean temperature increase,80 whilst above 4°C cli-

mate-related health impacts will likely increase non-linearly. 
Increased variability in precipitation patterns (e.g. shifts in 
monsoon seasons) is projected to increase the incidence 
of water-related and vector-borne diseases.81 For example, 
the Aedes mosquito-borne diseases (dengue, chikungunya, 
Zika and yellow fever) are expected to expand their ranges, 
exposing additional populations to the risk of infection.82 It 
is estimated that the world will see around 60,000 additio-
nal deaths due to climate change-induced malaria for the 
year 2030 and 30,000 deaths for 2050.83 There is a lack of 
projections indicating how climate-sensitive health outco-
mes such as diarrheal disease and mental health could be 
affected by climate change.84

Ecosystem degradation, biodiversity loss and increased 
human-animal interactions are eroding nature’s con-
tributions to human health and exacerbating the risk 
of zoonotic diseases. Urbanization, current agricultural 
practices, land-use change and biodiversity loss are altering 
ecosystem dynamics and facilitating increased human-ani-
mal contact. These changes exacerbate the risk of zoono-
tic disease emergence and spread.85 Infectious diseases 
that develop into epidemics or even into pandemics, as is 
currently the case for the Coronavirus SARS CoV2 disease 
(COVID-19; see box 4.1), have major health, economic and 
social implications that may impact the way society inter-
acts with the environment.

Nature‘s ability to support the provision of medicines is 
in decline worldwide. An estimated 4 billion people rely pri-
marily on natural medicines for their health care, with com-
munities living in lower-income settings particularly reliant 
on largely plant-based traditional medicines. The health of 
these people is compromised as wild collected medicinal 
plants become less available. Some 70 per cent of drugs 
used for cancer are natural or are synthetic products inspi-
red by nature and more than 20 per cent of modern drugs 
used for all diseases are based on leads from natural mo-
lecules, identified by science or based on indigenous local 
knowledge, including aspirin, vincristine and taxol. Though 
novel natural medicines are continuously being identified, 
the potential for future discoveries is critically undermined 
by biodiversity loss.86,87

Pollution is expected to continue to contribute to millions 
more premature deaths in the coming decades. In 2015, 
it was estimated that 6.5 million deaths were attributable 
to ambient and indoor air pollution combined, 1.8 million 
deaths to water pollution (unsafe water sources and inade-
quate sanitation) and another 1.3 million deaths to pollution 
stemming from soil, heavy metals, chemicals and occu-
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pational environments.88 As these three categories have 
overlapping contributions, total pollution-related mortality 
is estimated at 9 million deaths (16 per cent of total global 
mortality), which is three times as many deaths as AIDS, 
tuberculosis and malaria combined. From a health perspec-
tive, the most important outdoor air pollutants are ground-
level ozone and fine particulate matter. Due to emissions 
from industrial, agricultural, vehicular and domestic acti-
vities, as well as background dust and wildfires, large pro-
portions of the global population remain exposed to levels 
of air pollution exceeding WHO guidelines.89 The frequen-
cy and intensity of dust storms due to land degradation 
have increased over the last few decades in many dryland 
areas.90 Scenarios that assume that past trends of stricter 
air pollution policies, coupled with increasing incomes will 
continue into the future, still anticipate 4.5 million to 7 mil-
lion premature deaths globally by mid-century.91 Ground-le-
vel ozone peaks, particularly in urban areas, are projected to 
increase ozone-related deaths. Total atmospheric mercury 
concentrations have increased by about 450 per cent above 
natural levels due to human activity, contributing to high 
mercury loads in some aquatic food webs and presenting a 
serious human health concern.92 

Eliminating emissions of ozone-depleting substances 
has prevented millions of cases of skin cancer. Ozone 
in the stratosphere screens out biologically damaging 
ultraviolet radiation. Excessive ultraviolet radiation expo-
sure leads to melanoma and non-melanoma skin cancer, 
cataracts and other health problems in humans.93 If 
action had not been taken, growing emissions of ozone-
depleting substances would have destroyed two thirds of 
the ozone layer by 2065, leading to millions of cases of 
skin cancer annually.94

Mental health will become increasingly affected by the 
loss of nature and extreme weather events. Time spent in 
nature has positive impacts on physical and mental health. 
Natural and semi-natural ecosystems are spaces for phy-
sical exercise, recreational activities and mindfulness, and 
contribute to well-being, happiness, quality of life and a sen-
se of place and belonging.95 Other benefits of biodiversity 
include cultural identity and reduced post-surgery recovery 
time in patients with trees outside their hospital rooms.96 
Though mental health risk projections for different degrees 
of warming are lacking, projected increases in environmen-
tal health risks such as increased incidences of flooding 
events, desertification and biodiversity loss can cause 
diffuse human health effects via conflict and migration, 
while natural disasters can cause emotional stress, such as 
post-traumatic stress disorder.97

Box 4.1 The risk of pandemics: the case of COVID-19 

Several global assessments have highlighted the links 
between the health of the planet and human health. 
Infectious human diseases are caused by viruses, bacte-
ria, fungi, or parasites. Zoonotic diseases, or zoonoses, 
are infectious diseases transmitted between animals 
and humans. Infection of people occurs through direct 
or indirect contact and can be vector-borne (for instan-
ce by a tick or mosquito), food-borne or water-borne. 
Nature is the origin of most infectious diseases, but also 
a source of medicines, including antibiotics, for treat-
ment. Zoonotic diseases have been significant threats 
to human health throughout human history.98,99 About 
75 per cent of all new infectious diseases in humans 
have their origin in animals.100 More than 335 emerging 
infectious diseases outbreaks were reported worldwi-
de between 1940 and 2004, more than 50 per decade, 
and the frequency of their emergence is increasing. 
In the latter part of that period, about half of all emer-
ging infectious disease outbreaks originated in wildlife. 
Among emerging zoonoses specifically, 72 per cent 
of outbreaks originated in wildlife, with the rest from 
domestic animals.101 Populations of wild animals carry a 
high diversity of potential zoonotic pathogens, especial-
ly where the diversity of host animals is higher, as is the 
case in the world’s tropics.102 

Most diseases in wild animals remain very poorly stu-
died, many pathogens remain unidentified, and many 
outbreaks are overlooked.103 It is estimated that out 
of 1.6 million potential viruses in mammals and birds, 
700,000 could pose a risk to human health without 
urgent preventative action.104 Given that human ecologi-
cal disruption and unsustainable consumption drive the 
risk of zoonotic spillover, humans’ adverse impacts on 
nature need to be addressed to curb pandemics.105 

Emerging zoonoses have significant implications for 
public health and economic stability, with the costs of 
recent major outbreaks, such as SARS, MERS and Ebola, 
estimated in the tens of billions of US dollars each and 
exceeding 1–2 per cent of GDP in less wealthy count-
ries.106 When all is counted, it is expected that the econo-
mic devastation caused by COVID-19 will be far greater, 
measured in trillions to tens of trillions of US dollars.

COVID-19 was declared a pandemic by the WHO on 11 
March 2020.107 The disease is a severe acute respiratory 
syndrome, caused by a coronavirus (SARS-CoV-2). The 
virus spread quickly across the world via international 
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travel. In an effort to reduce mortality rates, avoid over-
burdening healthcare services and protect vulnerable 
groups, most countries around the world put in place 
strict measures to reduce person-to-person spread 
through social distancing and restrictions – including 
shutdowns – of offices, schools, stores and travel. The 
pandemic has upended people‘s lives, brought sectors 
such as international air travel and tourism to a stand-
still, and caused major health, economic and social 
impacts around the world. As of December 2020, more 
than 64 million cases of COVID-19 have been recorded 
and 1.5 million people have died.

A temporary positive impact of the pandemic has been 
seen for some aspects of air quality. Due to a sharp 
decline in travel and other economic activities, local air 
pollution and greenhouse gas emissions fell in many 
places. An unprecedented drop in daily global carbon 
dioxide emissions was seen from the start of the pande-
mic to early April 2020. The brief but marked improve-
ment in some aspects of air quality illustrate what could 
be gained by ambitious action to reduce the environ-
mental impact of transport (see box 8.1). 

4.4 Environmental change accentuates inequalities 
(SDGs 5 and 10) 

Inequalities in environmental opportunities and burdens 
are expressed and interconnected at various levels, arising 
between and within countries along dimensions of ethnici-
ty, gender, race and income. Environmental burdens asso-
ciated with pollution, resource scarcity and extreme events 
accentuate socioeconomic inequalities and are projected 
to increase under current development trajectories.108,109,110 
For instance, environmental pressures and their impacts on 
health and well-being fall especially on groups that are alrea-
dy vulnerable or disadvantaged (see Section 4.4). Furthermo-
re, where poor people find work either in industry, agriculture 
or the informal sector, they are more likely than higher-wage 
employees to work in dangerous, unregulated settings where 
risks such as exposures to hazardous chemicals are high.111

Climate change accentuates inequality through direct and 
indirect impacts. Climate change disproportionately affects 
disadvantaged and vulnerable populations through food 
insecurity, higher food prices, income losses, lost livelihood 
opportunities, adverse health impacts and population displa-
cements.112 Some of the worst impacts are expected to fall on 
agricultural and coastal livelihoods, indigenous people, women, 
children and the elderly, poor labourers, poor urban dwellers 
in the Global South, and people and ecosystems in the Arctic 

and Small Island Developing States .113,114 Countries with higher 
initial temperatures, greater climate change levels and lower 
levels of development, which often implies greater dependence 
on climate-sensitive sectors and in particular agriculture, are 
expected to bear the highest levels of impacts.115

Gender inequality accentuates vulnerability to environmen-
tal change and differences in access to the social and envi-
ronmental resources needed for adaptation. Whereas both 
men and women experience changing demands in productive 
roles, women experience increasing burdens due to factors 
such as family care and reproductive responsibilities, and 
differential access to labour markets, land rights, education, 
health, and financial resources, as well as, in many contexts, 
unequal decision-making power.116,117,118 Gender inequality is 
particularly marked in agriculture. While agricultural produc-
tion is increasingly feminized, agricultural and food policies, 
including training and research and development, do not 
consider the specific needs of women. Furthermore, women 
have limited access to decision-making processes for re-
source management and have less access to resources that 
increase agricultural output, including financial resources, 
land, education, health and other basic rights. Women’s 
relatively higher vulnerability to weather-related disasters is 
documented in terms of number of deaths and in how socially 
constructed gender differences affect exposure to extreme 
events, leading to differential patterns of mortality for both 
men and women.119,120
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4.5 Environmental degradation impedes efforts to 
promote peace (SDG 16) 

Many conflicts are linked to the exploitation of natural 
resources (SDG 16). Competition over land and resources 
can spark conflicts, including between actors with different 
levels of power where indigenous peoples or local commu-
nities often are vulnerable. Since the mid-twentieth century, 
at least 40 per cent of all intrastate conflicts have been 
linked to the exploitation of natural resources, whether high-
value resources like timber, diamonds, gold, minerals and 
oil, or scarce ones like fertile land and water.121 More than 
2,500 conflicts linked to fossil fuels, water, food and land 
are currently occurring across the planet, and at least 1,000 
environmental activists and journalists were killed between 
2002 and 2013. Violence is also used to discourage resis-
tance to large-scale degradation.122

Environmental degradation can intensify disputes within 
and between countries. Land degradation, exacerbated 
by climate change, reduces land availability and livelihood 
safety nets, which may increase competition for land po-
tentially leading to migration and/or conflict, especially in 
drylands.123,124 Water crises, involving a significant decline 
in the availability, quality and quantity of fresh water, have 
been identified as among the top global risks for the co-
ming decade.125 Water scarcity is exacerbated by increasing 
demand (including from agriculture), climate change and lo-
cal contamination as well as the construction of large dams 
and changes in resource rights. Water disputes (including 
cross-border disputes) can contribute to political instability, 
disrupt institutions and weaken natural resource governan-
ce, fuelling insecurities and distrust among stakeholders 
that can lead to conflict.126 

Linkages between environmental degradation, migration 
and conflict occur within a larger context of multiscale 
interaction of environmental and non-environmental 
drivers and processes. In an increasingly connected world, 
consumption, production and governance decisions in one 
country increasingly influence materials, waste, energy 
and information flows in other countries. Decisions taken 
by powerful actors in order to generate economic gains 
can shift economic and environmental costs in ways that 
lead to or exacerbate conflicts. Least developed countries, 
often rich in and more dependent upon natural resources, 
have suffered the greatest land degradation, experienced 
more conflict and lower economic growth and contributed 
to environmental outmigration by several million people.127 
Indigenous peoples and local communities have direct-

ly experienced threats and expulsion from their lands to 
make way for mining, agricultural expansion and industrial 
logging for export.128 While the relationship between climate 
change and conflict is relatively weak, there is a positive 
and statistically significant effect between climate change 
and outmigration for agriculture-dependent communities. 
Furthermore, drought significantly increases the likelihood 
of sustained conflict for particularly vulnerable nations or 
groups, owing to the dependence of their livelihood on agri-
culture and natural resources.129

4.6 Environmental degradation hampers  
efforts to make cities and communities  
sustainable (SDG 11)

Cities and communities are negatively affected by clima-
te change, loss of nature and pollution, hindering them in 
becoming inclusive, safe, resilient and sustainable (SDG 
11). Climate change and ecosystem degradation are impac-
ting the provision of basis services to urban populations li-
ving in informal settlements (SDG 11.1) and can accentuate 
extreme weather events and their impacts (SDG 11.5). With 
around 6.5 million deaths annually related to ambient and 
indoor air pollution and 3 billion people lacking access to 
adequate waste disposal facilities, air pollution and waste 
management remain challenging in many cities (SDG 11.6). 
Compared to high-income neighbourhoods, informal settle-
ments are more vulnerable to environmental degradation 
as they are often in areas prone to flooding, landslides and 
other natural disasters and close to landfills. 

Climate change is projected to increase risks for urban 
populations, assets and economies. Key risks to settlements 
from climate change that span sectors and regions and are 
projected to increase include heat stress, heavy precipitation, 
inland and coastal flooding, landslides, air pollution, drought, 
water scarcity, sea level rise and storm surges. Coastal com-
munities are exposed to additional climate-related hazards, 
including tropical cyclones, marine heatwaves, sea-ice loss 
and permafrost thaw.130,131 Cities, especially large landlocked 
cities, will be exposed to increased heat stress due to the ur-
ban heat island effect, which increases the intensity of heat-
waves by an estimated 1.22°C to 4°C.132,133 This is particularly 
relevant as the number of mega-cities grows.134 Urbanization 
also increases extreme rainfall events over or downwind of 
cities.135 Key urban risks associated with housing136 include 
poor quality and inappropriate location, making them more 
vulnerable to extreme events. Climate-related risks will be 
amplified for those lacking essential infrastructure and ser-
vices or living in exposed areas.137,138 
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Climate change and ecosystem degradation will impact 
coastal communities through submergence, coastal floo-
ding and erosion. The population and assets projected to 
be exposed to coastal risks as well as human pressures on 
coastal ecosystems will increase significantly in the coming 
decades due to population growth, economic development 
and urbanization. The costs of coastal adaptation vary 
strongly among and within regions and countries. Some 
low-lying developing countries and small island states are 
expected to face very high impacts that, in some cases, 
could have associated damage and adaptation costs of se-
veral percentage points of GDP (on low lying urban islands 
and urban atoll islands).139,140 The vulnerability of coastal 
cities to natural disaster is exacerbated by loss of ecosys-
tems such as mangroves that reduce the risks from storm 
surges.141 In the absence of more ambitious adaptation 
efforts and under current trends of increasing exposure and 
vulnerability of coastal communities, annual coastal flood 
damages are projected to increase by 2–3 orders of magni-
tude by 2100 compared to today.142 

Rapid development and urbanization combined with 
insufficient environmental governance in many regions 
suggest a likely worsening of air pollution and rising solid 
waste. Traffic, residential fuel burning, electricity generation, 
industry and agriculture all contribute to urban air pollution, 
with varying contributions of sectors in individual cities. In 
growing cities across Africa, Asia and other developing re-
gions, there has been a rapid increase in the number of ve-
hicles, driven by population growth and economic develop-
ment. The impacts of pollution from megacities extend far 
beyond the urban area with effects at local, regional and 
global scales.143 Solid waste is mostly generated in and dis-
posed of in cities and its volume correlates with purchasing 
power. Cities produce 1.3 billion tons of solid waste per year. 
Solid waste per capita has doubled over the last decade.144 
Many low-income cities still have waste collection coverage 
in the range of 30–60 per cent.145 With increasing incomes, 
global waste volumes are going to increase further, which 
will increase the pressure for policies that decouple eco-
nomic development and human well-being from resource 
consumption. For example, without global intervention, 
the quantity of plastic in the ocean alone could increase to 
100–250 million tons by 2025.146 Waste has also become 
a global economic sector, with large quantities of often 
hazardous waste being unlawfully exported to developing 
countries, with the potential to cause significant impacts.147 
As developed countries pursue the goals of reduced waste, 
a circular economy and greater resource efficiency, develo-
ping countries must not be left behind.148
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Only transformative change will enable humanity to fulfil inter-
national environmental agreements and achieve the Sustai-
nable Development Goals. Only a “fundamental, system-wide 
transformation across technological, economic and social 
factors, including paradigms, goals and values” can reverse 
the current trends that threaten the well-being of present and 
future generations and the survival of other species.1,2,3 Trans-
formation can also enable the realization of the collective 
vision of a sustainable future for humanity, one that involves 
a rapid and thorough decarbonization, food security for all, 
an end to poverty, harmony with life on land and beneath the 
water, and substantial improvements in justice and fairness.4,5

5.1 Transformative systemic change is a prerequisite 
for a sustainable future 

Mitigating climate change, conserving biodiversity and 
meeting other environmental challenges requires fundamen-
tal and systemic changes in social and economic systems. 
Current responses to these challenges have included sectoral 
interventions and increasing cross-sectoral cooperation, but 
these have fallen short of the systemic change required to 
transform the underlying drivers of environmental change.6 

Transformative societal change would affect not only the 
subsystems described below (including economic and finan-
cial systems, energy systems, food systems, water systems, 
health systems, and systems for infrastructure and settle-
ment), but rather simultaneously and holistically reshape 
these systems and the interactions between them. Human at-
tention and political will are often exhausted after addressing 
system issues, including controversies involving trade-offs 
between different interests, whereas the emphasis should be 
on the possible synergies and multiple benefits of change. 
The magnitude of the problems hampering change requires 
larger-scale and more fundamental actions addressing the 
rules and dynamics of systems.7

Transformation does not necessarily entail changing  
everything massively and quickly. Transformative change 
can be a product of incremental but cumulative changes – 
especially if those changes affect key drivers, such as struc-
tural elements or fundamental processes.8 Each individual 
and organization has a role to play in moving society along 
pathways toward a sustainable future that will vary across 
nations, regions and contexts, including through existing 
institutions and policy approaches. 

5 
Human knowledge, ingenuity, technology and cooperation can  

transform societies and economies and secure a sustainable future 

II. Transforming humankind‘s relationship with nature  
is the key to a sustainable future
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Fundamental, system-wide reorganization requires signi-
ficant upfront investment but can generate large positive 
returns. For example, studies of greenhouse gas emissions 
reduction show that the costs of doing nothing, measured in 
terms of damages from future climate change, far exceeds 
the costs of investing in mitigation (see Section 4.2). Some 
emissions reduction strategies pay for themselves, such as 
investments in energy efficiency that can deliver cost savings 
of US$2.9–3.7 trillion per year by 2030 or switching to low-
cost renewable energy sources.9 Other interventions may 
need to be accompanied by structural changes so that the 
positive returns for society also generate positive economic 
returns for a business or household and encourage wide-
spread adoption. This often requires the reform of subsidies 
and incentive structures (see Sections 5.1.2, 5.2). To guide 
and measure the outcomes of government action, more in-
clusive measures of wealth and economic performance can 
address the limitations of conventional metrics such as GDP, 
which fail to properly reflect the benefits of change because 
they exclude important non-market social or environmental 
benefits or damages such as negative externalities (see 
Section 5.2).

5.2 The levers and leverage points for  
transformative change 

Transformative change towards sustainability can result 
from strategic intervention at key points of leverage within 
systems. Implemented globally, transformative change 
would result in a world that operates differently in many 
important respects. To envision change on this scale, it can 
be helpful to identify elements of the destination of transfor-
mative change, or leverage points and describe the change 
needed in these elements. It is also possible to pinpoint key 
“levers” of a strategy to bring such change about, including 
a “carrots and sticks” approach. The elements and levers 
are outlined below. Constantly recalling the elements of the 
destination and adaptively managing systems can help to 
realize this vision.

The elements of the “destination” and the strategy for 
transformative change are derived from several recent 
reports. Reviewing a wide range of assessments and other 
scenario and pathways analyses at global and regional sca-
les, the IPBES Global Assessment proposed a framework 
for categorizing actions and strategies toward transforma-
tive change in terms of eight leverage points and five levers 
(recognizing that the metaphor of leverage is an imperfect 
one and that changes to complex systems are not straight-
forward). The UN Global Sustainable Development Report 
focuses on a set of four levers for achieving sustainable 

development [(i) governance, (ii) economy and finance, (iii) 
individual and collective action and (iv) science and techno-
logy] and six entry points to sustainability transformation 
[(i) human well-being and capabilities, (ii) sustainable and 
just economies, (iii) energy decarbonization and access, (iv) 
food systems and nutrition patterns, (v) urban and peri-
urban development and (vi) global environmental com-
mons.10] This report lists eight leverage points in global, 
regional and local systems, and simplifies the five IPBES 
and four UN levers into three kinds of governance interven-
tions. This is not a suite of options, but rather a checklist 
of constituents: each element likely must change in the 
transformation to sustainability, whereby some elements 
substantially enable others.11

Key areas for transformative change: 

1. Paradigms and visions of a good life: Move towards para-
digms that emphasize relationships with people and nature 
over material consumption, including many existing visions 
of good lives as those lived in accordance with principles 
and virtues of responsibility to people and nature.

2. Consumption, population and waste: Reduce the negative 
global effect of human needs and demand – a function of 
consumption and production rates, population size, and 
waste – by reducing per capita consumption and produc-
tion in some regions and human population growth in 
others.

3. Latent values of responsibility: Unleash existing capa-
bilities and relational values of responsibility to enable 
widespread human and organizational action.

4. Inequalities: Systematically reduce inequalities in income 
and other forms, including across gender, race and class.

5. Participation in governance of environmental action and 
resource use: Practice justice for and inclusion in decision-
making of those most affected by it, especially including 
indigenous peoples and local communities.

6. Externalities: Understand and internalize the distant, 
delayed and diffuse negative effects of actions, including 
economic activity.

7. Technology, innovation and investment: Transform 
regimes of investment and technological and social 
innovation, such that technologies and their use produce 
net-positive impacts on people and nature (for example, by 
transitioning to a circular economy and eliminating waste).
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8. Education and knowledge generation and sharing: 
Promote the broad base of knowledge and capability that 
is fundamental to well-functioning and just societies, and 
increase and spread knowledge specific to sustainability.

The strategy and levers for transformative change:

A. Fix the “carrots” and build capacity: Change the incentive 
structure facing individuals and organizations, including 
by broadly reforming subsidies to shift from harmful 
production-enhancing ones towards those that directly 
improve well-being and a suite of social and environmental 
capacities and outcomes. Simply adding new incentives 
to balance the negative effects of existing subsidies is not 
sufficient because of a lack of underlying capacity for en-
vironmental stewardship and because existing subsidies 
have systemic perverse effects. 

B. Manage better: Reform management organizations, pro-
grammes and policies to make them pre-emptive, inclusive, 
integrated across sectors and jurisdictions, robust to uncer-
tainty, and geared towards system resilience or transforma-
tion as needed. Existing management systems are largely 
historical artefacts of the nineteenth and twentieth centuries, 
geared towards underpopulated lands and lightly used wa-
ters, imagining linear relationships between causes and their 
effects. Sustainable pathways through the twenty-first cen-
tury will require management systems designed to accom-
modate the complexity of social and ecological systems and 
pervasive and long-distance effects in space and time of local 
actions. Management would include unilateral action within 
states as well as bilateral and multilateral action across them.

C. Strengthen the “sticks”: Bolster environmental laws 
and policies and strengthen the rule of law by ensuring 
consistent enforcement of all laws, including by elimina-
ting corruption and strengthening institutions such as 
independent judiciaries.

Change in organizational and individual behaviour pervades 
every element of transformative change. Every lever applied 
at every leverage point entails and effects changes in human 
action, including by policymakers, politicians and a diverse 
set of actors in business and civil society. These changes 
can be top-down and/or bottom-up and can be accelerated 
when pressure for change emanates from multiple sources. 
Each lever can be applied at each leverage point by managers 
and decision makers at local, regional, national and interna-
tional level, triggering broader social and industrial change. 
Government action may follow pressure from businesses and 
industry associations, public opinion and protest or advocacy 

from civil society organizations. Thus, these levers and lever-
age points are available both to those designing policy and 
practices and to those seeking to shape policy and practice 
via grassroots or other bottom-up actions.

Six systems are key entry points for transformations to-
wards sustainability. Synthesizing the six foci of the IPBES 
Global Assessment,12 the Global Sustainable Development 
Report’s six entry points, and the six transformations of The 
World in 2050 initiative, it is possible to identify six areas for 
system transformation: economy and finance; food and wa-
ter; energy; human settlements; health, equity and peace; and 
environment (see table 5.1).

Applying the levers to the leverage points fosters system 
transformations that move society toward sustainability. 
All three levers at the heart of a strategy for transformative 
change can be applied to each of the leverage points identi-
fied (see table 5.1). Similarly, pressure applied at the leverage 
points can drive transformational change in key systems. Bi-
directional relationships between some systems and leverage 
points mean that systemic change can help shift the leverage 
points closer to the destination of sustainability. For instance, 
paradigms and visions of a good life (1) impact all systems. 
They are in turn shaped by changes especially in economy 
and finance, human settlements and health, equity and pea-
ce. Patterns of consumption, population and waste (2) both 
shape and are shaped by all six systems. Latent values of re-
sponsibility (3) are relevant to the actions of all players within 
the system (such as consumers, farmers and food distribu-
tors), and the configuration of systems can unleash action by 
all actors in line with latent values. Addressing inequalities (4) 
and enhancing participation (5) can enable system transfor-
mations; all six system transformations can lessen inequali-
ties and enable participation. Similarly, addressing externa-
lities (6) could enable the six system transformations, while 
the transformations within each system should substantially 
reduce externalities. All six system transformations could 
be driven partly by appropriate technology, innovation and 
investment (7); meanwhile economy and finance, energy and 
human settlements could also drive needed changes in tech-
nology, innovation and investment. Education and knowledge 
generation and sharing (8) could be a driver of all system 
transformations via specific knowledge systems and general 
societal education; only transformations in human health, 
equity and peace can really advance this leverage point.

Transformative change can result from the culmination of 
many seemingly small but strategic actions, while some 
attractive and feasible actions can impede transformation. 
Global systems are multiscalar and complex and actions 
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intended to generate change face risk from co-option, unin-
tended effects and unforeseen feedbacks. By acknowledging 
these risks and uncertainties, actions can be characterized in 
terms of their contribution to transformative change. 

• Transformative enablers are important actions that facilitate 
broader systemic change (e.g. the replacement of GDP by 
better measures of sustainability such as inclusive wealth). 

• Incremental enablers are actions that yield small changes 
whose accumulated impact contributes to transformative 
change (e.g. slowly shifting and reorienting subsidies, who-
lesale subsidy reform would be a transformative enabler). 

• Necessary measures are actions to protect nature and its 
contributions to people in the short term, but which may 
not contribute to transformative change (e.g. the expansion 
of protected areas). 

• Insufficient measures are interventions that may contribute 
somewhat to environmental protection in the short term, 
but detract from longer-term efforts towards transforma-
tive change (e.g. incentive programs for biodiversity and 
ecosystem services not accompanied by wider reform of 
harmful subsidies or environmental law). 

Feasibility may vary widely across strategies and actions, but 
transformative enablers may only become feasible after inter-
vention via incremental enablers or the triggering of tipping 
points. The changes that appear most feasible may be those 
that do not contribute to, or even impede, transformative 
change, for instance by retaining or even consolidating the 
power of interests vested in the status quo (see Section 5.3).

5.3 Implementing transformations and overcoming 
barriers from inertia and vested interests

Participatory and equitable processes can raise public ac-
ceptance of transformative change (leverage point 5). While 
the appropriate level and nature of inclusion of rights-holders 
and stakeholders varies across contexts, broad participation 
and the perception of fairness in decision-making proces-
ses and outcomes is key to generating public acceptance of 
transformative change (leverage point 5).13,14

Systemic opposition, friction and inertia can thwart trans-
formative change.15 Existing infrastructure and built capital 
create system inertia by making change difficult and cost-
ly. In addition, individuals and organizations have habits, 
procedures and ways of doing business. These norms yield 
a reluctance and resistance to change. Some individuals and 

organizations also have substantial stakes in maintaining the 
status quo. These vested interests may oppose change that 
disrupts their livelihoods, market share and future revenues. 
These barriers can be overcome with investments to overhaul 
infrastructure and built capital, directly confronting regressive 
habits and norms, and enabling the reorganization of labour 
by, for example, providing financial incentives and training to 
shift businesses and labour away from unsustainable indus-
tries and practices towards sustainable ones.

Societies have demonstrated both potential and limitations 
in the capacity to undertake widespread systemic change 
in the face of the COVID-19 pandemic. The 2020 mobiliza-
tion in response to the COVID-19 pandemic indicates how so-
cieties are capable of systemic change, but also how parts of 
society may resist change. The rapid design, implementation 
and relatively widespread acceptance of physical-distancing 
measures, restrictions on movement and economic activi-
ties, despite the resulting economic and social dislocation in 
many nations, demonstrate how shifts in norms and priorities 
(leverage points 1 and 3) can reshape multiple systems. 

Widespread systemic change is needed to address the 
global environmental emergencies through mitigation, rest-
oration and adaptation. Transformative change must begin 
now to avoid imposing huge and potentially irreversible en-
vironmental declines on today‘s youth and future generations. 
A sustainable future is achievable, and it can be a just and 
prosperous one, full of human ingenuity and opportunity, nou-
rished by and caring for a vibrant natural world. The following 
sections on the key systems for transformation detail specific 
changes that can enable society to collectively realize this 
ambitious but essential vision for humanity and the Earth.

1 IPBES 2019a, GA SPM, C

2 IPCC 2018b, SR1.5 SPM, C2

3 UNEP 2019b, GEO-6 SPM, 4.2

4 IPBES 2019b, GA, 5

5 TWI 2050, 2019

6 UNEP 2019a, GEO-6, 12, 17

7 IPBES 2019b, GA, 5

8 IPBES 2019b, GA, 5

9 IRP 2017

10 GSDR 2019, II

11 IPBES 2019b, GA, 5

12 IPBES 2019b, GA, 5.4.3

13 IPCC 2018a, SR1.5, 2

14 IPBES 2019b, GA, 5

15 IPBES 2019b, GA, 5

104

5. Human knowledge, ingenuity, technology and cooperation can transform societies and economies and secure a sustainable future 

132



Levers Leverage 
points

System transformations

Governance and 
individual actions

Economy 
and  
finance

Food  
and  
water

Energy Human 
settlements

Human 
health,  
equity and 
peace

Environ-
ment
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1. Paradigms 
and visions of 
a good life

• • • • • •

2. Consumpti-
on, population, 
and waste

• • • • • •

3. Latent 
values of  
responsibility

• • • • • •

4. Inequalities • • • • • •

5. Participation 
in environmen-
tal action and 
resource use

• • • • • •

6. Externalities • • • • • •

7. Technology, 
innovation and 
investment

• • • • • •

8. Education 
and know- 
ledge generati-
on and sharing

• • • • • •

Table 5.1. The action of the levers and leverage points in fostering the  
 six key system transformations

Direct actions that can foster the system transformations,·

• 
= Both levers and leverage points can apply 

• = Leverage points can primarily influence the system transformations
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Climate change, loss of biodiversity, land degradation, and air 
and water pollution are highly interconnected. This section 
examines how these interconnected systems can be transfor-
med individually and collectively to be sustainable, assessing 
which actions are synergistic and which involve trade-offs, 
emphasizing actions needed in the short-term.

Protecting life on Earth, including human life, requires ac-
tions that are significantly more effective than those taken 
thus far. Action to halt the loss of biodiversity and land degra-
dation, avoid dangerous climate change and keep the effects 
of chemicals on the biosphere within tolerable limits must be 
coordinated to be effective. All these forms of degradation are 
primarily driven by the unsustainable level of consumption 
by the well-off, while the poor are left behind, characterizing 
contemporary civilization. Achieving transformative change 
requires that the fundamental drivers of overconsumption are 
addressed, through changes in personal values, norms, eco-
nomic and social operating rules, technologies and regulations. 

Given the interconnected nature of climate change, loss of 
biodiversity, land degradation, and air and water pollution, 
it is essential that these problems are tackled together 
urgently. Actions needs to be taken now even where the 
benefits may not be realized for years due to the long-lasting 
nature of environmental effects or to inertia in the socioeco-
nomic system. Essential actions with delayed effects include 
reforestation and restoration of degraded lands. Response op-
tions that can address multiple environmental issues, mitigate 
multidimensional vulnerability and help minimize trade-offs 
and maximize synergies, need to be implemented. Numerous 
response options that can preserve and restore the environ-
ment and contribute to achieving some of the other SDGs have 
already been identified. For example, large-scale reforesta-
tion with native vegetation can simultaneously help address 
climate change, biodiversity loss, land degradation and water 
security. A key challenge is to avoid unintended consequences. 
For instance, large-scale afforestation schemes that replace 
native vegetation with monoculture crops to supply bioenergy 
can be detrimental to biodiversity and water resources.

6 
Earth’s environmental emergencies must be addressed  

together to achieve sustainability

6.1 Scaled-up and accelerated actions to address 
climate change in this decade are essential

Mitigation and adaptation are both urgently needed to 
reduce the risks of climate change.1 Mitigation is insufficient 
to remove all the risks from climate change since adverse 
climate impacts are already apparent and more are projected 
at 1.5°C of warming and beyond. Some impacts, such as sea 
level rise, will continue for centuries after the global tempera-
ture has stabilized.2 Without meaningful climate mitigation, 
adaptation also will be insufficient to limit all the risks asso-
ciated with climate change. Limits to adaptation already exist 
for the most sensitive human and natural systems at 1.5°C of 
warming, and further limits exist at higher levels of warming. 
A slower rate and magnitude of climate change creates ad-
ditional opportunities for adaptation.3 

Governments must scale up and accelerate action to meet 
the Paris Agreement goals and limit dangerous climate 
change. Evidence shows that the risks associated with 
climate change, including risks of extreme weather events, 
of impacts on unique and threatened ecosystems, and of 
large-scale discontinuities such as the disintegration of the 
Greenland and Antarctic ice sheets (see figure 1.1), are gene-
rally higher than previously understood. There is a near-linear 
relationship between future temperature change and cumula-
tive carbon dioxide emissions. This relationship implies that 
net emissions would need to be reduced to zero within only 
a few decades if the Paris Agreement goals are to be met. 
Limiting the global mean temperature increase to well below 
2°C and pursuing efforts to stay below 1.5°C, in line with 
the Paris Agreement requires significant strengthening and 
rapid implementation of existing national pledges to reduce 
greenhouse gas emissions. To limit global warming to 1.5°C, 
with a probability of about 50 per cent, net emissions of car-
bon dioxide will need to be reduced by 45 per cent by 2030 
compared to 2010 levels and reach zero by 2050. To limit 
global warming to 2°C, emissions need to decline by about 
25 per cent by 2030 compared to 2010 levels and reach net 
zero by around 2070.4 Emissions of other greenhouse gases 
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must also be reduced rapidly. The target year for net-zero 
emissions for other greenhouse gases is generally projected 
to occur about one or two decades later than that for carbon 
dioxide. More ambitious reductions would be necessary for 
higher certainty of avoiding dangerous climate change, as 
indicated in the emissions gap presented in figure 6.1, which 
shows pathways with about 66 per cent chance of limiting 
global warming to 1.5°C and 2°C.5 Delaying action exacerba-
tes difficulties and incurs greater costs.6  

An important determinant in climate change mitigation is 
the timing of emission reductions, affecting both short-term 
and long-term technology choices. Slower emission reducti-
ons in the short term will require very rapid reductions later in 
the century, followed by the large-scale removal of carbon di-
oxide from the atmosphere, if the Paris Agreement goals are 
to be met. Carbon dioxide removal technologies differ widely 
in terms of maturity, potential and risks, while several techno-
logies have significant negative impacts on land, energy, 
water and nutrients when deployed on a large scale. In con-
trast, the sequestration of carbon in restored natural ecosys-
tems and soil do not require land-use change and can have 
co-benefits, such as improved biodiversity, soil quality and 
local food security. Effective governance is needed to limit 
trade-offs and ensure the permanence of carbon storage in 
terrestrial, geological and ocean reservoirs. If negative emis-
sion technologies become practical at scale and affordable in 
the second half of the century, they would allow for a slightly 
slower energy system transition to low-carbon technologies. 
Even in this scenario, net-zero emissions would need to be 
achieved around the middle of the century. If the deployment 
of large-scale carbon dioxide removal is to be limited, deeper 
near-term emission reductions are required, combined with 
measures that lower demand for energy and land.7,8

Limiting global warming requires rapid and far-reaching 
transformation of energy systems, land use, infrastructu-
re and industrial processes. Emissions of carbon dioxide 
in both the land-use and energy systems can be reduced to 
zero or below based on a portfolio of mitigation measures, 
striking different balances between lowering energy and 
resource intensity, decarbonizing energy supply, and the 
reliance on carbon dioxide removal and behavioural change. 
For non-carbon dioxide emissions such as methane and 
nitrous oxide, measures have been identified to significantly 
reduce emissions from the energy sector (such as fugitive 
emissions of methane from mining) and agriculture (inclu-
ding methane from livestock and rice production), but it will 
be hard to reduce emissions to zero based on only technical 
measures. Immediate reductions in the emissions of short-
lived climate forcers such as black carbon and methane are 

an important contribution in limiting warming. It should be 
noted that reductions in the use of fossil fuels also reduce 
cooling aerosol emissions, leading to less air pollution but 
also reducing the amount of climate change avoided.9

Adaptation involves both preparations for and responses 
to climate change impacts, with nature-based solutions 
playing a vital role. Mitigating climate change is vital, 
urgent and cost saving: the lower the degree of warming 
the easier and cheaper it will be to adapt. Societies, eco-
nomies and ecosystems must adapt to changing tempera-
ture and precipitation patterns, including more heatwaves, 
heavy precipitation in several regions, droughts in some 
regions and higher sea levels. There has been significant 
progress in climate change preparedness over the last two 
decades. Adaptation options, if well-designed and managed 
in a participatory manner, can reduce the vulnerability of 
human and natural systems, and have many synergies with 
achieving the SDGs, including those related to food and 
water security, though potential trade-offs must be recog-
nized. Adaptation is place- and context-specific and can be 
enhanced through complementary actions across all levels 
from individuals to governments. Increasing investment in 
social and physical infrastructure is vital to enhance the 
resilience and adaptive capacity of societies. Specific inter-
ventions can include climate-resilient agriculture, land-use 
planning, nature-based solutions such as conserving and 
restoring ecosystems, coastal defence systems and social 
safety nets. Nature-based solutions have gained prominen-
ce, given the close interlinkages between climate change 
and biodiversity loss, and the potential to deliver co-be-
nefits. Nature-based adaptation options include restoration 
or protection of coral reefs, seagrass meadows, coastal 
wetlands, mangroves, and beaches to reduce coastal floo-
ding and erosion; green and blue spaces to reduce urban 
flooding and heat-related risks; and protecting and restoring 
floodplains, peatlands, and riparian vegetation to reduce 
river flooding.10,11,12,13
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6.2 Scaling up and accelerating the conservation, 
sustainable use and restoration of biodiversity  
is critical   

Substantial gains in the protection of nature can be achie-
ved through the sustainable management and restoration 
of landscapes and seascapes that are productive and often 
inhabited. Transformative actions to reduce the drivers of 
biodiversity loss must necessarily occur mostly in human-po-
pulated and production-oriented landscapes and seascapes 
outside of protected areas. This requires the development 
of new land- and resource-use rules and objectives that are 
beneficial, neutral or at least much less harmful to biodiversity, 
while permitting uses benefitting humans.14 Effective manage-
ment of land and sea resources and their biodiversity requires 

a situation-appropriate combination of: security and clarity 
of land tenure and responsibility; financial and non-financial 
incentives to resource owners and custodians; and regulati-
ons and agencies to monitor and enforce them, working at 
ecosystem scale and coordinating actions across the vari-
ous agencies and jurisdictions involved. Recognition of the 
custodial traditions and knowledge of indigenous peoples and 
local communities, and the use of participatory approaches 
to resource management, are key success factors. A mul-
tiple land-use approach includes the promotion of pastoral, 
cropping and forestry practices that sustain biodiversity and 
support local livelihoods, while avoiding land degradation. It 
includes the strategic and widespread restoration of degraded 
lands and ecosystems.15 An integrated approach to action is 
needed to bend the curve of biodiversity loss (figure 6.2).

Figure 6.1: Global greenhouse gas emissions under different scenarios and the emissions gap in 2030 for unconditional and conditional nationally determined 
contributions (NDCs) scenarios (median and 10th to 90th percentile range, based on the pre-COVID-19 current policies scenario).

Source: Figure adapted from UNEP 2020a, EGR, ES, Figure ES.5
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Fisheries reform, integrated spatial planning, conservati-
on, climate mitigation and reduced pollution are all key to 
restoring marine life. Sustainable fish quotas are essential 
to reform fisheries, end overfishing and restore marine bio-
diversity. Integrated spatial planning covering multiple uses 
of marine resources can help advance sustainable develop-
ment in oceans and coastal areas.16,17 Trade negotiations 
are ongoing to craft new rules on the elimination of harmful 
fisheries subsidies.18 Expansion of protected areas and 
strict no-take areas in both territorial waters and the open 
ocean can conserve and rebuild stocks of commercial and 
non-commercial species and protect aquatic ecosystems. 
No-take areas have been demonstrated to be an effecti-
ve and practical solution to overfishing. The deep seas 
mostly fall outside of national sovereignty and thus have 
no pre-existing formal ownership rights. Consequently, only 
5.3–7.4 per cent of the deep seas are currently protected. 
Catch and effort restrictions, regulation of fishing capacity 
and gear, and co-management of fisheries resources can 
all help conserve fish stocks. Restoring marine life in both 
the open oceans and in coastal areas is achievable using a 
combination of proven approaches, but only if global war-

ming is limited to 1.5°C (which would hold the acidification 
of the oceans below critical thresholds) and the contami-
nation of the oceans with chemicals, plastics, sewage and 
sediment (from land degradation) is halted.19

Key actions to conserve biodiversity such as reversing 
the net loss of habitat, halting overharvesting, reducing 
pollution and slowing the spread of invasive alien spe-
cies will help nature adapt to climate change. The relative 
importance and impact of the main drivers of biodiversity 
loss differ across different biomes. For example, habitat 
transformation is the major threat for tropical forests, while 
invasive alien species have their most severe impacts on 
islands and freshwater ecosystems.20 Many species are 
endangered by overharvesting and poaching for human 
consumption in local or international markets, practices that 
also increase the risk of the emergence of novel zoonotic 
diseases like COVID-19. Alleviating these pressures will per-
mit many populations and communities of wild organisms 
to remain viable as they track the moving location of their 
preferred climate zone.21 Such adaptation strategies are 
consistent with the objectives and programmes of action 

Figure 6.2: Historical and modelled future trends in four selected terrestrial biodiversity indicators, based on a “business as usual” approach, a package of bold 
conservation and restoration measures (“conservation action only”), and an integrated package combining such conservation and restoration action with additio-
nal measures to address both supply-side and demand-side pressures on habitat conversion for food production (“integrated action”).62 

Source: CBD 2020b, GBO-5, Figure 22.1
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of the conventions and other international undertakings 
on biodiversity, desertification, forest protection, air pollu-
tion, chemical management and ozone protection. Some 
solutions are beneficial to more than one issue; for example, 
the protection of intact forests reduces carbon emissions 
and also conserves biodiversity.22,23 Such solutions are also 
consistent with nature-based adaptation strategies under 
the climate convention but are potentially undermined by 
unrestricted use of land-based climate mitigation options 
such as biofuel production or afforestation.24,25,26

The private sector can help protect biodiversity by ensuring 
that the products it trades are sustainably sourced, and 
that benefits accrue in both local and distant locations. The 
removal by governments of implicit or explicit subsidies that 
have the unintentional effect of driving the loss of biodiversity 
or its habitats, including some forms of subsidies for farming, 
fishing, mining and industries exporting commodities will as-
sist the private sector in achieving sustainable use. Beneficial 
market-based actions include positive incentives for protec-
ting biodiversity or generating ecosystem services for the use 
of others. Consumer education, product traceability to source 
and certification as being climate, ecosystem and biodiversi-
ty-friendly permit consumers to make informed choices bet-
ween harmful and sustainable products. Some companies, 
such as those trading and processing commodities like palm 
oil and cocoa, have adopted policies to reduce their environ-
mental footprint, for instance by purchasing supplies from 
deforestation-free farmers or fisheries that reduce damage to 
non-target species.27

Protected area networks need to be expanded, intercon-
nected and better managed to conserve biodiversity in a 
changing climate. The expansion of formally protected areas, 
such as national parks, has been the main pillar of biodiversi-
ty conservation action for over a century. Despite significant 
progress (protected areas now cover more than 14 per cent 
of land, and almost 6 per cent of the ocean),28 there are still 
important gaps in the representation of some ecosystems.29 
Wetlands are an example of a functionally critical, highly 
threatened and biodiversity-rich ecosystem needing urgent 
protection.30 Many protected areas are too small or isolated 
to be effective in the long term, given the impacts of clima-
te change. Increasing connectivity between fully or partly 
protected areas makes them more resilient to climate change 
and more able to sustain viable populations of threatened 
species.31 Some ostensibly protected areas have weak ma-
nagement and governance and need increased investment, 
including for surveillance and law enforcement. Expansion of 
the protected area network continues to be beneficial. When 
the true value of natural capital and the services it provides 
are not considered (see Section 6.2), protected area expan-
sion can seem politically and economically costly. Taking into 
account the risks of not protecting ecosystems, and strategic 
prioritization of locating new protected areas where the bene-
fits are greatest in relation to the cost, greatly outperforms an 
ad hoc approach.

6.3 Transforming land management can meet human 
needs, while helping biodiversity and the climate

Diverting land exclusively to climate mitigation adds to 
pressures on land use from food and fibre production. 
Transitions in global and regional land use are found in all 
pathways limiting global warming to 1.5°C with no or limited 
overshoot, but their scale depends on the pursued mitiga-
tion portfolio.32 Land-use transitions as part of mitigation 
pathways could slow the achievement of other SDGs, such 
as those relating to life on land and in the oceans, food and 
water security, and equity; but there are also climate-orien-
ted land-use transformation measures that could assist 
in reaching non-climate SDGs. The degree to which land 
use-based mitigation approaches such as afforestation and 
bioenergy are required depends on the mitigation portfolio 
that is pursued, but could potentially result (by 2050, relative 
to 2010) in an increase of up to 2.5 million km² in non-pas-
ture agricultural land for food and feed crops, 6 million km² 
more agricultural land for energy crops, and a 9.5 million km² 
increase in planted forests. This magnitude of change would 
compromise the sustainable management of land for human 
settlements, food, livestock feed, fibre, bioenergy, carbon 
storage, biodiversity and other ecosystem services.33,34 On 
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the other hand, mitigation options limiting the demand for 
land include sustainable intensification of land-use practices, 
ecosystem restoration and changes towards less resource-in-
tensive diets.

Transforming land use can contribute to climate change 
mitigation while minimizing trade-offs. Relevant transfor-
mative actions include sustainable intensification, ecosystem 
restoration, dietary changes and food waste reduction. By 
maximizing the potential of transformative actions, it is possi-
ble to shift land use to a net greenhouse gas sink rather than 
a source. These options can contribute to climate change 
mitigation without driving detrimental land-cover change. 
They create strong direct and indirect co-benefits and have 
synergies with SDGs such as eradicating poverty, eliminating 
hunger, promoting good health and well-being, provision of 
clean water and sanitation, and life on land.35 The practical 
actions include improved cropland and grazing manage-
ment, dietary choices that minimize the requirement of new 
croplands, and the reduction of food waste. Transformation 
of diets and reduction of food waste can help to significantly 
reduce emissions resulting from the food system. At present 
about a quarter (12 GtCO2e per year) of net anthropogenic 
greenhouse gas emissions arise from the agriculture, forestry 
and other land-use sectors,36 while the global food system as 
a whole emits 21–37 per cent of global greenhouse gases, 
much of it from deforestation to create new agricultural 
lands.37 Transformation of diets such that protein needs are 
derived more from plants and less from animals has the 
potential to reduce annual greenhouse gas emissions by 
0.7–8 GtCO2e by 2050 (2–20 per cent of current emissions).38 
Co-benefits include improvements in human health and well-
being, conservation of biodiversity and enhanced ecosystem 
services.39 Reducing post-harvest losses, where a part of 
agricultural output never reaches the market, can be reduced 
by better storage and transport, and post-consumer loss can 
be reduced by education and change in consumer behaviour.

Sustainable land management, coordinated and optimized 
at the scale of whole landscapes, can enable the multiple 
objectives of agricultural production, climate mitigation, 
climate adaptation and biodiversity protection to be reali-
zed simultaneously. Sustainable land-use strategies form a 
continuum, with end points dubbed “land sparing” and “land 
sharing.” Land sparing reduces the need to transform natural 
ecosystems to agricultural lands by increasing productivity 
on already-converted lands. Land sharing attempts to meet 
production, biodiversity conservation and climate mitiga-
tion objectives on the same land parcel. Different types of 
biodiversity and ecosystem services fare better with each 
approach.40 There is increasing consensus that most multi-

benefit, sustainable land-use systems will lie between these 
contrasting models, taking into consideration the specific 
social, economic, ecological and technological context of the 
landscape.41 

Sustainable agricultural intensification can help to avoid 
further loss of natural ecosystems while also creating 
space for land-based mitigation and can have synergies 
with biodiversity conservation and restoration. Careful and 
appropriate agricultural intensification can reduce the loss 
of natural ecosystems, including by avoiding deforestation, 
and create space on former agricultural lands for land-based 
mitigation or biodiversity protection. To deliver the promised 
biodiversity and ecosystem services benefits, the spared land 
(i.e. land not used for agriculture thanks to intensification) 
must be used for ecosystem restoration and protection. Land-
scapes where the use-intensity already exceeds sustainability 
limits, on the other hand, would benefit from de-intensifica-
tion. Many landscapes have both under- and over-intensive 
elements, and the optimal solution involves both land-sparing 
and land-sharing, along with other novel approaches.42
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Land- and ocean-based climate mitigation approaches, in-
cluding ecosystem restoration, could provide a third of the 
mitigation effort needed in the next decade. Nature-based 
solutions, such as reforestation with native trees, restoration 
of degraded lands, improved soil management and agrofores-
try, can contribute significantly to reducing the atmospheric 
abundance of carbon dioxide. Such solutions have been 
estimated to be able to provide 37 per cent of the mitigation 
effort needed until 2030 to limit warming to 2°C,43,44 and 
coastal areas hold additional potential (see below). 

Ecosystem restoration can involve returning agricultural 
land to its natural state, or the rehabilitation of ecosystems 
on degraded land. Ecosystem restoration is a cost-effective 
way of achieving multiple benefits.45 The potential for ecosys-
tem restoration depends on the degree to which other trans-
formative enablers such as sustainable intensification, dietary 
changes and food waste reduction are implemented, as there 
is potential competition between the use of land and water for 
ecosystem restoration, pastureland, and agricultural cropping 
for food and energy feedstocks.46 To maximize the co-be-
nefits, policies aimed at increasing land carbon sinks need 
to restrict activities to ecosystem restoration specifically, as 
opposed to the more general reforestation or afforestation, 
which might otherwise encourage the planting of monocul-
tures of non-native trees47 or the conversion of carbon- and 
species-rich peatland, grassland or savannas to less rich 
forests. Ecosystem restoration also helps biodiversity adapt 
to climate change.

Ecosystem restoration can simultaneously mitigate climate 
change, slow and reverse biodiversity decline and increase 
the benefits that people get from nature. Restoration can 
deliver multiple benefits in all ecosystems. It offers particular-
ly important benefits in dryland regions where climate change 
and desertification are projected to cause reductions in crop 
and livestock productivity. Avoiding, reducing and reversing 
land degradation, including desertification, would enhance 
soil fertility, increase carbon storage in soils and biomass, 
and increase agricultural productivity and food security.48,49 

Ecosystem restoration makes a cost-effective contribution to 
the timely action to avoid, reduce and reverse land degrada-
tion that can increase food and water security whilst contri-
buting to climate change mitigation and adaptation.50 This 
includes restoration of vegetated coastal ecosystems, such 
as mangroves, tidal marshes and seagrass meadows (coastal 
“blue carbon” ecosystems), that could provide climate change 
mitigation through increased carbon uptake and storage of 
around 0.5 per cent of current global emissions, with co-be-
nefits for local ecosystems and livelihoods.51  

6.4 Science-based management can reduce the ad-
verse effects of chemicals on human health and 
the environment

The existing regulatory and legislative framework for the 
management of chemicals must be comprehensively 
implemented, taking into account the scale, complexity and 
pace of the issue. The development of basic legislation and 
institutional capacity has been recognized as critical to the at-
tainment of sound chemicals and waste management. Many 
countries have already made important headway in enacting 
laws, creating programmes, and implementing policies to this 
end, in particular in the developed world, such as the REACH 
program in Europe and the Canadian Challenge Program on 
chemical substances. Further steps, particularly in develo-
ping countries and economies in transition, could include the 
following: intensification of action at all levels to strengthen 
legislative and institutional capacities to regulate chemicals 
and waste during their full life cycle; the development of natio-
nal chemicals management profiles and action plans on the 
sound management of chemicals and waste; advancing the 
alignment and harmonization of policies between countries, 
mutual learning regarding effective approaches, and the ma-
ximization of opportunities for regional cooperation, drawing 
on existing institutional structures.52

Science-based approaches to the sound management of 
chemicals are available. Established approaches for the 
management of chemicals that are available to governments 
and regulators include: accelerating chemical hazard assess-
ment and harmonized classifications of substances; refining 
chemical risk assessment and risk management decision-
making processes; and advancing alternative assessments 
and informed substitution of chemicals of concern, inclu-
ding through non-chemical alternatives. At the same time, 
concerns have been expressed that current approaches are 
at times complex and slow. Over the past decades, valuable 
lessons have been learned in the practical application of the-
se approaches, and opportunities have emerged to enhance 
their effectiveness, streamline their use, and employ them 
more systematically in all countries. Developing countries and 
economies in transition in particular stand to benefit from 
progress in these areas.53

Data gaps can be filled if priorities are established. Oppor-
tunities to strengthen the engagement of scientists and the 
science-policy interface include: taking steps towards the 
cost-effective harmonization of data generation and collecti-
on, strengthening monitoring and surveillance capacities, and 
sharing data more systematically at all levels; scaling up in-
dustry engagement in generating and disseminating relevant 
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data; strengthening two-way communication, and supporting 
collaboration between scientists and policymakers; and ex-
ploring methodologies that facilitate more systematic identifi-
cation of future priorities at the international level. Although a 
wealth of data and knowledge has been generated, many data 
gaps and unknowns remain. These include gaps in regard to: 
chemical hazard data for a range of chemicals on the market; 
environmental, health and safety data; outdoor and indoor 
chemical releases; exposures and concentrations in humans 
and the environment; and adverse impacts of chemicals. Di-
sparities remain in data collection and availability across time 
and countries, making the identification of baselines, trends, 
and emerging issues and priorities challenging. While a 
diverse set of mechanisms has been established at the inter-
national level to identify emerging issues and to set priorities 
for action (for example, the SAICM mechanism), opportuni-
ties exist to explore the complementarity of processes and 
the use of science-based criteria for prioritization. Various 
barriers pose challenges to making policy-relevant knowledge 
available for informed decision-making.54

Innovation and new business models may help to reduce 
global and local chemical pollution. The implementation of 
new business models (such as chemical leasing) aimed at 
reducing the use of chemicals of concern, the scaling up of 
efforts to develop green and sustainable chemistry alternati-
ves, and commitments to phase out chemicals of concern in 
consumer products, can all help to reduce chemical pollution. 
Despite these efforts, voluntary actions and sustainability 
strategies that go beyond compliance and advance sound 
chemicals management are not yet being sufficiently deve-
loped and replicated, particularly in developing countries. 
Furthermore, important private sector stakeholders are not 
yet fully engaged in relevant discussions at the national and 
international level. Strengthening corporate commitment 
at the highest level is therefore essential. From a design 
perspective, incentives to develop green and sustainable 
chemistry solutions are needed. Responsible production 
should be encouraged, and consumer information related 
to chemicals should be clear, transparent and reliable. As 
an important contribution to a sustainable future, chemistry 
and its products must be adapted to a circular economy – a 
system aimed at eliminating waste, circulating and recycling 
products, and saving resources and the environment. The 
increasing trade in chemicals and related products, and the 
quest to recycle products and materials, create opportunities 
but also raise concerns regarding the fate of chemicals and 
chemicals in products once they reach the waste stage or 
become secondary raw materials. Challenges include the 
chemical content of products becoming secondary raw ma-
terials, as well as the global flows of recycled products often 

being unknown, potentially impeding management interven-
tion that could ensure undesired chemicals re-entering supply 
chains are not causing health and safety problems at various 
stages of the material flow.55

Multi-stakeholder partnerships will help protect human 
health and the environment from the adverse effects 
of chemicals and waste. The engagement of all relevant 
stakeholders at the national, regional and global levels is 
needed to protect human health and the environment from 
the adverse effect of chemicals and waste. This includes not 
only the chemicals and waste community, such as ministries 
of environment and health, intergovernmental organizations, 
civil society organizations engaged in chemicals and waste, 
the chemical industry and trade unions, but also actors in 
key economic and enabling sectors, some of which have so 
far not been sufficiently engaged. To advance ambitious and 
concerted commitment, a global collaborative framework for 
the sound management of chemicals and waste would need 
to create mechanisms and incentives to foster the commit-
ment and engagement of sectoral ministries, retailers, downs-
tream manufacturers and academia, as well as the broader 
global community.56 
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6.3. Aligned actions for protecting and restoring life on Earth

6.5 Aligning objectives and actions can deliver trans-
formative change for both the environment and 
human development

Key international environmental agreements need to be 
aligned and become more mutually supportive. The further 
development of the goals, targets, commitments and mecha-
nisms under multilateral agreements in the areas of climate 
change, biodiversity, land degradation, oceans and pollution 
needs to be aligned and become more synergistic and mutu-
ally supportive. There needs to be enhanced harmonization 
in the implementation, monitoring and financing of the agree-
ments. Sustainable policies, technologies and management 
practices need to be implemented within the interconnected 
food-forestry-water-energy systems given their impact on 
climate, biodiversity and land degradation. 

Adaptation actions that reduce the vulnerability of human 
and natural systems to climate change have many potential 
synergies with sustainable development. Vulnerability to 
environmental change can be reduced by adaptation measu-

res to ensure food and water security, reduce disaster risks, 
improve health conditions, maintain ecosystem services and 
reduce poverty and inequality.57 However, if poorly designed 
or implemented, adaptation can also result in unacceptable 
trade-offs or even maladaptation, with adverse impacts for 
sustainable development such as increasing greenhouse gas 
emissions or water use, or encroachment on natural ecosys-
tems. Adaptation options that also mitigate emissions can 
provide synergies and cost savings, such as when land ma-
nagement reduces emissions while simultaneously reducing 
disaster risk, or when low-carbon buildings are also designed 
for efficient cooling.

Given the interaction between sustainable development, 
climate action and biodiversity protection, a greater align-
ment of policies can deliver transformative change. There 
are both synergies and trade-offs between environment and 
development policies. For instance, climate stabilization at 
warming of 2°C or less would make it easier to achieve many 
aspects of sustainable development and biodiversity conser-
vation. Efforts to advance the SDGs can accelerate progress 

Figure 6.3: The left axis schematically indicates the trends in the diversity of life on Earth which by various metrics have been declining and are projected to con-
tinue to do so under business as usual scenarios (trend line). Various areas of action could reduce the rate of biodiversity decline, and the full portfolio of aligned 
actions could in combination halt and reverse the decline (bend the curve), potentially leading to net biodiversity gains after 2030. These are, from bottom to top: 
(1) Enhanced conservation and restoration of ecosystems; (2) climate change mitigation; (3) action on pollution, invasive alien species and overexploitation; (4) 
more sustainable production of goods and services, especially food; and (5) reduced consumption and waste. 

Source: Source: CBD 2020a, GBO-5 SPM
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on the Paris Agreement, and vice versa. The manner of in-
tegrating adaptation, mitigation, biodiversity and sustainable 
development in policy is dependent on context-specific condi-
tions where synergies are achieved and trade-offs are made, 
involving “winners” and “losers” across governance levels and 
time scales.58 Reconciling trade-offs between development 
needs and emissions reductions requires an understanding of 
the dynamics between adaptation, mitigation and sustainable 
development, and of the specific roles that different actors 
play at particular points in time. Enhancing synergies and 
avoiding trade-offs is essential for achieving multiple benefits 
and transformative change for people and the planet.

Multilevel governance is key for systemic transformation 
and for reconciling environmental and development objec-
tives.59 Governance approaches that coordinate and monitor 
multiscale policy actions and trade-offs across sectoral, local, 
national, regional and international levels are best suited for 
the implementation of environmental goals, such as those 
for climate change, biodiversity, land degradation, and air and 
water pollution, while simultaneously promoting sustainable 
development.60 This is because vertical and horizontal policy 
integration and coordination enables the interplay and trade-
offs between sectors and spatial scales, and the dialogue 
between local communities, institutional bodies and non-
state actors. 

Policies that support the achievement of the SDGs, such 
as those for poverty alleviation, clean water and universal 
energy access, need to align constructively with environ-
mental policies in order to realize potential synergies. Alig-
ning policies synergistically increases their efficiency and ef-
fectiveness, whilst increasing societal support. For example, 
integrated landscape governance entails a mix of policies and 
instruments that together ensure nature conservation, ecolo-
gical restoration and sustainable use, sustainable production 
(including of food, materials and energy), and sustainable fo-
rest management and infrastructure planning.61 As a further 
example, the nature of legal rights to land ownership and of 
international forest certification systems can be reformed so 
that rural development and poverty alleviation can be aligned 
with carbon sequestration and biodiversity conservation, 
thus avoiding deforestation and increasing the resilience of 
human and natural systems to environmental change. Such 
an approach can address and reverse the drivers of defores-
tation and prove transformative during the UN Decade on 
Ecosystem Restoration that begins in 2021. Better alignment 
of measures can create the portfolio of actions needed to 
protect and restore life on Earth (figure 6.3).
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Economic, financial and productive systems profoundly sha-
pe society‘s relationship with nature. This section examines 
how those systems can be transformed to lead and power the 
path to a sustainable future. It explores how the food, water 
and energy systems can be transformed to meet growing 
human needs in an equitable, resilient and environmentally 
friendly manner. 

7.1 Transforming economic and financial systems to 
become sustainable and just 

Achieving a just and prosperous future for all on a safe and 
resilient planet requires the transformation of economic and 
financial systems. Current economic and financial systems 
focus on a narrow set of financial returns from market activi-
ties. Achieving the SDGs will require economic and financial 
systems that simultaneously support economic well-being, 
social inclusion and environmental sustainability – sometimes 
called the “triple bottom line.” Economic well-being means that 
all basic needs are met, meaning an end to poverty and hun-
ger, and the provision of education, water and sanitation, clean 
energy, decent jobs and modern infrastructure for all (SDGs 1, 
2, 3, 4, 6, 7, 8 and 9). Social inclusion means gender equality, 
reduced inequalities and freedom from violence (SDGs 5, 10 
and 16). Environmental sustainability means that dangerous 
climate change is averted, having clean air to breath and clean 
water to drink, life on land and in the water is protected and 
critical ecosystems functions preserved (SDGs 6, 7, 11, 12, 13, 
14, 15).1,2,3 This all requires systemic change in economic and 
financial systems to assure freshwater availability, sustainable 
cities, sustainable production and consumption, climate stabi-
lity, and protection of marine and terrestrial ecosystems (SDGs 
6, 11, 12, 13, 14 and 15). 

Achieving all of the Sustainable Development Goals will 
require large changes in economic activities, national ac-
counts, financial systems and governance.4 Securing equi-
table access to goods and services while averting dangerous 
climate change and avoiding environmental harm will require 
major structural changes in economic activities. Such a shift is 
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unlikely without reforming economic and financial systems to 
better align market incentives and national accounts with the 
protection of global commons and common-pool resources.

Measures of economic performance should include the value 
of nature’s contributions to human well-being. Including the 
value of nature’s contributions to human well-being in measu-
res of economic performance is vital for aligning economic 
incentives with more sustainable outcomes. The UN-led ini-
tiative on the System of Environmental Economic Accounting 
is working to expand the accounting rules to incorporate the 
value of nature. The framework integrates economic and en-
vironmental data to provide a more comprehensive view of the 
interrelationships between the economy and the environment 
and the stocks and changes in stocks of environmental assets. 
It is a flexible multipurpose system which generates outputs 
that can be adapted to countries‘ priorities and policy needs 
while at the same time producing internationally comparable 
statistics.I China is working to develop and report a measure of 
Gross Ecosystem Product along with GDP.5

Governments should use measures of inclusive wealth to 
track progress towards sustainable development. Sustaina-
ble development requires leaving future generations with suffi-
cient capital assets, including natural capital, to allow them to 
meet their needs.6 Governments should develop measures of 
inclusive wealth to inform policy and track progress towards 
sustainable development. Improved data collection, methods, 
and reporting of changes in natural capital along with other 
capital assets (produced and human) is needed in order to ac-
curately measure inclusive wealth.7,8,9,10 Measures of inclusive 
wealth may be supplemented by science-based environmental 
sustainability standards for critical natural capital that cannot 
be effectively substituted by other forms of capital.

Making economic systems more sustainable requires 
policies that align private incentives with social and en-
vironmental objectives. Eliminating incentives for environ-

I SEEA web page: https://seea.un.org/content/about-seea 
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mentally harmful activity and promoting more sustainable 
alternatives can align private and social goals. Policy tools 
that internalize environmental costs include taxes on envi-
ronmentally harmful activities and cap-and-trade systems 
targeted at emissions of pollutants. Policy tools that promote 
environmentally friendly alternatives include payments for 
ecosystem services, tax breaks for environmentally benign 
economic activities and feed-in tariffs for renewable energy. 
Policy reforms also include the abolition of perverse subsi-
dies (especially in agriculture, energy and transportation) that 
damage global commons and common-pool resources, such 
as subsidies for fossil fuels that lead to climate change and 
air pollution.11,12  

Policies that reward the reduction, reuse and recycling of 
materials in production or that penalize waste generation 
can accelerate the shift to a circular economy.13 A circular 
economy reduces pressures on natural resources and the 
pollution of land, water and air caused by waste disposal and 
inefficient use. Moving to a circular economy is one way to 
decouple economic growth from increasing environmental 
degradation. Putting a tax on the extraction of virgin raw 
resources and the disposal of waste to reflect their full costs 
increases the relative attractiveness of reducing, recycling 
and reusing existing materials. Product design and purcha-
sing guidelines such as performance labels are another 
important policy lever. Achieving a circular economy requires 
changes in the practices of businesses and households. A 
key element is the notion that well-being does not necessa-
rily increase with the consumption of resources, especially 
at high levels, but is rather derived from the services and 
amenities that resources help provide.14 Efficiency and 
sufficiency reduce the needs for resources while increasing 
well-being.15 A shift away from individual ownership towards 
a sharing economy can further increase economic efficiency 
and sufficiency.16,17 

Achieving sustainability will require major shifts in 
patterns and large flows of investment. In energy, accom-
plishing a transition from a fossil fuel-dominated supply 
to a low-carbon system consistent with Paris Agreement 
climate objectives will require investments in renewable 
energy, nuclear energy, transmission, distribution, storage 
and energy efficiency of US$0.8–2.9 trillion per year through 
2050.18 Global financing for biodiversity is estimated at ab-
out US$80–90 billion annually,19 far below the conservatively 
estimated hundreds of billions of US dollars needed.20 Bio-
diversity, climate and other environmental finance could be 
ramped up by redirecting some of the estimated more than 
US$5 trillion in annual subsidies on fossil fuels, non-sustai-
nable agriculture and fishing, non-renewable energy, mining 

and transportation (see Section 2.2). Large investments 
are also required to make water, food and other economic 
sectors sustainable (see Section 7.2). The investments pled-
ged by governments around the world to restart economies 
stalled by the COVID-19 pandemic should be directed toward 
sustainable economic structures and lifestyles that increase 
the inclusive wealth of society.

Substantial private sector investment is needed to com-
plement public financing to achieve the SDGs and assure 
resilient management of risk and natural disasters. The 
investments required to reach the SDGs exceed the capa-
city of public funding, therefore substantial private sector 
financing is essential. Socially- and environmentally- oriented 
investment funds that provide low-cost financing for sustai-
nable projects can close part of the financing gap. Currently 
there is an estimated US$500 billion of assets in impact 
investing.21 However, achieving large-scale financial flows on 
the scale needed to achieve the SDGs will likely require ma-
king such investments more financially attractive. New tools 
and approaches that can leverage and incentivize private 
sector funding include the use of capital markets to unlock 
private sector investment in sustainable infrastructure. The 
Global South needs increased access to low-interest finance 
in order to achieve the SDGs. The Global North has exacer-
bated the shortfall by failing to meet its commitments under 
environmental conventions and on international develop-
ment assistance.

Good governance is at the core of a well-functioning 
economy able to provide a good quality of life for all. Good 
governance, which involves interaction between state and 
non-state actors to assure the rule of law, the absence of 
corruption and global cooperation, is key in building inclusive 
and just economic and financial systems for transformative 
change. Economic growth directed towards increasing ac-
cess to food, water, energy, good health and education, and 
a clean and healthy environment, improves quality of life, but 
with diminishing returns at high levels of income and con-
sumption. A well-functioning sustainable economic system 
will “meet the needs of the present, without compromising 
the ability of future generations to meet their own needs.”22 

7.2 Transforming food and water systems to make 
them equitable and resilient  

Feeding humanity, ensuring water security, and enhancing 
the conservation and sustainable use of nature are comple-
mentary and closely interdependent goals. Achieving them 
requires actions on the ground to improve food production 
and water supply systems, in conjunction with changes in 
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demand and in the systems that connect production and 
consumption. Pressures and context vary regionally, so sus-
tainable solutions must be context-appropriate and based on 
various knowledge systems, including science and indige-
nous and local knowledge.

7.2.1 Approaches for transforming food and water systems

Sustainable food systems work with nature, adapt to a 
warming world, minimize environmental impacts, eliminate 
hunger and improve human health. Sustainable food pro-
duction is vital to protecting nature and human well-being. It 
can be achieved through a range of overlapping approaches, 
including conservation agriculture, organic farming, agro-
ecology, integrated pest and nutrient management, soil and 
water conservation, conservation aquaculture, sustainable 
grazing, agroforestry, silvopastoral systems, irrigation ma-
nagement, small or patch systems and practices to improve 
animal welfare. Sustainable agriculture requires a reduction 
in nitrogen and phosphorus imbalances to reduce pollution 
of freshwater, groundwater and coastal zones. Ensuring the 
adaptive capacity of food production requires measures to 
conserve the diversity of genes, varieties, cultivars, breeds, 
landraces and species, which also contribute to diversi-
fied, healthy and culturally relevant nutrition. In addition to 
sustainable practices, climate-smart agriculture requires the 
development of crops that are more tolerant of heat, drought, 
salinity, pests and disease. 

Sustainable agriculture requires strategies and technolo-
gies to increase the productivity of land and the nutritional 
value of food while reducing water use intensity and the 
release of pollutants. Sustainably intensifying agriculture 
while reducing water scarcity requires more efficient use of 
water, increasing water storage and avoiding salinization. 
Technologies to increase the yield of nutritious food need to 
be adapted to specific agroecological zones to conserve soils 
and reduce fertilizer application, such as reactive nitrogen 
and phosphorous. Genetically modified organisms could 
potentially increase the efficiency of food production with 
crop varieties that are tolerant of pests, diseases, drought, 
floods and salinity. However, biosafety and social considera-
tions must be taken into account (see Section 2.3.2). Organic 
farming and other forms of agroecology may make a signifi-
cant contribution to the food system transformation, although 
further research is needed to increase yields. In some cases, 
sustainable intensification and precision agriculture may be 
the best approaches, while organic or agroecological systems 
may be appropriate elsewhere. Managing pollution from 
agricultural chemicals will be critical, as will reducing waste 
by limiting post-harvest and consumer losses.23

Making freshwater systems sustainable in the face of 
climate change, increasing demand and pollution requires 
steps to improve supply and use efficiency, reduce pollu-
tion, and restore natural habitats and flow regimes. Impacts 
on freshwater systems from climate change, rising demand 
for extraction from agriculture, households and industry, and 
increasing pollution, require both cross-sectoral and sec-
tor-specific interventions that improve water use efficiency, 
increase storage, reduce contamination, minimize disruption 
and restore aquatic habitats and natural flow regimes. Water 
used for irrigated agriculture will remain the largest consump-
tive use of water, so sustainable water futures will include a 
range of solutions to manage irrigation water demand and 
increase agricultural water use productivity. Increased water 
use productivity in agriculture could be achieved through 
crop breeding and shifts in crop planting.24 This will include 
improved irrigation techniques such as micro-irrigation, mo-
isture conservation methods such as rainwater harvesting, 
which may include using indigenous and local practices, and 
maintaining vegetation and mulch cover.25 Drought-resilient 
ecologically appropriate plants and other agroecological and 
ecosystem-based adaptation practices will also be import-
ant.26 Some adaptation options can become maladaptive due 
to their environmental impacts, such as irrigation causing soil 
salinization or overextraction leading to groundwater deple-
tion, so response options should be tailored to the context.27 
Improved management of urban and other water uses will 
also be necessary. Investment in wastewater treatment as 
well as in distribution and supply infrastructure are necessa-
ry for equitable access to clean water.28 Renewable energy 
sources can be made less water-intensive with present 
technology, and existing hydropower dams can be managed 
to integrate ecological water requirements. Increased water 
storage can be achieved through policies that implement 
a mix of groundwater recharge, integrated management of 
surface and groundwater, wetland conservation, low-impact 
dams and decentralized (for example, household-based) 
rainwater collection.29
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Technical assistance and economic incentive programs 
can encourage sustainable farm practices and reduce 
pre- and post-harvest losses of food. Technical assistance 
is important to enable farmers to adopt more sustainable 
practices, especially for smallholders. Policies with incentives 
for sustainable practices include standards, certification 
schemes and payments for ecosystem services such as 
direct payments through agri-environmental schemes.30 Agri-
cultural losses can also be reduced by developing real-time 
plant disease diagnostics, supported by a global surveillance 
system, to monitor and contain crop disease outbreaks Limit-
ing post-harvest losses requires investments in rural roads, 
electricity infrastructure, storage and cooling systems. 

Small-scale farmers, in particular women farmers, need to 
be empowered to embrace sustainable practices. Small-
scale agricultural producers are at the heart of the challenge 
of food security. They therefore need access to information 
and technology, gender-sensitive and participatory research 
and extension services, financial and legal services, markets, 
added-value opportunities, access to and control over land 
and production inputs (including high-yielding, water-efficient, 
and pest- and disease resistant crops, and fertilizers), and 
groundwater and irrigation services. Reliable and affordable 
insurance for small-scale farmers to withstand and recover 
from environmental shocks is also needed.  

Measures are needed and available to protect pollinators. 
Given the worldwide decline in the populations and diversity 
of wild pollinators and the seasonal colony loss of wes-
tern honey bees in some regions, it is important to main-
tain healthy pollinator communities. This can be achieved 
through agroecological farming practices, strengthening 
existing diversified farming systems, and investing in ecolo-
gical infrastructure by protecting, restoring and connecting 
patches of natural and semi-natural habitats in agricultural 
landscapes. These measures need to be complemented by 
reducing the effects of pesticides, particularly insecticides 
such as neonicotinoids, on pollinators through integrated pest 
management. Honeybees also need to be protected from a 
broad range of parasites, including Varroa mites, by placing 
greater emphasis on hygiene and control of pathogens.31

Policy instruments to achieve water system sustainability 
include water reallocation at the basin scale and education 
and incentives to increase water use efficiency in agricul-
ture. Integrated water resource management has moderate 
mitigation potential, with no adverse impacts on challenges 
related to climate change mitigation and adaptation, deser-
tification and food security.32 Drought resilience policies, 
including drought preparedness planning, early warning and 

monitoring, and improving water use efficiency, synergistically 
improve agricultural producer livelihoods and reduce water 
stress.33 Environmental farm programs and agri-environment 
schemes, water efficiency requirements, and water pricing 
and incentive programs, such as water accounts and pay-
ment for ecosystem services programs, can also help relieve 
water stress.34,35

Sustainable food production from freshwaters and the oce-
ans requires improved management, planning and policy 
action. Fisheries management, spatial planning (including 
the implementation and expansion of marine protected 
areas) and policy action are needed to address drivers of 
decline in aquatic ecosystems such as climate change and 
pollution. Pathways to sustainable fisheries entail conserving, 
restoring and sustainably using marine ecosystems; rebuil-
ding overfished stocks (including through targeted limits on 
catches or moratoria); reducing pollution; managing destruc-
tive extractive activities; eliminating harmful subsidies and 
illegal, unreported and unregulated fishing; adapting fisheries 
management to climate change impacts and reducing the en-
vironmental impact of aquaculture. For example, ending over-
fishing and rebuilding depleted resources may result in an 
increase of as much as 20 per cent in potential yield, provided 
that the transitional costs of rebuilding depleted stocks can 
be addressed.36 Marine protected areas (including no-take 
zones) have demonstrated success in biodiversity conserva-
tion when managed effectively and can be further expanded 
through larger or more interconnected protected areas or new 
protected areas in currently underrepresented regions and 
key biodiversity areas. Integrated marine and coastal planning 
are important. Additional tools could include both non-market 
and market-based economic instruments for financing sustai-
nable use and conservation, including for example payment 
for ecosystem services, biodiversity offset schemes, blue car-
bon sequestration, cap-and-trade programmes, green bonds 
and trust funds, new legal instruments, such as the proposed 
international, legally binding instrument on the conservation 
and sustainable use of marine biological diversity in areas 
beyond national jurisdiction under the United Nations Con-
vention on the Law of the Sea, and halting harmful subsidies, 
especially those aimed at maintaining capacity. 

Inequalities, especially regarding income and food sub-
sistence for local communities and small-scale artisanal 
fisheries, need to be addressed to advance sustainability. 
For local communities, reduced, declining and unequal ac-
cess to marine resources may, in a complex interaction with 
other factors, be a source of conflict. Adding to the risk from 
overfishing, tropical regions face critical challenges due to 
interactions with climate change (with fish stocks projected to 
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move poleward), and intense coastal development. Equitable 
sharing of fish resources is a ubiquitous challenge worldwi-
de that often translates into competition between industrial 
fisheries and small-scale artisanal fisheries. It is therefore 
critical to foster well-managed small-scale fisheries using 
selective and non-destructive gear to promote employment, 
lower fossil fuel consumption and reduce fisheries’ footprint 
on the oceans.

7.2.2 Using consumer habits, corporate standards and go-
vernment action to reshape food and water systems

Changing consumer behaviour is critical to transforming 
food and water systems. Changing the dietary habits of con-
sumers in developed countries by reducing the demand for 
animal products would improve human health and reduce the 
pressure on land, water, biodiversity and the climate system. 
Changes in consumer behaviour must be based on increasing 
consumer and retail awareness of the environmental and 
human health consequences of different purchasing patterns 
and may require legislation that helps reconcile supply by 
retailers and food manufacturers with demand. For water, 
it will be critical to change incentives, for instance through 
water pricing to discourage non-essential use and through in-
frastructure to encourage behaviour change, and to increase 
awareness and knowledge among consumers.37 

Regulatory changes, incentives, changes to subsidies and 
corporate action are all part of reshaping the interlinked 
food and water systems. Key policy tools for transforming 
water and food systems include government regulation, eco-
nomic incentives, standards (including voluntary standards, 
certification and labelling schemes, and supply chain agree-
ments), the removal of distorting agricultural subsidies and 
integrated landscape planning. Regulatory mechanisms are 
needed to address the risks of co-option and lobbying, where 
commercial or sectoral interests work to maintain high levels 
of demand, monopolies and continued use of pesticides 
and chemical inputs. Agricultural commodity chains can be 
regulated by involving all private stakeholders along the chain 
to establish sustainability standards that transform the entire 
sector. Other measures include multisectoral cooperation on 
coastal management, corporate social responsibility measu-
res, construction standards and eco-labelling. For water, po-
licy instruments include: setting and enforcing environmental 
laws, regulations and standards; collaborative initiatives with 
communities and with the corporate sector and use of econo-
mic instruments such as appropriate water pricing, improved 
investment and financing, and new market instruments such 
as wetland mitigation banking and payments for ecosystem 
services.38 Achieving sustainable food and water systems 

will require data gathering and monitoring, including in co-
operation with indigenous peoples and local communities. 
Promoting community-based and multiple-use integrated 
water resource management and encouraging transboundary 
water governance will also be necessary.39 A viable policy 
framework is needed to ensure environmental flows to deltas 
in order to prevent seawater intrusion.40 

7.3 Transforming to low-carbon energy systems with 
access to clean energy for all is possible

Universal access to clean energy requires a rapid transition 
to low-carbon systems in both the production and use of 
energy. Improving access to affordable and modern energy 
(SDG 7), preferably clean energy, coupled with innovation and 
efficiency gains, is vital to achieving equitable and sustainable 
economic growth while limiting global warming. Clean energy 
will also reduce poverty and indoor and outdoor air pollution 
and provide critical services such as communications, light-
ing and water pumping. Achieving this goal while combating 
climate change involves a rapid transition to low-carbon 
energy systems encompassing both production and con-
sumption. Investments in the energy transition need to grow 
five- or sixfold between now and 2050 to limit warning to 1.5 
°C as aspired to in the Paris Agreement.41 Renewable energy 
technologies such as wind and solar, along with improved 
energy efficiency in buildings and elsewhere, will be key.

Since 2000, progress with respect to access to modern 
energy services has been made in all regions, but billions of 
people still lack such access. Progress on access to modern 
energy has been made especially in Asia, while in sub-Sa-
haran Africa, population growth largely outpaced the advan-
ces made, with these trends projected to continue towards 
2030.42 More than 800 million people still do not have access 
to electricity,43 and some 3.8 billion are exposed to household 
air pollution from burning of solid fuels such as traditional 
biomass, kerosene and coal44 – fuels that also contribute to 
climate change. Striking global inequality in access to energy 
services is reflected in adverse impacts on development and 
health. In 2019, air pollution is estimated to have contributed 
to about 6.5 million deaths worldwide, and one third of these 
deaths are attributed household air pollution.45 

To achieve universal access to clean fuels and technolo-
gies, the affordability, availability and safety of fuels and 
practices for cooking, heating and lightning need to be 
improved.46 Achieving universal access to electricity requires 
expanded generation capacity and distribution networks, as 
well as access to more efficient and affordable appliances, 
with a focus on poor, remote communities. Clean cooking 
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and universal access to electricity improve health and redu-
ces greenhouse gas emissions if traditional fuels are repla-
ced by electricity (especially if it is generated renewably) or 
natural gas. 

It is possible to transform the energy system to provide 
clean and affordable energy for all. Analyses show that 
energy efficiency and sufficiency, increasing the share of rene-
wable energy, and electrification all play a key role in providing 
access to modern energy services.47 Today’s reliable, afforda-
ble and resilient energy options are driving a new paradigm of 
heterogeneity. Distributed solutions today offer increasingly 
compelling economics for those without access to traditional 
energy carriers, suggesting a fundamental reconsideration of 
infrastructure policies, energy access solutions and econo-
mics that does not rely on uniform – or old and outdated – 
assumptions about energy systems and embraces a portfolio 
of solutions versus singular approaches.

Transforming the energy system is key to reducing green-
house gas emissions. Key components of a strategy to 
transform the energy system include mitigating energy 
demand, decarbonization of the power system, further elec-
trification of energy supply and phasing out fossil fuel use in 
other sectors. Mitigating energy demand (either by efficiency 
improvements or changes in human activity) is essential. It 
not only leads to direct emission reductions, but it also limits 
the volume of energy supply, which reduces the environmen-
tal impacts associated with energy supply beyond those of 
climate change. 

Falling costs for the generation of renewable energy and 
energy storage are bringing higher mitigation targets within 
reach. In the last decades, the cost of photovoltaic solar 
cells, wind turbines and batteries has fallen significantly. As 
a result, in some cases renewable electricity is as cheap to 
generate as fossil-fuel based alternatives. This development 
has resulted in rapid growth of renewable energy capacity, a 
trend that can help create a net-zero power system, although 
further developments to overcome system integration issues 
are needed.48 

Smaller-scale renewable-based energy systems are 
becoming increasingly economically attractive. Small-sca-
le systems offer rapid scalability and applicability to serve 
growing energy demands. They can power critical services 
such as communications, lighting, and water pumping and 
purification, enabling healthier, productive lives, better educa-
tion and reduced child labour. Utility-scale variable renewable 
systems offer the potential to substantially reduce local air 
pollution, drastically cut greenhouse gas emissions, and pro-

vide reliable energy at low cost. Application of the appropriate 
mix of these heterogeneous energy systems offers develo-
ping countries another opportunity for leapfrogging. Much as 
cell phones and wireless communications have transformed 
communications in developing countries, distributed, afforda-
ble, and clean energy systems offer a compelling opportunity 
to leapfrog traditional energy paradigms.49

Achieving a sustainable energy system will require trans-
formative change in the underlying drivers that determine 
investment decisions and behaviour. The technological 
changes discussed above will only be implemented if the un-
derlying drivers of day-to-day decisions are changed. This can 
involve policies like carbon pricing and legislation, but also 
social and behaviour change, for instance in terms of mobility 
patterns. Governments must develop laws and policies that 
enable greater public and private investments in generation 
and distribution, while also encouraging more responsible 
energy consumption. Government policy and incentives can 
speed the phase-out of fossil fuels in power generation and 
transportation, including by supporting the development of 
renewable energy storage and electric vehicles. Large-sca-
le renewable energy installations on land, watercourses and 
in the ocean require careful planning to avoid or minimize 
adverse effects.
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People‘s health and well-being are strongly influenced by envi-
ronmental factors. This section identifies actions that can be 
taken to reverse environmental declines that threaten human 
health. It also examines the role of environmental factors 
and natural resources in promoting peaceful societies before 
addressing how making cities more sustainable can promote 
human well-being.

8.1 Reversing environmental decline reduces threats 
to human health and well-being 

The ensemble of environmental issues that threaten 
human health and exacerbate inequalities within and bet-
ween countries must be addressed. Policies and technolo-
gies are needed to limit the impacts on human health from 
climate change (e.g. vector- and water-borne diseases, heat 
stress mortality, extreme weather events, less nutritious 
foods), air pollution (e.g. cardio-vascular and respiratory 
diseases), loss of biodiversity and illegal wildlife trade (e.g. 
zoonotic and vector-borne diseases), water pollution (e.g. 
diarrhoea and cholera), and exposure to chemicals (e.g. poi-
soning from mercury, lead and pesticides). The policies and 
technologies required are addressed in more detail below. 

Substantial improvements in global human health and 
well-being (SDG 3) can be achieved through transfor-
mative changes. They include a shift to sustainable land 
management and environmental stewardship. A trans-
formation of energy and transport systems to create a 
low-carbon economy promises large benefits for human 
health, including through reduced pollution (SDG 7). Trans-
formative changes focus action on high-level determinants 
of the health of people and the environment as well as the 
drivers of environmental change. A shift to sustainable 
land management is essential to safeguard human health 
and nutrition as well as livelihoods and other components 
of well-being. Reduced environmental impacts, which 
can be achieved through innovative technology, policy or 
institutional and cultural changes, are required to maintain 
the valuable ecosystem services upon which human lives 

8 
Keeping the planet healthy is key  

to providing health and well-being for all

depend (SDG 12).1,2 Eliminating the use of fossil fuels can 
significantly reduce outdoor air pollution, which is projected 
to contribute annually to 4.5 million premature deaths by 
2040 and 7 million premature deaths by 2050,3 while also 
reducing the adverse health impacts from human-induced 
climate change (SDG 13). Access to clean and modern 
energy can reduce mortality and morbidity among the ab-
out 3.8 billion people who still rely on solid fuels for heating 
and cooking (see Section 7.3).

New forms of governance and cooperation that are 
inclusive and participatory can generate sustainable 
improvements in the health of people and nature. Impro-
ved coordination and collaboration between governments, 
individuals, civil society, the private sector and scientists can 
break cycles of intergenerational poverty and inequality by 
emphasizing the value of investing in the well-being of peop-
le (SDGs 11, 16 and 17). Such new forms of governance and 
cooperation are needed to provide better education, health 
care, nutrition, water and sanitation, and energy access, 
which are all critical to maintaining healthy individuals.4 An 
example is cooperation between herders, health officials, 
human and veterinary doctors, ecologists and anthropolo-
gists in the management of zoonotic diseases.5 Addressing 
inequalities and poverty can also help to achieve long-term 
environmental sustainability with benefits for health.6

Preventing environmental degradation saves lives. En-
vironmental stewardship is key to a preventative approach 
to health care, which is in turn key for long-term health out-
comes. A preventative approach can be achieved through 
intersectoral approaches, local community-based interven-
tions, judicious legal and policy frameworks, rapid detection 
programmes, adequate financial resource allocation and 
ready-to-use rapid-response intervention plans. Large-sca-
le approaches based on multidisciplinary efforts, such as 
One Health, encompass the opportunities and challenges 
pertaining to the interconnections of the human-animal-
environment interface.7 The primary aim is optimal health 
outcomes for all three sectors: human health, animal health 
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and environment health. Through the surveillance of “hot-
spots” for emerging diseases by considering behaviours, 
practices, and biological and ecological factors, successful 
detection, management and control of emerging infectious 
diseases, such as zoonoses, is possible. This must happen 
at a local level for best results.8 By protecting the environ-
ment and increasing understanding of risks of emerging 
infectious diseases, countries will be better equipped to 
prevent, prepare for, and respond to (the threat of) an out-
break (see Box 8.1).9 

Box 8.1 Avoiding pandemics and the transition to a 
sustainable world 

The COVID-19 pandemic, which was still unfolding at the 
time of the completion of this report, illustrates why the 
transformation to a sustainable future needs to be acce-
lerated. Science plays a pivotal role in informing policies 
that can drive this transformation, and a key area that 
needs to be better understood is the interaction between 
society and nature. 

The emergence of new infectious diseases in humans, 
animals and plants can be exacerbated by human activi-
ties. Activities that contribute to ecological degradation 
can increase the risk of zoonotic-origin disease from 
wildlife through increased human contact with patho-
gens and changes in pathogen ecology. These activities 
include climate change, land-use change and fragmenta-
tion, agricultural intensification, deforestation, and legal 
and illegal commercial wildlife trade. In particular, the 
creation of new habitat edges at the interfaces between 
humans and wildlife increases the risk of pathogens 
spilling over from their wildlife hosts into human popula-
tions and their livestock.10 

The risk of zoonotic-origin epidemics and pandemics 
can be reduced by managing such human activities and 
by applying a holistic One Health approach.11,12,13 

A One Health approach recognizes how human, animal, 
plant and environmental health are intrinsically con-
nected and profoundly influenced by human activities. 
COVID-19 has delivered a shock to humanity that could 
spark a paradigm shift towards a healthier and more 
sustainable future. Governments around the world are 
investing trillions of US dollars to catalyse economic 
recovery. This is an opportunity to build back better by 
ensuring that the social and economic measures put 
in place by countries to emerge from the crisis aim at 
moving away from unsustainable practices and accele-

rating the transformation towards the implementation of 
all the SDGs.

SDG 17 calls for “Partnerships for the Goals,” to ensu-
re that all SDGs are implemented with science-based 
decision-making, sound governance and a sense of 
responsibility of individuals. To achieve transformation, 
society must overcome sectoral silos, entrenched power, 
and economic interests, eliminate harmful drivers and 
perverse incentives, while promoting resilience and 
adaptation. There is a need for cooperative, multilateral 
and engaged democratic action at all levels of society, 
in every country, and at the international level. As part 
of this effort, promoting and operationalizing the One 
Health approach is paramount to secure human health 
in this changed world, including by preventing and 
improving the response to future pandemics. COVID-19 
has shown the exorbitant cost of inaction and provides 
a critical learning opportunity. Transformative change 
towards preventing pandemics needs to occur now. 
Preparedness, including via policies for reducing risks of 
disease emergence such as from land use and wildlife 
trade, closing of critical knowledge gaps, and engaging 
all sectors of society, is essential.14

8.2 Promoting peaceful societies is key to reducing 
environmental degradation 

Conflicts represent a major impediment to the transformation 
to sustainability. Conflicts can destabilize social systems with 
adverse environmental impacts, which in turn may cause or 
affect other conflicts. Those conflicts undermine governance, 
in turn generating further shifts in threats to ecosystems in a 
harmful socio-ecological feedback loop. For instance, urban 
development challenges, particularly in the Global South, that 
are difficult even in peacetime, are much more complex and 
problematic in conflict or post-conflict settings.15,16 

Resolving conflict over natural resources requires un-
derstanding of the values of local stakeholders. At the 
local and regional levels, when there are conflicts over 
natural resources, it is important to adopt approaches and 
methods to understand the underlying values of different 
stakeholders and the social-cultural contexts in which they 
operate. To understand conflicting values, it is important 
to work in local contexts because cultural, ecological, 
economic and social values are intertwined, and priorities 
may vary greatly in different geographical regions. This 
puts emphasis on cultural significance rather than cultural 
values and emphasizes how people establish significant 
meaning around components of nature.17

128

8 Keeping the planet healthy is key to providing health and well-being for all

156



Pathways of pathogens

Increases in wildlife value trade 
chain and markets leads to:
• Increased wildlife use, 
 butchering, consumption and 
 trade
• Increased pathogen contact
• Regional and global spread 
 through human travel and 
 transportation of, wildlife, 
 livestock and products
• Increased exotic pet trade

Increasing wildlife – human – 
livestock interfaces lead to 
increased:
• Contact rates
• Opportunities for novel 
 pathogen evolution
• Wildlife displacement
• Human contact with pathogens 
 (such as through trapping, 
 wood collection and other uses)
• Risks of spreading pathogens 
 rapidly over long distances 
 through transport 
 infrastructures

Habitat destruction and encroach
ment leads to changes in:
• Reservoir host diversity,
 distribution and density
• Prevalence and severity of 
 infection in reservoir hosts
• Pathogen shedding rate
• Vector distribution diversity, 
 survival and biting rates

BIOSPHERE INTERFACE URBAN AREAS

8.1. Pathogen spillover events

Stakeholder involvement is central to lessening conflicts 
over climate change adaptation. Stakeholder involvement 
in decision-making, including community-based approa-
ches, can reduce the risk of conflict over how to adapt to 
the impact of climate change. For instance, stakeholder 
involvement reduces informational  and normative uncer-
tainty; helps to build consensus on criteria for monitoring 
and evaluation; can empower stakeholders to influence 

adaptation and take appropriate actions themselves by 
sharing knowledge and responsibility in participatory 
processes; can reduce conflicts and identify synergies 
between adaptation activities of various stakeholders, thus 
improving overall chances of success; and can improve the 
likely fairness, social justice, and legitimacy of adaptation 
decisions and actions by addressing the concerns of all 
relevant stakeholders.18,19  

Figure 8.1: Possible pathogen spillover events in the wildlife – human – livestock interfaces.
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Participatory approaches to spatial planning can lessen 
conflicts over resources. At the regional level, participatory 
approaches to spatial planning and zoning, including land-use 
planning, water use planning, ecosystem modelling, marine 
spatial planning, integrated coastal zone management, and 
integrated watershed management can lessen the con-
flicts between economic actors competing for resources.20 
Measures to prevent and reduce conflict include supporting 
co-management regimes for collaborative water manage-
ment, fostering equity between water users (while maintai-
ning minimum flows for aquatic ecosystems) and promoting 
transparency and access to information.21 

Multilateral agreements addressing transboundary issues 
are key to protecting the global commons. At the internatio-
nal level, multilateral agreements addressing transboundary 
issues are key to the protection of the global commons, and 
adaptive governance involving a wide range of institutions 
and stakeholders can help ensure their sustainable manage-
ment. Building upon and enhancing existing international 
agreements can further strengthen the protection of global 
commons and help establish partnerships for solving con-
flicts and for the sustainable management of commons.22 

8.3 Making cities and communities sustainable is 
critical

Rapid urbanization makes the design of environmentally and 
socially sustainable cities critical. The share of people living 
in urban areas is projected to increase from 54 per cent in 
2015 to 78 per cent in 2050. Around 90 per cent of population 
growth in cities is projected to take place in low-income count-
ries, mainly in small and medium-sized cities in Sub-Saharan 
Africa and South Asia (see Section 2.3.1). The expansion of 
the world’s urban areas in the next two to three decades poses 
challenges and represents opportunities to plan and design 
sustainable cities.23,24,25 In rapidly growing and urbanizing 
regions, climate mitigation strategies based on urban design, 
spatial planning and efficient infrastructure can avoid the lock-
in of high emission patterns.26,27 In industrialized countries with 
cities characterized by urban sprawl, it is crucial to promote 
more intensive and smarter use of space and regeneration 
of city centres.28 Urban systems transitions require deep and 
far-reaching solutions, significant upscaling of investments29 
and institutional capacity development.30 Integrated city-spe-
cific and landscape-level planning, nature-based solutions and 
responsible production and consumption are key solutions.31 

There are many actions and pathways available for building 
sustainable cities. Numerous approaches and technologies 
that address critical human needs while conserving and res-

toring nature and ecosystem services have been developed. 
These include: engaging in sustainable urban planning; en-
couraging densification for compact communities, especially 
in sprawling cities; regional planning to mainstream biodiver-
sity, nature and ecological restoration; promoting sustaina-
ble production and consumption; promoting nature-based 
solutions; promoting, developing, safeguarding or retrofitting 
with soft infrastructure for water management while impro-
ving hard infrastructure to address biodiversity outcomes;32,33 
promoting ecosystem-based adaptation within communities; 
maintaining and designing for ecological connectivity within 
urban spaces; increasing urban green spaces and improving 
access to them; increasing access to urban services for 
low-income communities; and promoting urban agriculture to 
increase local food supply.34,35    

Effective governance, policy alignment, strong capacities 
and financing are key for urban climate adaptation.  
Effective multilevel governance, the alignment of policies and 
incentives, strengthened local government and community 
adaptation capacity, synergies with the private sector and 
appropriate financing and institutional development are vital 
to cities’ ability to adapt to climate change. Enhancing the ca-
pacity of low-income groups and vulnerable communities and 
their partnerships with local governments can be an effective 
urban climate adaptation strategy. Examples of adaptation 
mechanisms include large-scale public-private risk reduction 
initiatives, economic diversification and government insuran-
ce for the non-diversifiable portion of risk. In some locations, 
especially at the upper end of projected climate changes, 
responses could also require transformative changes such as 
managed retreat.36,37 

Stakeholder engagement, participatory and integrative 
planning, alternative business models and incentives for 
urban conservation are key to creating sustainable cities 
and communities. Key means for implementing sustainable 
cities and communities include stakeholder engagement 
and participatory and integrative planning, which can enable 
rapid, systemic transitions and resilience in communities.38,39 

Encouraging alternative business models and incentives for 
urban conservation are also important.40 Sustainable solu-
tions at urban and city scale are most effective when aligned 
with wider economic and sustainable development, and when 
local and regional governments and decision makers are 
supported by national governments and effective multilevel 
governance.41,42 Shifts toward sustainability in urban areas are 
expected to be most effective when policy instruments are 
bundled; successful strategies involve packages of mutually 
reinforcing policies.43,44
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All actors have a role to play in the transformations nee-
ded to achieve a sustainable world. This section identifies 
the actions that different actors can take, individually and 
collectively.

At the heart of the transformative changes needed for 
a sustainable future are informed, fair and participatory 
governance systems, where all relevant stakeholders 
have a voice. Polycentric systems of governance allow for 
information flow as well as collaborative planning, parti-
cipation and coordination. Because governance systems 
are not merely the product of governments but rather of 
all societal actors, realizing governance systems suited for 
sustainability will require coordination amongst many diffe-
rent actors, including those who frequently don’t cooperate. 
This will mean a move towards a new norm of transcen-
ding boundaries of responsibility and authority (between 
individuals as well as between and within organizations, 
agencies and sectors) in pursuit of the common objective 
of transformative change for vibrant, sustainable futures.1,2 
The post COVID-19 era may provide an opportunity for 
stimulating such collaboration.

All actors have individual, complementary and nested 
roles to play in bringing about cross-sectoral and econo-
my-wide transformative change with immediate and long-
term impact (table 9.1). Governments initiate and lead in 
intergovernmental cooperation, policies and legislation that 
transform society and the economy. Such transformations 
enable the private sector, financial institutions, non-govern-
mental organizations, scientific and educational institutions 
and media, as well as individuals, households and civil 
society groups, to initiate and lead transformations in their 
domains. Table 9.1 lists potential actions sector by sector 
for a range of actors that can bring about transformati-
ve change toward sustainability. This structure has been 
chosen so that each actor can see the actions they should 
take, recognizing that actions within one sector can have 
synergistic effects on other sectors, and that some actions 
are relevant to more than one sector. 

9 
All actors have a part to play in transforming  

humankind‘s relationship with nature

Knowledge-based cooperation that harnesses human, 
societal and technological ingenuity will unveil new possi-
bilities and opportunities in the transformation to a sus-
tainable future. Multiple actors will need to cooperate within 
each transformation, for example in further developing the 
framework for using inclusive wealth in decision-making, or 
in developing policies and strategies to integrate biodiversity 
conservation and restoration into the many uses of terrestri-
al, freshwater and marine ecosystems (see Sections 6 and 
7). There are also a number of actions that are not specific 
to a single sector, so that many of the actors (in particular 
governments and the private sector) need to consider them, 
in addition to the sector-specific actions listed in table 9.1 for 
each actor. These general actions include: transforming de-
cision-making to be pre-emptive, inclusive, integrated, robust 
to uncertainty and executable; and eliminating the negative 
environmental effects of production, resource extraction, 
construction and other activities by transforming supply 
chains and development processes (see Sections 5, 6 and 7). 
The media and social networks play a critical role in informing 
the public about the interconnected nature of pressing issues 
and the role that environmental degradation plays in exacer-
bating societal issues, thus stimulating public awareness and 
political support for meaningful solutions. The media can 
also hold governments and businesses to account, compa-
ring promises with actions taken. Social networks can be 
designed and managed to showcase reasonable dissent and 
prosocial norms and expose false claims. Cooperation and in-
novation on this scale by all actors can generate new possibi-
lities and opportunities for social and economic development 
in the transformation to a sustainable future.
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Table ES.1 Actors and actions to transform humankind‘s relationship with nature

 Actors Examples of key actions to be taken

Governments –  
legislature, judicial  
and executive 
branches at national, 
subnational and 
local level

1.    Address Earth’s environmental emergencies and human well-being together 
a) Synergies Establish mechanisms and approaches for cross-sectoral coordination 

of assessments, policies, legislation, enforcement and financing, including through 
integrated approaches such as a One Health policy for human and animal health and 
the environment.

b) Climate change Adopt plans and goals consistent with the Paris Agreement for 
transitioning to net-zero carbon dioxide emissions by 2050, cutting emissions by 45 per 
cent by 2030 compared with 2010. Put a price on carbon, phase out fossil fuel finance and 
end fossil fuel subsidies, stop building new coal power plants and advance adaptation and 
resilience to climate change.

c) Biodiversity loss and ecosystem degradation Develop policies and strategies to integrate 
biodiversity conservation and restoration into the many uses of terrestrial, freshwater 
and marine ecosystems, as well as expanding and improving protected areas. Drastically 
reduce deforestation and systematically restore forests and other ecosystems as the 
single largest nature-based opportunity for climate mitigation. 

d) Health and well-being Recognize a healthy environment as a basic human right and provide 
health and well-being for all. Comply with obligations under the chemicals conventions. 
Implement and enforce chemicals and waste policies, adopt reuse and recycling standards 
and develop strategies to meet WHO guidelines for air pollutants. Invest in community-
based family planning and assist women to access financing and education. 

e) Cities and settlements Design and develop socially and environmentally sustainable cities 
and settlements by embracing nature-based solutions, promoting enhanced access to 
services such as clean water and energy and public transport, and making infrastructure 
and buildings sustainable.

2.    Transform economic and financial systems so they lead and power the shift  
toward sustainability

a) Accounting for nature Reform national economic, financial, planning and tax systems 
to include natural capital (using inclusive wealth as a measure of sustainable economic 
performance) and environmental costs (by internalizing externalities) in decision-making. 
Integrate the goals of carbon neutrality, land degradation neutrality and conservation of 
biodiversity into all economic and fiscal policies and decisions.

b)  Subsidies and markets Reform subsidies to eliminate harmful environmental and social 
effects including by ending fossil fuel subsidies. Establish carbon taxes, carbon pricing, 
markets for carbon trading, and schemes for offsetting of nature and payments for ecosystem 
services. Regulate to establish a level playing field in national and international markets. 

c)  Investments Invest in economic activities, research and development – nationally and 
through international development assistance and transfer of technology – that enhance 
the stock of natural assets and advance the shift towards sustainability and a low-carbon 
economy. Provide funding for developing countries to meet their obligations under the 
multilateral environmental agreements and SDGs.
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Governments –  
legislature, judicial  
and executive 
branches at national, 
subnational and local 
level 
(continued)

3.    Transform food, water and energy systems to meet growing human needs in an  
equitable, resilient and environmentally friendly manner

a)  Access Develop and implement policies to provide sustainable access to affordable and 
nutritious food, clean energy and safe water for all.

b) Food and water Integrate sustainable production and management of food and water 
within terrestrial, freshwater and marine ecosystems. Make agriculture, forestry, fisheries, 
aquaculture and resource extraction biodiversity-positive. Promote sustainable agricultural 
intensification, agroecological practices and conservation of genetic resources. Stop 
overfishing. Promote healthy diets and reductions in food and water waste. Restrict 
groundwater extraction and advance appropriate water pricing and the use of agricultural, 
forestry and fisheries certification standards.

c)  Energy Develop energy efficiency regulations, renewable energy targets, sustainable 
bioenergy strategies and infrastructure for electric vehicles.

Intergovernmental  
organizations

1.    Address Earth’s environmental emergencies and human well-being together 
a) Synergies Facilitate international cooperation in science-policy interfaces and advance 

UN system-wide efforts including by promoting synergies among scientific assessments 
and multilateral environmental agreements through norms, implementation, financing, 
capacity-building and technological cooperation.

b) Climate change Build a global coalition for carbon neutrality consistent with the Paris 
Agreement for transitioning to net-zero carbon dioxide emissions by 2050 and cutting 
emissions by 45 per cent by 2030 compared with 2010. Advance adaptation, especially in 
least developed countries.

c) Biodiversity loss and ecosystem degradation Advance international cooperation on 
addressing the biodiversity emergency, including through relevant multilateral environmental 
agreements. Promote ambitious post-2020 targets and actions for biodiversity and land 
neutrality. Support the UN Decade on Ecosystem Restoration focused on preventing, 
halting and reversing the degradation of forests, land and other ecosystems worldwide. 
Make own international activities and operations sustainable.

d) Health and well-being Facilitate international cooperation on protecting the health of the 
planet in order to provide health and well-being for all. Advance a One Health approach and 
strategies to meet WHO guidelines for air pollutants. Continue to promote the coordination and 
implementation of existing chemicals conventions and strengthen the science-policy interface 
for chemicals and waste. Implement monitoring and surveillance and early warning systems.

e)  Cities and settlements Promote sustainable urban planning, nature-based solutions for 
climate and biodiversity in urban areas, retrofitting of blue and green infrastructure, and 
access to urban services including clean energy and water.

2.    Transform economic and financial systems so they lead and power the shift  
toward sustainability

a)  Accounting for nature Facilitate international cooperation on frameworks for natural 
capital accounting, reform of measures and models of economic growth including through 
the use of natural capital and inclusive wealth in decision-making, and reform of trade 
systems to make them more fair and environmentally sustainable. 
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Intergovernmental  
organizations 
(continued)

b)  Subsidies and markets Promote a circular economy, elimination of environmentally 
damaging fossil fuel and agricultural subsidies, harmonization of environmental taxes 
such as carbon taxes, cooperation on carbon trading, schemes for offsetting nature and 
payments for ecosystem services. Support private sector initiatives to create sustainable 
global supply chains.

c)  Investments Facilitate cooperation on international development assistance, capacity-
building and transfer of technology that help enhance the stock of natural assets in recipient 
countries and advance their shift towards sustainability and a low-carbon economy. 

3.    Transform food, water and energy systems to meet growing human needs in an  
equitable, resilient and environmentally friendly manner

a)  Access Facilitate international research and cooperation on improving access to affordable 
and nutritious food, clean energy and safe water for all. 

b) Food and water Promote and facilitate sustainable policies, technologies and management 
within agriculture-fisheries-forestry-water-energy systems, including through sustainable 
fisheries, agricultural intensification, agroecological practices and multifunctional 
landscapes. Advance the use of agricultural, forestry, aquaculture and fisheries 
certification standards and labelling. Encourage healthy diets, and reductions in food and 
water waste. Support cooperation on water management including through freshwater 
treaties and assist the development of agreements for the protection of genetic resources  
for agriculture and the fair and equitable sharing of benefits arising from their use.

c) Energy Support the transition to a low-carbon economy, both in the production and  
use of energy. 
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Financial  
organizations 

1.    Address Earth’s environmental emergencies and human well-being together
a) Synergies Finance international and cross-sectoral cooperation, capacity-building and 

technological cooperation that address environmental challenges and human well-being. 
Disclose climate-related financial risk, and the use of natural resources and the impact of these 
activities on the environment. Align operations with the net-zero carbon emissions objective 
and sustainability principles.

b) Climate change Multilateral, regional and national development institutions as well as private 
banks should commit to align their lending to the global net-zero carbon emissions objective. 
Asset owners and managers should decarbonize their portfolios and join initiatives including 
the Global Investors for Sustainable Development Alliance and the Net-Zero Asset Owners 
Alliance. Multilateral and national development banks should commit to increase the share 
of adaptation and resilience finance to at least 50 per cent of their climate finance to support 
activities such as early warning systems, and climate-resilient infrastructure and agriculture. 

c) Biodiversity loss and ecosystem degradation Develop and promote innovative financing 
mechanisms for the conservation and restoration of biodiversity, including through payments 
for ecosystem services. Support the expansion and better management of protected areas 
and other effective area-based conservation measures and activities aligned with the UN 
Decade on Ecosystem Restoration.

d) Health and well-being Support One Health and disease prevention initiatives and strategies 
to meet WHO guidelines for air pollutants. Support health research, especially in developing 
countries. Provide financing for improved waste management.   

e) Cities and settlements Develop and promote innovative financing for sustainable infrastructure. 
Support sustainable urban planning and investments in low-carbon infrastructure, including 
mass transportation, congestion charges, nature-based solutions and green and blue spaces. 

2.    Transform economic and financial systems so they lead and power the shift toward 
sustainability

a) Accounting for nature Promote and use natural capital accounting and inclusive wealth in 
decision-making, including lending and grant-making policies. Promote the internalization of 
externalities in prices and a circular economy.

b) Subsidies and markets Promote the elimination of environmentally harmful subsidies. Facilitate 
carbon trading, schemes for offsetting nature and payments for ecosystem services. Develop 
environmental and social risk registers for all financial transactions.

c) Investments Facilitate a major shift away from investments in environmentally unsustainable 
activities and toward economic activities that enhance the stock of natural assets. Fund the 
transition to a circular, green and low-carbon economy. Funding should flow to resilience, 
adaptation and just transition programmes. Fund research and development nationally and 
through international development assistance. 

3.    Transform food, water and energy systems to meet growing human needs in an  
equitable, resilient and environmentally friendly manner

a)  Access Fund programmes that improve access to affordable and nutritious food, clean energy 
and safe water for all. 

b)  Food and water Finance sustainable intensification and ecological intensification of agriculture, 
and sustainable fisheries, and stop supporting unsustainable activities such as deforestation. 
Advance the use of agricultural, forestry, aquaculture and fisheries certification standards and 
labelling and encourage healthy diets, and reductions in food, water and energy waste. Support 
the development and use of certification standards for agriculture, fishing, aquaculture, forestry 
and water use.

c)  Energy Finance low-carbon energy production and use, and stop supporting unsustainable 
activities, such as fossil fuel energy.
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Private sector 1.    Address Earth’s environmental emergencies and human well-being together
a) Synergies Help develop and comply with strong environmental legislation that levels the 

playing field so that firms cannot gain competitive advantage by externalizing costs that 
are then borne by society. Implement certified and traceable sustainable practices along 
the complete supply chain. Disclose climate-related financial risk, use of natural resources 
and the impact of activities on the environment. Practise corporate social responsibility. 

b)  Climate change Adjust business models and align them with the global net-zero carbon 
emissions objective and sustainability practices in all sectors, including in shipping and 
aviation. Investors should demand information from companies on the resilience of those 
models. 

c)  Biodiversity loss and ecosystem degradation Develop and promote innovative public-
private partnerships for financing and engaging in the conservation and restoration of 
biodiversity, including through the use of payments for ecosystem services. Implement 
sustainable land management practices for agriculture and forestry. Engage in 
transformative landscape governance networks. Develop sustainable global supply chains 
for deforestation-free agricultural commodities.

d) Health and well-being Comply with environmental standards to protect human health. 
Move industries to a sustainable and circular business model by reducing waste and 
resource use and encouraging sharing, reuse and recycling. Promote and support plastic 
free/environmentally friendly packaging. Conduct transparent risk assessments of the 
impact of chemicals on the environment and human health. Increase the use of green 
chemistry, invest in waste recycling and set high standards for waste disposal. 

e)  Cities and settlements Engage with and support government in sustainable urban 
planning, public transport, energy-efficient buildings and partnerships to enhance access 
to urban services. 

2.    Transform economic and financial systems so they lead and power the shift toward 
sustainability

a) Accounting for nature Use natural capital in decision-making and develop environmental 
and social risk registers for all projects and investments. 

b) Subsidies and markets Engage in carbon trading, schemes for offsetting nature, and 
payments for ecosystem services. Promote behaviour change in customers. Further 
develop and implement social and environmental standards for corporate operations.

c) Investments Shift investments and operations away from unsustainable industries, such 
as fossil fuels. Invest in innovation, environmentally sound technologies and move towards 
a circular economy.

3.    Transform food, water and energy systems to meet growing human needs in an  
equitable, resilient and environmentally friendly manner

a) Access Develop and invest in systems to produce, store and distribute affordable and 
clean power and water and healthy food to all. 

b) Food and water Provide modern food storage and distribution services that minimize 
waste. Promote the development and use of food certification standards and product 
labelling. Invest in sustainable intensification in agriculture, fisheries and aquaculture. 
Develop climate-resilient crops and livestock breeds as well as alternatives to harmful 
agricultural inputs, including to fertilizers and pesticides.

c) Energy Develop, invest in and use low-carbon energy technologies and distribution 
networks.
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Non-governmental 
organizations

1.    Address Earth’s environmental emergencies and human well-being together
a) Synergies Support education, promote youth movements and engage communities 

in citizen science. Participate in community-led initiatives to promote sustainable 
consumption and production. Help hold societal actors accountable for their environmental 
promises, commitments and responsibilities. Support the training of the next generation 
of leaders.

b) Climate change Promote and align activities and operations with the net-zero carbon 
emissions objective. Implement mitigation, adaptation and resilience programmes and 
projects, including through nature-based solutions.

c)  Biodiversity loss and ecosystem degradation Support and implement efforts for 
the conservation, restoration and sustainable use of biodiversity. Develop local-
regional-national conservation programmes. Participate in community-led initiatives to 
conserve nature. Engage in transformative landscape governance networks. Support 
the development and management of protected areas and other effective area-based 
conservation measures.

d)  Health and well-being Raise awareness on chemical safety and take a greater role 
in the SAICM chemicals management processes. Work with communities and local 
municipalities for the safe disposal of waste.

e) Cities and settlements Campaign for and support sustainable urban planning and 
improved access to urban services and community initiatives, especially for the urban 
poor.

2.   Transform economic and financial systems so they lead and power the shift toward 
sustainability

a) Accounting for nature Promote the use of natural capital accounting, and initiatives for the 
transformation to a sustainable and circular economy. 

b) Subsidies and markets Engage in carbon trading, schemes for offsetting of nature 
and payment for ecosystem services Promote behavioural change in consumption and 
production, including among their own members and wider society.

c) Investments Advocate for policies and regulations that promote investment in sustainable 
development.

3.    Transform food, water and energy systems to meet growing human needs in an  
equitable, resilient and environmentally friendly manner

a) Access Advocate for and implement programmes and projects for improved access to 
affordable and nutritious food, clean energy and safe water for all. 

b) Food and water Develop and implement initiatives for the ecological intensification and 
sustainable use of multifunctional landscapes. Promote dietary transitions and reductions 
in food, water and energy waste. Assist in improving certification standards. 

c) Energy Participate in community-led initiatives to shift toward cleaner fuels, increase 
energy-efficiency, conserve energy and develop sustainable bioenergy strategies.
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Individuals,  
households,  
civil society and  
youth groups, and  
indigenous peoples 
and local communities

1.    Address Earth’s environmental emergencies and human well-being together
a) Synergies Foster social norms and behaviours that embody sustainability principles 

by exercising voting and civic rights and holding governments and the private sector 
accountable for their actions. Review and comment on local and national policies. Engage 
in initiatives that promote sustainable consumption. Engage in education and citizen-
science initiatives. 

b)  Climate change Make climate-friendly everyday choices on travel and consumption that 
contribute to the net-zero carbon emissions objective. Engage in local adaptation and 
resilience initiatives, including through nature-based solutions.

c)  Biodiversity loss and ecosystem degradation Engage in local and national conservation 
and restoration efforts, transformative landscape governance networks and awareness 
campaigns to influence consumer behaviour. 

d) Health and well-being Understand and promote the links between environment and 
human health. Participate in community-led clean-ups of waste in public spaces. Ensure 
materials are recycled and waste is properly disposed of. 

e) Cities and settlements Engage in participatory processes to advance sustainable urban 
planning and initiatives to increase access to urban services, and promote nature-based 
solutions and green and blue infrastructure.

2.   Transform economic and financial systems so they lead and power the shift toward 
sustainability

a) Accounting for nature Foster economic and financial transformations by supporting 
initiatives to include environmental costs in the prices of goods and services.

b) Subsidies and markets Engage in carbon trading, schemes for offsetting nature, and 
payments for ecosystem services. Support fair trade and companies with sustainable 
production models that provide services and products that foster societal well-being. 

c) Investments Support shifts in investment towards those needed to achieve the SDGs, and 
away from unsustainable industries, such as fossil fuels. 

3.    Transform food, water and energy systems to meet growing human needs in an  
equitable, resilient and environmentally friendly manner

a) Access Support and engage in local production and distribution systems for healthy food, 
safe water and clean energy.

b) Food and water Consider what constitutes a healthy diet and also reduces environmental 
damage. Adopt sustainable practices in community-based and small-scale food 
production. Purchase sustainably produced food and reduce waste. Reduce wasting 
water, and collect rainwater and use grey water. 

c) Energy Support community-based energy production. Reduce energy consumption and 
chose clean energy when possible.
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Scientific and  
educational  
organizations

1.    Address Earth’s environmental emergencies and human well-being together
a) Synergies Develop analytical tools, including plausible futures models, using exploratory, 

target-seeking and policy-screening scenarios that account for the complex interlinkages 
between environment and development. Further develop observational programs. Engage 
in national and international scientific assessments. Develop environmental education 
programs for all age groups. Raise public awareness through public engagements, 
editorials, social media. 

b)  Climate change Assess the impact of climate change on socio-economic sectors, nature 
and human health at all scales. Assess the efficacy and cost-effectiveness of different 
mitigation and adaptation policies and technologies. 

c) Biodiversity loss and ecosystem degradation Assess the impact of multiple drivers 
on biodiversity and ecosystem degradation, and the efficacy and cost-effectiveness of 
conservation and restoration activities, including nature-based solutions. 

d) Health and well-being Promote education, information and awareness of One Health 
approaches. Assess interactions among environmental issues and their impacts on socio-
economic sectors and human health. Assess the implications of chemicals for human 
health and the environment, and develop health surveillance and monitoring systems, and 
approaches to prevent disease outbreaks, including pandemics. Assess the mental health 
implications of green and blue infrastructure in urban environments. 

e)  Cities and settlements Support sustainable urban planning and development, including 
the use of nature-based solutions. Promote education, information and awareness on 
sustainable cities and settlements and their importance for human health.

2.   Transform economic and financial systems so they lead and power the shift toward 
sustainability

a)  Accounting for nature Further develop the framework for natural capital accounting and 
the relevant databases. Assess the costs and benefits of mitigating and adapting to climate 
change, loss of biodiversity and ecosystem degradation, land degradation, and air and 
water pollution at a range of spatial scales. Assess the implications of reforming measures 
and models of economic growth. Promote education, information and awareness on 
sustainable economic and financial systems.

b)  Subsidies and markets Assess the environmental and distributional social impacts 
of reductions in harmful subsidies, and the reallocation of these resources to support 
sustainable consumption and production.

c)  Investments Assess the environmental and social impacts of switching investments from 
unsustainable activities such as fossil fuels to sustainable activities.

3.    Transform food, water and energy systems to meet growing human needs in an  
equitable, resilient and environmentally friendly manner

a)  Access Help develop and monitor systems and networks to produce and distribute clean 
water and energy and nutritional food. Support the development of certification processes.  

b)  Food and water Promote education, information and awareness on sustainability 
within agriculture-fisheries-forestry-water-energy systems. Assess the implications of 
environmental degradation on agriculture and water resources. Develop temperature, 
drought, pest and salinity resistant crops. Assess how to reduce the environmental 
footprint of agriculture. Facilitate the conservation and sustainable use of genetic 
resources. Develop water purification and desalination technologies.

c) Energy Develop low-carbon production and use technologies, and assess how to overcome 
the barriers to market penetration of these technologies.
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Media and  
social networks

1.    Address Earth’s environmental emergencies and human well-being together
a) Synergies Inform all actors about the relationships between environment and development 

issues. Help hold societal actors accountable for their environmental promises, 
commitments and responsibilities. Support campaigns for meaningful actions to address 
environmental degradation. Counter disinformation and promote environmentally 
responsible social norms.

b) Climate change Highlight the implications of climate change for people and nature, and 
the opportunities for adaptation and mitigation.

c) Biodiversity loss and ecosystem degradation Highlight the importance of biodiversity 
for human prosperity and well-being and the options for its conservation and restoration.

d) Health and well-being Spread understanding and awareness of One Health approaches. 
Support campaigns for meaningful transformations in the health sector.

e) Cities and settlements Document the impact on people and nature of unsustainable 
systems in urban areas and support campaigns for transformations in how cities and 
settlements are planned and designed, including the supply of essential services.

2.   Transform economic and financial systems so they lead and power the shift toward 
sustainability

a) Accounting for nature Raise awareness of how current economic models and performance 
measures as well as the price of some goods and services fail to fully account for natural 
capital and environmental costs, and how this skews investment toward unsustainable 
activities. Support campaigns for meaningful transformations in economic and financial 
systems.

b) Subsidies and markets Inform the public and other actors of the adverse consequences 
of fossil fuel and agricultural subsidies that lead to environmental damage, and explore the 
impact of redirecting the financing of subsidies to sustainable activities.

c) Investments Highlight government spending and private sector investments that are 
unsustainable and those which are sustainable.

3.    Transform food, water and energy systems to meet growing human needs in an  
equitable, resilient and environmentally friendly manner

a) Access Highlight the inequitable access to safe and affordable food, clean water and 
clean energy, and ways to improve access.

b) Food and water Provide information and raise awareness of the need for more sustainable 
practices in the agriculture-fisheries-forestry-water-energy systems. Support campaigns 
for meaningful transformations in the agricultural, water and energy sectors. Provide 
information on the health and environmental effects of different diets.

c) Energy Raise awareness of the benefits from and pathways for meaningful transfor- 
mations in the energy sector.
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Annex I: 
Global environmental assessments used in this report

This report is an expert synthesis based on evidence from glo-
bal environmental assessments. The analysis rests primarily 
on key findings from a range of intergovernmental global en-
vironmental assessment reports, complemented with findings 
from assessment reports from Multilateral Environmental 
Agreements (MEAs) and UN bodies, as well as other reports 
and, to a limited degree, additional high-impact peer-reviewed 
literature and grey literature.

Intergovernmental global environmental assessments are 
developed through processes involving Member States and 
experts from around the world in the scoping, review and 
consideration of each assessment, including line-by-line 
consideration and approval of their Summaries for Policyma-
kers (SPMs). The assessment reports that provided a core 
evidence base for this report include:

The Intergovernmental Panel on Climate Change (IPCC) as-
sessment reports:I 

• Special Report, Managing the Risks of Extreme Events and 
Disaster to Advance Climate Change adaptation (2012)

• Synthesis Report, AR5 Synthesis Report: Climate Change 
2014 (2014)

• Special Report, Global Warming of 1.5°C (2018)

• Special Report, Climate Change and Land (2019) 

• Special Report, The Ocean and Cryosphere in a Changing 
Climate (2019)

I  https://www.ipcc.ch/reports/ 

• The Intergovernmental Science-Policy Platform on Biodiver-
sity and Ecosystem Services (IPBES) assessment reports:II 

• Assessment Report on Pollinators, Pollination and Food 
Production (2016) 

• Regional Assessment Report on Biodiversity and Ecosys-
tem Services for Africa (2018) 

• Regional Assessment Report on Biodiversity and Ecosys-
tem Services for the Americas (2018)

• Regional Assessment Report on Biodiversity and Ecosys-
tem Services for Asia and the Pacific (2018)

• Regional Assessment Report on Biodiversity and Ecosys-
tem Services for Europe and Central Asia (2018)

• Assessment Report on Land Degradation and Restoration 
(2018)

• Global Assessment Report on Biodiversity and Ecosystem 
Services (2019) 

The Global Environment Outlook (GEO) assessment reports:III

•  Global Environment Outlook-6 (GEO-6) (2019) 
 
 

II https://www.ipbes.net/assessing-knowledge 

III https://www.unenvironment.org/global-environment-outlook/ 
why-global-environment-outlook-matters/global 
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Assessment reports prepared under the auspices of 
Multilateral Environmental Agreements, United Nations 
System entities and others are developed through a variety 
of processes involving inputs from a range of contributors. 
Depending on the circumstances, these processes may 
include contributions by expert authors, advisors, reviewers, 
staff and Member States. The broad range of assessment 
reports referred to is presented in footnotes and in the list 
of references. Key reports include those prepared under the 
auspices of the Convention on Biological Diversity (CBD);IV 
Montreal Protocol (WMO/UNEP);V Ramsar Convention on 
Wetlands;VI United Nations Convention to Combat Desertifi-
cation (UNCCD);VII United Nations Environment Programme 
(UNEP)VIII (including the International Resource PanelIX and 
Global Chemicals OutlookX); United Nations General Assem-
bly (including its Regular Process for Global Reporting and 
Assessment of the State of the Marine Environment, including 
Socioeconomic AspectsXI); United Nations Department of 
Economic and Social Affairs (UNDESA) (including its Global 
Sustainable Development ReportXII); Food and Agriculture 
Organization of the United Nations (FAO); International Energy 
Agency (IEA); International Monetary Fund (IMF); United 
Nations Development Programme (UNDP); World Bank; World 
Health Organization (WHO) and other United Nations System 
entities, regional bodies and non-governmental organizations.

IV https://www.cbd.int/gbo/ 

V https://ozone.unep.org/science/assessment/sap 

VI https://www.global-wetland-outlook.ramsar.org/ 

VII https://www.unccd.int/actions/global-land-outlook-glo 

VIII https://www.unep.org/explore-topics/environment-under-review 

IX https://www.resourcepanel.org/ 

X https://www.unenvironment.org/explore-topics/chemicals-waste/ 
what-we-do/policy-and-governance/global-chemicals-outlook 

XI https://www.un.org/regularprocess/ 

XII https://sustainabledevelopment.un.org/globalsdreport/ 
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Glossary

Adaptation  
Adjustment in natural or human systems to a new or chan-
ging environment, including anticipatory and reactive ad-
aptation, private and public adaptation, and autonomous 
and planned adaptation.; In human systems, the process of 
adjustment to actual or expected climate and its effects in 
order to moderate harm or exploit beneficial opportunities. In 
natural systems, the process of adjustment to actual climate 
and its effects; human intervention may facilitate adjustment 
to expected climate.

Aerosol particles 
A collection of airborne solid or liquid particles suspended 
in air, with a typical size between a few nanometers to tens 
of micrometres (μm). Aerosol particles can reside in the 
atmosphere up to weeks. Aerosols may be of either natural or 
anthropogenic origin. 

Billion 
109 (1 000 000 000).

Bioenergy 
Renewable energy produced by living organisms.; Energy 
derived from any form of biomass such as recently living 
organisms or their metabolic by- products. 

Biomass 
Organic material above and below ground and in water, both 
living and dead, such as trees, crops, grasses, tree litter and 
roots. In Section 2, used as the unit to measure ratios of 
mammals on Earth in gigatons of carbon.

Bottom-up 
Accumulating from the lowest level of a hierarchy or process 
to the highest level. 

Carbon dioxide removal (CDR) 
Anthropogenic activities removing CO2 from the atmosphe-
re and durably storing it in geological, terrestrial, or ocean 
reservoirs, or in products. It includes existing and potential 
anthropogenic enhancement of biological or geochemical 
sinks and direct air capture and storage but excludes natural 
CO2 uptake not directly caused by human activities. 

Carbon sequestration 
The process of increasing the carbon content of a reservoir 
other than the atmosphere.

Carbon stock 
The quantity of carbon contained in a “pool”, meaning a 
reservoir or system which has the capacity to accumulate or 
release carbon.

Carbon tax 
A levy on the carbon content of fossil fuels. Because virtually 
all of the carbon in fossil fuels is ultimately emitted as CO2, a 
carbon tax is equivalent to an emission tax on CO2 emissions. 

Chikungunya 
Chikungunya is a viral disease transmitted to humans by 
infected mosquitoes. It causes fever and severe joint pain. 
Other symptoms include muscle pain, headache, nausea, 
fatigue and rash.

Chlorofluorocarbons (CFCs) 
A group of chemicals containing chlorine, fluorine and carbon 
atoms, highly volatile and of low toxicity, widely used in 
the past as refrigerants, solvents, propellants and foaming 
agents. Chlorofluorocarbons have both ozone depletion and 
global warming potential.
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Circular economy 
A circular economy is a systems-based approach to industrial 
processes and economic activities that enables the resources 
used to maintain their highest value for as long as possible. 
Key considerations in implementing a circular economy are 
reducing use, extending longevity, renewability, reusability, 
reparability, replaceability, upgradability of resources and 
products. 

Climate change 
The UN Framework Convention on Climate Change definition 
is “a change of climate which is attributed directly or indirectly 
to human activity that alters the composition of the global 
atmosphere and which is in addition to natural climate varia-
bility observed over comparable time periods.”

Co-benefits 
The positive effects that a policy or measure aimed at one 
objective might have on other objectives, without yet eva-
luating the net effect on overall social welfare. Co-benefits, 
also referred to as ancillary benefits, depend on, among other 
things, local circumstances and implementation practices. 

Conservation 
The protection, care, management and maintenance of eco-
systems, habitats, wildlife species and populations, within or 
outside of their natural environments, to safeguard the natural 
conditions for their long-term permanence.

Coronavirus disease 2019 (COVID-19) 
Illness caused by the ‘severe acute respiratory syndrome 
coronavirus 2’ (SARS-CoV-2), which was first identified amid 
an outbreak of respiratory illness cases in East Asia, and first 
reported to WHO on 31 December 2019. On 30 January 2020, 
WHO declared the COVID-19 outbreak a global health emer-
gency and March 2020 a global pandemic.  

Decarbonization 
The process by which countries, individuals or other entities 
aim to achieve zero fossil carbon existence. Typically refers 
to a reduction of the carbon emissions associated with 
electricity, industry and transport.

Dengue 
An infectious diseases caused by any one of four related viru-
ses transmitted by mosquitoes. The dengue virus is a leading 
cause of illness and death in the tropic and subtropics. As 
many as 400 million people are infected yearly. 

Desertification 
Land degradation in arid, semi-arid and dry sub-humid areas 
resulting from various factors, including climatic variations 
and human activities. It involves crossing thresholds beyond 
which the underpinning ecosystem cannot restore itself but 
requires ever-greater external resources for recovery.; When 
individual land degradation processes, acting locally, combine 
to affect large areas of drylands. 

Driver 
The overarching socio-economic forces that exert pressures 
on the state of the environment.

Earth system 
A complex social-environmental system consisting of interac-
ting physical, chemical, biological and social components and 
processes. It determines the state and evolution of the planet 
and life on it and the Earth ś interacting physical, chemical 
and biological processes. The system consists of the land, 
oceans, atmosphere, frozen water bodies, poles and living 
organisms including humans and their domestic species. It 
includes the planet’s natural cycles and deep Earth processes 
(the carbon, water, nitrogen, phosphorus, sulphur and other 
cycles, and the energy balances).

Ecosystem 
A dynamic complex of plant, animal and micro-organism 
communities and their non-living environment, interacting as 
a functional unit. Ecosystems may be small and simple, like 
an isolated pond, or large and complex, like a specific tropical 
rainforest or a coral reef in tropical seas. Ecosystems are 
typically embedded in larger ecosystems. 

Ecosystem degradation 
A long-term reduction in an ecosystem’s structure, functionality, 
or capacity to provide benefits to people. 

Ecosystem function (-ality) 
The conditions and processes whereby an ecosystem 
persists, maintains its integrity, and transforms materials 
and energy. Ecosystem functions include such processes as 
decomposition, primary and secondary production, nutrient 
cycling and biogeochemistry, demography, migration and 
evolution.

Ecosystem restoration 
The return of the structure, composition and function of an 
ecosystem to some desired level, from a degraded state. The 
desired level may be its inferred original or natural state.
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Emerging infectious disease 
Infections that have recently appeared within a population or 
those whose incidence or geographic range is rapidly increa-
sing or threatens to increase in the near future. 

Emission pathway 
The trajectory of greenhouse gas emissions over time; typi-
cally used to describe scenarios of future emissions during 
the 21st century. 

Environmental/material footprint 
The effect that a person, entity of activity has on the environ-
ment. It can be measured, for example, as the quantity of 
natural resources that they use, the amount of harmful gases 
that they produce or the equivalent land area required to 
provide those resources. In Figure 2.4, material footprint at-
tributes all resources mobilized globally to the final consumer 
according to country income.

Epipelagic  
The  uppermost part of the ocean that receives enough sun-
light to allow photosynthesis, less than 200 meters.

Equity 
Fairness of rights, distribution and access. Depending on con-
text, this can refer to access to resources, services or power.

Exposure 
The presence of people; livelihoods; species or ecosystems; 
environmental functions, services, and resources; infras-
tructure or economic, social or cultural assets in places and 
settings that could be adversely affected by a given stressor. 

Feedback 
A process in a system whereby a change in one part propa-
gates through the system and ends up affecting the origina-
ting part, either by dampening the original change (negative 
feedbacks) or amplifying or reinforcing it (positive feedbacks). 
Feedbacks are responsible for system behaviors such as 
non-linearity of change, equilibrium (or lack thereof) and 
tipping points.

Food security 
Physical and economic access to food that meets people’s 
dietary needs as well as their food preferences.

Food system 
A set of activities and actors ranging from the production 
to the consumption of food, including agriculture, food 
transformation, storage, distribution and waste disposal. It 
encompasses food security and its components – availability, 

access and utilization – and including the social and environ-
mental outcomes of these activities. 

Fossil fuel 
Coal, natural gas and petroleum products (such as oil) for-
med from the decayed bodies of animals and plants that died 
millions of years ago.

Gender 
Gender refers to the roles, behaviors, activities and attributes 
that a given society at a given time considers appropriate 
for men and women. In addition to the social attributes and 
opportunities associated with being male and female and the 
relationships between women and men and girls and boys, 
gender also refers to the relations between women and those 
between men. These attributes, opportunities and relation-
ships are socially constructed and are learned through socia-
lization processes. They are context and time-specific and 
changeable. Gender determines what is expected, allowed 
and valued in a woman or a man in a given context. Gender 
is part of the broader socio-cultural context, as are other 
important criteria for socio-cultural analysis including class, 
race, poverty level, ethnic group, sexual orientation, age, etc.

Global commons 
Natural assets that are not owned by any particular person or 
entity, but are potentially used by all, such as the atmosphere, 
he high seas, outer space and the Antarctic.

Global warming 
Increase in the global mean near-surface air temperature, 
primarily caused by increasing concentrations of greenhouse 
gases in the atmosphere.

Governance 
The act, process, or power of governing for the organization 
of society/ies. For example, there is governance through the 
state, the market, or through civil society groups and local 
organizations. Governance is exercised through institutions: 
laws, property-rights systems and forms of social organization.

Gross domestic product (GDP) 
The value of all final goods and services produced in a coun-
try in one year. GDP can be measured by adding up all of an 
economy’s incomes (wages, interest, profits; and rents) or 
expenditures (consumption, investment, government purcha-
ses) and net exports (exports minus imports).

149

Making Peace with Nature: a scientific blueprint to tackle the climate, biodiversity and pollution emergencies

177



Groundwater 
Water that flows or seeps downward and saturates soil or 
rock, supplying springs and wells. The upper surface of the 
saturated zone is called the water table.

Habitat 
The natural home or environment of an animal, plant or other 
organism. It can also be used to refer terrestrial or aquatic 
areas distinguished by particular geographic, living and non-li-
ving features, entirely natural or semi-natural, in which some 
organism exists. 

Hazard 
The potential occurrence of a natural or human-induced phy-
sical event or trend or physical impact that may cause loss 
of life, injury, or other health impacts, as well as damage and 
loss to property, infrastructure, livelihoods, service provision, 
ecosystems and environmental resources. In this report, the 
term hazard usually refers to climate- related physical events 
or trends or their physical impacts. 

Human health 
Health is a state of complete physical, mental and social well-
being. It is not merely the absence of disease or infirmity. 

Human well-being 
The extent to which individuals have the ability to live the 
kinds of lives they have reason to value; the opportunities 
people have to pursue their aspirations. Basic components of 
human well-being include: security, meeting material needs, 
health and social relations.

Institutions 
Regularized patterns of interaction by which society organi-
zes itself: the rules, practices and conventions that structure 
human interaction. The term is wide and encompassing, and 
could be taken to include law, social relationships, property 
rights and tenurial systems, norms, beliefs, customs and 
codes of conduct as much as multilateral environmental 
agreements, international conventions and financing mecha-
nisms. Institutions could be formal (explicit, written, often ha-
ving the sanction of the state) or informal (unwritten, implied, 
tacit, mutually agreed and accepted). 

Invasive species 
Introduced species that have spread beyond their area of 
introduction, and which are frequently associated with nega-
tive impacts on the environment, human economy or human 
health. Rarely, it can include native species that have recently 
expanded their populations.

Land degradation neutrality 
A state whereby the amount and quality of land resources, 
necessary to support ecosystem functions and services and 
enhance food security, remains stable or increases within 
specified temporal and spatial scales and ecosystems. 

Land degradation  
A long-term loss of ecosystem function and services, caused 
by disturbances from which the system cannot recover 
unaided.

Land use 
The exploitation of land for various human purposes or 
economic activities. Examples of land use categories include 
agriculture, industrial use, transport and protected areas. At a 
given moment, a given parcel of land has only one land cover 
(see definition), but can have many land uses.

Livelihood 
The way someone gains the resources people needed 
to provide for their needs, such as  feed themselves and their 
family, obtaining clothing and a place to shelter, obtain, etc. It 
includes activities that earn the money that can be used for 
these purposes, and has cultural dimensions (”a way of life”).

Livestock 
Domesticated terrestrial mammals that are raised to provide 
a diverse array of goods and services. 

Mangrove 
A tree or shrub that grows in chiefly tropical coastal swamps 
that are flooded at high tide. Mangroves typically have nume-
rous tangled roots above ground and form dense thickets. 

Megacities 
Urban areas with more than 10 million inhabitants.

Mitigation 
In the context of climate change, a human intervention to 
reduce the sources, or enhance the sinks of greenhouse 
gases. Examples include using fossil fuels more efficiently for 
industrial processes or electricity generation, switching to so-
lar energy or wind power, improving the insulation of buildings 
and expanding forests and other ‘sinks’ to remove greater 
amounts of CO2 from the atmosphere. 

Nature-based solutions 
Actions to protect, sustainably manage, and restore natural 
or modified ecosystems, that address societal challenges 
effectively and adaptively, simultaneously providing human 
well-being and biodiversity benefits
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Natural resources 
Materials or substances such as minerals, forests, water 
and fertile land that occur in nature and can be used for 
economic gain.

Nutrients 
The approximately 20 chemical elements known to be es-
sential for the growth of living organisms, such as nitrogen, 
sulphur, phosphorus and carbon. There are small differences 
between different groups of organisms regarding which ele-
ments they need, and in what proportions.

Ocean acidification 
Changes in the chemistry of the ocean that result in a reduc-
tion of pH. It occurs when atmospheric CO2 is absorbed by 
the ocean and reacts with seawater to produce acid. Although 
CO2 gas is naturally exchanged between the atmosphere and 
the oceans, the increased amounts of CO2 gas into the atmo-
sphere as a result of human activities in modern times (e.g. 
burning fossil fuels) has results in seawater that is increasing-
ly acidic. 

One Health 
An approach to health that recognizes the interconnections 
between people, animals, plants and their shared environ-
ments. It is a collaborative, multisectoral and trans- discipli-
nary approach, working at local, regional, national and global 
level, to achieve optimal health and well-being outcomes.

Organic agriculture 
A production system that sustains the health of soils, ecosys-
tems and people. It relies on ecological processes, biodiversi-
ty and cycles adapted to local conditions, rather than the use 
of synthetic inputs.

Organizations 
Bodies of individuals with a specified common objective. 
Organizations could be, amongst others, political groups; go-
vernments; economic organizations, federations of industry; 
social organizations (non-governmental organizations (NGOs) 
and self-help groups) or religious organizations (church and 
religious trusts). It is not synonymous with institutions (see 
definition).

Ozone layer 
A region of the atmosphere situated at an altitude of 10–50 
km above the Earth’s surface (called the stratosphere) which 
contains most of the ozone in the atmospheric column, albeit 
in dilute concentrations.

Pandemic 
The worldwide spread of a disease. A pandemic occurs when 
a new highly-infective agent emerges and spreads around the 
world, since most people do not yet have immunity. 

Particulate matter (PM) 
Another name for aerosol particles. Very small (typically less 
than 10 mm diameter) solid particles or liquid droplets sus-
pended in the air; see also areosols.

Pathogen/Pathogen shedding rate 
A bacterium, virus or other microorganism that can cause 
disease. Shedding rate refers to emission of pathogens 
throughout the course of infection. 

Peatland 
A type of wetland with a very high organic carbon content (ty-
pically>20%) in the sediment. Peatlands currently cover about 
3% of the global land surface. The term refers to both the peat 
soil and the wetland habitat growing on its surface.

Permafrost 
Soil, silt and rock that remains frozen year-round for two or 
more years, occurring chiefly in polar or high altitude regions. 

Persistent organic pollutants (POPs) 
Chemical substances that persist in the environment, bioac-
cumulate through the food web, and pose a risk of causing 
adverse effects to human health and the environment.

Pollutant/ Pollution 
Any substance that causes harm when released into the 
atmosphere. The presence of minerals, chemicals or physical 
properties at levels that exceed the values deemed to define a 
boundary between good or acceptable and poor or unaccep-
table quality, which is a function of the specific pollutant.

Premature deaths 
Deaths occurring earlier due to the presence of a risk factor 
than would occur in the absence of that risk factor. Often 
these risk factors are related to the environment, particularly 
pollution.

Primary energy 
Energy embodied in natural resources (such as coal, crude oil, 
sunlight or uranium) that has not undergone any anthropoge-
nic conversion or transformation.
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Private sector 
The private sector is part of a country’s economy which con-
sists of industries and commercial companies that are not 
owned or controlled by the government. 

Projection 
The act of attempting to produce a description of the future 
subject to assumptions about certain preconditions, or the 
description itself, such as “population projections used in 
existing assessments vary between 8.5 billion and 10.0 billion 
people by 2050 and between 6.9 billion and 12.6 billion people 
by 2100 (Section 2.1).”

Protected area 
A clearly defined geographical space, recognized, dedicated 
and managed, through legal or other effective means, to 
achieve the long-term conservation of nature with associated 
ecosystem services and cultural values.

Scenario 
Scenarios are plausible descriptions of how future develop-
ments might evolve, based on a coherent and internally 
consistent set of assumptions about the key relationships 
and driving forces (box 2.1). 

Short-lived climate forcers (SLCF) 
Short-lived climate forcers refers to a set of compounds that are 
primarily composed of those with short lifetimes in the atmo-
sphere compared to well-mixed greenhouse gases, and are also 
referred to as near-term climate forcers. This set of compounds 
includes methane (CH4), which is also a well-mixed greenhouse 
gas, as well as ozone (O3) and aerosols, or their precursors, and 
some halogenated species that are not well-mixed greenhouse 
gases. These compounds do not accumulate in the atmosphe-
re at decadal to centennial time scales, and so their effect on 
climate is predominantly in the first decade after their emis-
sion, although their changes can still induce long-term climate 
effects such as sea level change. Their effect can be cooling or 
warming. A subset of exclusively warming short-lived climate 
forcers is referred to as short-lived climate pollutants. 

Source 
Any process, activity or mechanism that releases a green-
house gas, an aerosol or a precursor of a greenhouse gas or 
aerosol into the atmosphere. 

Sustainability 
A characteristic or state whereby the needs of the present 
population can be met without compromising the ability of 
future generations or populations in other locations to meet 
their needs.

Sustainable agriculture 
Sustainable Agriculture emphasizes methods and proces-
ses that improve soil productivity while minimizing harmful 
effects on the climate, soil, water, air, biodiversity and human 
health. It aims to minimize the use of inputs from nonrene-
wable sources and petroleum-based products and replace 
them with those from renewable resources; and focuses on 
local people and their needs, knowledge, skills, socio-cultural 
values and institutional structures. It aims to ensures that the 
basic nutritional requirements of current and future generati-
ons are met in both quantity and quality terms, and to provide 
long-term employment, adequate income and dignified and 
equal working and living conditions for everybody involved 
in agricultural value chains. It further sets out to reduces the 
agricultural sector’s vulnerability to risks such as adverse 
natural conditions (e.g. climate) and socioeconomic factors 
(e.g. strong price fluctuations). 

Sustainable development 
Development that meets the needs of the present generation 
without compromising the ability of future generations to 
meet their own needs.

Synergies 
These arise when two or more processes, organizations, 
substances or other agents interact in such a way that the 
outcome is greater than the sum of their individual effects 
considered independently.

System  
A system is a collection of component parts that interact with 
one another within some boundary.

Technology 
Physical artefacts or the bodies of knowledge of which they 
are an expression. Examples are water extraction structures, 
such as tube wells, renewable energy technologies and tra-
ditional knowledge. Technology and institutions are related. 
Any technology has a set of practices, rules and regulations 
surrounding its use, access, distribution and management.

Transformation 
State of being transformed, or a fundamental change in the 
technological, economic and social organization of society, 
including world views, norms, values and governance. Trans-
formation can also refer to a series of actions that explores 
opportunities to stop doing the things that pull the Earth 
System in the wrong direction and at the same time provide 
resources, capacity and an enabling environment for all that 
is consistent with the sustainable-world vision.
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Transitions 
Non-linear, systematic and fundamental changes of the com-
position and functioning of a societal system with changes in 
structures, cultures and practices.

Trillion 
1012 (1 000 000 000 000).

Uncertainty 
A cognitive state of incomplete knowledge that can result 
from a lack of information or from disagreement about what 
is known or even knowable. It may have many of sources, 
including imprecision in the data, ambiguously defined 
concepts or terminology, or uncertain projections of human 
behaviour. Uncertainty can be represented by quantitative 
measures (for example, a probability of being correct) or by 
qualitative statements (for example, reflecting the judgement 
of a team of experts). 

Urbanization 
An increase in the proportion of the population living in urban 
areas.

Vector 
In disease biology, the organism or vehicle that transmits 
the disease-causing organism from the reservoir to the host. 
Many vectors are bloodsucking insects and ticks, which in-
gest disease-producing microorganisms during a blood meal 
from an infected host (human or animal). Vectors can also be 
an animal, such as a bat, or an inanimate object. 

Vector-borne disease 
Illnesses caused by parasites, viruses and bacteria that are 
transmitted by mosquitoes, sandflies, triatomine bugs, black-
flies, ticks, tsetse flies, mites, snails and lice. 

Vulnerability 
An intrinsic feature of people at risk. It is a function of exposu-
re, sensitivity to impacts of the specific unit exposed (such as 
a watershed, island, household, village, city or country), and 
the ability or inability to cope or adapt. It is multi-dimensional, 
multi-disciplinary, multi-sectoral and dynamic. The exposure 
is to hazards such as drought, conflict or extreme price fluc-
tuations, and also to underlying socio-economic, institutional 
and environmental conditions.

Water-borne disease 
Illnesses that are transmitted through contact with, or con-
sumption of, contaminated water. 

Water quality 
The chemical, physical and biological characteristics of water, 
usually in respect to its suitability for a particular purpose.

Water scarcity 
Occurs when annual water supplies drop below 1 000 m³ 
per person, or when more than 40 percent of available 
water is used.

Water security 
The sustainable use and protection of water systems, pro-
tection against water related hazards (floods and droughts), 
sustainable development of water resources and the safegu-
arding of (access to) water functions and services for humans 
and the environment.

Water stress 
Occurs when low water supplies limit food production and 
economic development, and affect human health. An area is 
experiencing water stress when annual water supplies drop 
below 1 700 m³ per person.

Wetland 
Area of marsh, fen, peatland, bog or water, whether natural 
or artificial, permanent or temporary, with water that is static 
or flowing, fresh, brackish or salt, including areas of marine 
water to a depth that does not exceed 6 m at low tide.

Wildlife 
Wild animals collectively; the native fauna (and sometimes 
flora) of a region. 

Zika virus 
A flavivirus first identified in Uganda in 1947 in monkeys, trans-
mitted primarily by Aedes mosquitoes, biting during the day. 
Outbreaks of Zika virus disease have been reported in Africa, 
Asia and the Americas. Most infected people develop mild 
symptoms for 2–7 days, or no symptoms, but infection during 
pregnancy can cause infants to be born malformations. 

Zoonoses, Zoonotic diseases 
Diseases that can spread between animals and people, 
moving from wild and domesticated animals to humans and 
from humans to animals. The current COVID-19 pandemic is 
a zoonotic disease. 
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Acronyms list

AR Assessment Report 

CBD Convention on Biological Diversity

CFC Chlorofluorocarbons

CH4 Methane

CLRTAP Commission for Europe’s Convention on  
Long-range Transboundary Air Pollution 

CO2 Carbon Dioxide

CONABIO Comisión Nacional para el Conocimiento y Uso 
de la Biodiversidad

DTU Technical University of Denmark

EEA European Environment Agency

EEAP Environmental Effects Assessment Panel

EGR Emissions Gap Report 

ES Executive Summary 

FAA Federal Aviation Administration

FAO Food and Agriculture Organization

GA Global Assessment 

GBD Global Burden of Diseases

GBO Global Biodiversity Outlook

GCO Global Chemicals Outlook

GDP Gross domestic product

GEO Global Environment Outlook

GEP Gross Ecosystem Product 

GLO Global Land Outlook

GMST Global Mean Surface Temperature

GMST Global Mean Surface Temperature 

GRO Global Resources Outlook

GSDR Global Sustainable Development Report

Gt Gigatonne/gigaton, consistent with the source 
material

GtCO2e Gigatonnes of global annual CO2 equivalent  
emissions

HEI Health Effects Institute

HFCs Hydrochlorofluorocarbons

IEA International Energy Agency

IFAD International Fund for Agricultural Development

IIASA International Institute for Applied Systems  
Analysis

ILO International Labour Organization

IMF International Monetary Fund

IPBES Intergovernmental Science-Policy Platform on 
Biodiversity and Ecosystem Services 

IPCC Intergovernmental Panel on Climate Change

IPCC-TEAP IPCC-Technology and Economic Assessment 
Panel

IRP International Resource Panel

IUCN International Union for Conservation of Nature

KM Key Messages

LDRA Special Report on Climate Change, Desertifi-
cation, Land Degradation, Sustainable Land 
Management, Food Security, and Greenhouse 
gas fluxes in Terrestrial Ecosystems

MEA Multilateral Environmental Agreement

N2O Nitrous Oxide

NASA National Aeronautics and Space Administration

NDC National Determined Contribution
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NOAA National Oceanic and Atmospheric  
Administration

ODS Ozone-depleting Substances

OECD Organisation for Economic Co-operation and 
Development

OiE World Organisation for Animal Health

OPHI Oxford Poverty and Human Development Initia-
tive

PM Particular Matter

SAICM Strategic Approach to International Chemicals 
Management 

SDG Sustainable Development Goal

SEEA System of Environmental-Economic Accounting 

SIDS Small Island Developming States

SLCF Short-lived climate forcers 

SPM Summary for Policymakers

SR Special Report 

SR 1.5 Special Report on the impacts of global 
warming of 1.5°C above pre-industrial levels 
and related global greenhouse gas emission 
pathways, in the context of strengthening the 
global response to the threat of climate change, 
sustainable development, and efforts to  
eradicate poverty

SRCCL Special Report on Climate Change and Land

SREX Special Report on Managing the Risks of  
Extreme Events and Disasters to Advance  
Climate Adaptation

SROCC Special Report on the Ocean and Cryosphere  
in a Changing Climate. 

SSP shared Socioeconomic Pathways 

SST Sea Surface Temperature

SYR Synthesis Report

TAR  Third Assessment Report

TEAP Technology and Economy Assessment Panel 

TWI 2050 The World in 2050

UEA University of East Anglia

UN United Nations

UNCCD United Nations Convention to Combat  
Desertification

UNDESA United Nations Department of Economic  
and Social Affairs

UNDP United Nations Development Programme

UNEP United Nations Environment Programme

UNFCCC United Nations Framework Convention  
on Climate Change

UNICEF United Nations International Children‘s  
Emergency Fund

WCMC World Conservation Monitoring Centre

WFP World Food Programme

WG Working Group

WHO World Health Organization 

WMO World Meteorological Organization

WRI World Resources Institute

WWF World Wildlife Fund
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Since 2016, the following United Nations agencies have significantly 
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WMO also recognizes the substantial contributions that many 
non-United Nations organizations have made to this report.  
For a list of all the contributors to this report, see List of contributors. 
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Foreword

It has been 28 years since the World Mete-
orological Organization issued the first state 
of the climate report in 1993. The report was 
initiated due to the concerns raised at that 
time about projected climate change. While 
understanding of the climate system and 
computing power have increased since then, 
the basic message remains the same, and we 
now have 28 more years of data that show 
significant temperature increases over land 
and sea, as well as other changes, such as 
sea-level rise, melting of sea ice and glaciers 
and changes in precipitation patterns.

This underscores the robustness of climate 
science based on the physical laws governing 
the behaviour of the climate system. All key 
climate indicators and impact information 
provided in this report show relentless, 
continuing climate change, an increasing 
occurrence and intensification of high-im-
pact events and severe losses and damages 
affecting people, societies and economies.

Concentrations of the major greenhouse 
gases continued to increase in 2019 and 
2020. Globally averaged mole fractions of 
carbon dioxide (CO2) have already exceeded 
410 parts per million (ppm), and if the CO2 
concentration follows the same pattern as 
in previous years, it could reach or exceed 
414 ppm in 2021.

Stabilizing global mean temperature at 1.5 °C 
to 2  °C above pre-industrial levels by the 
end of this century will require an ambitious 
reduction of greenhouse gas emissions, which 
must begin to occur during this decade.

I take this opportunity to congratulate the 
experts and the lead author, who compiled 
this report using physical data analyses and 
impact assessments. I thank all the contrib-
utors, particularly WMO Member National 
Meteorological and Hydrological Services 
and Regional Climate Centres and our sister 
United Nations Agencies for their collabora-
tion and input on this report. The report is 
intended to help our organizations to update 
world leaders and citizens on the latest infor-
mation about our Earth system’s behaviour 
and climate change impacts. WMO remains 
committed to supporting this publication and 
communicating it widely for this purpose.

(P. Taalas)
Secretary-General
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Foreword by the United Nations 
Secretary-General

2020 was an unprecedented year for people 
and planet: a global pandemic on a scale 
not seen for more than a century; global 
temperatures higher than in a millennium; and 
the highest concentration of carbon dioxide 
in our atmosphere for over 3 million years. 

While many will remember 2020 most poign-
antly for how the COVID-19 pandemic affected 
the world, this report explains that, for many 
across the planet, especially in developing 
countries, 2020 was also a year of extreme 
weather and climate disruption, fuelled by 
anthropogenic climate change, affecting lives, 
destroying livelihoods and forcing many 
millions from their homes. 

This report also demonstrates the impact of 
this warming, both on the planet’s ecosystems 
and on individuals and communities, through 
superstorms, flooding, heatwaves, droughts 
and wildfires. We know what needs to be 
done to cut emissions and adapt to climate 
impacts now and in the future. We have the 
technology to succeed. But current levels of 
climate ambition and action are significantly 
short of what is needed. 

We know that to avert the worst impacts of 
climate change, we must keep global temper-
atures to within 1.5 °C of the pre-industrial 
baseline. That means reducing global green-
house gas emissions by 45 per cent from 
2010 levels by 2030 and reaching net zero 
emissions by 2050. The data in this report 
show that the global mean temperature 
for 2020 was around 1.2  °C warmer than 
pre-industrial times, meaning that time is 
fast running out to meet the goals of the 
Paris Agreement. We need to do more, and 
faster, now. 

This year is pivotal. At the United Nations 
climate conference, COP26, in November, 
we need to demonstrate that we are taking 
and planning bold action on mitigation and 
adaptation. This entails scaled-up financial 
flows from developed to developing coun-
tries. And it means radical changes in all 
financial institutions, public and private, to 
ensure that they fund sustainable and resilient 
development for all and move away from a 
grey and inequitable economy.

As the world focuses on COVID-19 recovery, 
let us use the opportunity to get back on track 
to achieve the Sustainable Development Goals 
and reduce the threat from climate change. 
I call on everyone – from governments, civil 
society and business to individual citizens – 
to work to make 2021 count. 

(A. Guterres) 
United Nations Secretary-General

202



5

Highlights

Concentrations of the major greenhouse gases, CO2, CH4, and N2O, continued 
to increase despite the temporary reduction in emissions in 2020 related 
to measures taken in response to COVID-19.

2020 was one of the three warmest years on record. The past 
six years, including 2020, have been the six warmest years on 
record. Temperatures reached 38.0 °C at Verkhoyansk, Russian 
Federation on 20 June, the highest recorded temperature 
anywhere north of the Arctic Circle.

The trend in sea-level rise is accelerating. 
In addition, ocean heat storage and acidification 
are increasing, diminishing the ocean’s capacity 
to moderate climate change.

The Arctic minimum sea-ice extent in 
September 2020 was the second lowest 
on record. The sea-ice retreat in the 
Laptev Sea was the earliest observed in 
the satellite era.

The Antarctic mass loss trend accelerated 
around 2005, and currently, Antarctica loses 
approximately 175 to 225 Gt of ice per year.

The 2020 North Atlantic hurricane season 
was exceptionally active. Hurricanes, extreme 
heatwaves, severe droughts and wildfires led 
to tens of billions of US dollars in economic 
losses and many deaths.

Disruptions to the agriculture sector by COVID-19 exacerbated weather 
impacts along the entire food supply chain, elevating levels of food insecurity.

Some 9.8 million displacements, largely due to 
hydrometeorological hazards and disasters, were 
recorded during the first half of 2020.
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Global climate indicators1 reveal the ways in 
which the climate is changing and provide a 
broad view of the climate at the global scale. 
They are used to monitor the key components 
of the climate system and describe the most 
relevant changes in the composition of the 
atmosphere, the heat that arises from the 
accumulation of greenhouse gases (and 
other factors), and the responses of the 
land, ocean and ice to the changing climate. 
These indicators include global mean surface 
temperature, global ocean heat content, state 
of ocean acidification, glacier mass balance, 
Arctic and Antarctic sea-ice extent, global 
CO2 mole fraction and global mean sea level 
and are discussed in detail in the sections 
below. Further information on the data sets 
used for each indicator can be found at the 
end of this report.

A variety of baselines are used in this 
report. For global mean temperature, the 
baseline is 1850–1900, which is the baseline 
used in the IPCC Special Report on Global 
Warming of 1.5 °C as an approximation of 
pre-industrial temperatures.2 For greenhouse 
gases, pre-industrial concentrations estimated 
from ice cores for the year 1750 are used 
as baselines.

For other variables and for temperature maps, 
the WMO climatological standard normal 

1 https://journals.ametsoc.org/view/journals/bams/aop/bamsD190196/bamsD190196.xml
2 http://www.ipcc.ch/sr15/

1981–2010 is used, where possible, as a base 
period for consistent reporting of surface 
measurements, satellite data and reanalyses. 
For some indicators, it is not possible to use 
this base period, either because there are 
no measurements in the early part of the 
period, or because a longer base period is 
needed to calculate a representative average. 
Where the base period used is different from 
1981–2010, this is noted in the text or figure 
captions, and more details are given in the 
Data set details section.

TEMPERATURE

The global mean temperature for 2020 was 
1.2 ± 0.1 °C above the 1850–1900 baseline 
(Figure 1), which places 2020 as one of the 
three warmest years on record globally. The 
WMO assessment is based on five global 
temperature data sets (Figure 1). All five 
of these data sets currently place 2020 as 
one of the three warmest years on record. 
The spread of the five estimates of the an-
nual global mean ranges between 1.15 °C 
and 1.28 °C above pre-industrial levels (see 
the baseline definition in the Global climate 
indicators section). It is worth noting that 
the Paris Agreement aims to hold the global 
average temperature to well below 2 °C above 

Figure 1. Global annual 
mean temperature 
difference from 
pre-industrial conditions 
(1850–1900) for five 
global temperature data 
sets. For details of the 
data sets and plotting, 
see Temperature data 
in the Data set details 
section at the end of this 
report.
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pre-industrial levels and to pursue efforts to 
limit the temperature increase to 1.5 °C above 
pre-industrial levels3. Assessing the increase 
in global temperature in the context of climate 
change refers to the long-term global average 
temperature, not to the averages for individual 
years or months.

The warmest year on record to date, 2016, 
began with an exceptionally strong El Niño, 
a phenomenon which contributes to elevat-
ed global temperatures. Despite neutral or 
comparatively weak El Niño conditions early 
in 20204 and La Niña conditions developing 
by late September,5 the warmth of 2020 was 
comparable to that of 2016.

With 2020 being one of the three warmest 
years on record, the past six years, 2015–2020, 
were the six warmest on record. The last 
five-year (2016–2020) and 10-year (2011–2020) 
averages were also the warmest on record.

Although the overall warmth of 2020 is clear, 
there were variations in temperature anom-
alies across the globe (Figure 2). While most 

3 https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement
4 https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php
5 http://www.bom.gov.au/climate/enso/wrap-up/archive/20200929.archive.shtml

land areas were warmer than the long-term 
average (1981–2010), one area in northern 
Eurasia stands out with temperatures of more 
than five degrees above average (see The 
Arctic in 2020). Other notable areas of warmth 
included limited areas of the south-western 
United States, the northern and western parts 
of South America, parts of Central America, 
and wider areas of Eurasia, including parts 
of China. For Europe, 2020 was the warmest 
year on record. Areas of below-average tem-
peratures on land included western Canada, 
limited areas of Brazil, northern India, and 
south-eastern Australia.

Over the ocean, unusual warmth was ob-
served in parts of the tropical Atlantic and 
Indian Oceans. The pattern of sea-surface 
temperature anomalies in the Pacific is charac-
teristic of La Niña, having cooler-than-average 
surface waters in the eastern equatorial 
Pacific surrounded by a horseshoe-shaped 
band of warmer-than-average waters, most 
notably in the North-East Pacific and along 
the western edge of the Pacific from Japan 
to Papua New Guinea. Ref 4

–10.0   –5.0   –3.0   –2.0   –1.0   –0.5       0       0.5     1.0     2.0     3.0     5.0    10.0  °C

Figure 2. Temperature 
anomalies relative to 
the 1981–2010 long-term 
average from the ERA5 
reanalysis for 2020.
Source: Copernicus 
Climate Change Service, 
European Centre for 
Medium-Range Weather 
Forecasts (ECMWF)
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GREENHOUSE GASES AND 
STRATOSPHERIC OZONE

GREENHOUSE GASES

Atmospheric concentrations of greenhouse 
gases reflect a balance between emissions 
from human activities and natural sourc-
es, and sinks in the biosphere and ocean. 
Increasing levels of greenhouse gases in the 
atmosphere due to human activities have 
been the major driver of climate change since 
the mid-twentieth century. Global average 
mole fractions of greenhouse gases are cal-
culated from in situ observations made at 
multiple sites in the Global Atmosphere Watch 
Programme of WMO and partner networks. 

In 2019, greenhouse gas concentrations 
reached new highs (Figure 3), with globally 
averaged mole fractions of carbon dioxide (CO2) 
at 410.5  ±  0.2  parts  per  million (ppm), 
methane (CH4) at 1 877 ± 2 parts per billion 
(ppb) and nitrous oxide (N2O) at 332.0 ± 0.1 ppb, 
respectively, 148%, 260% and 123% of 
pre-industrial (before 1750) levels. The increase 

6 Liu, Z. et al., 2020: Near-real-time monitoring of global CO2 emissions reveals the effects of the COVID-19 pandemic. 
Nature Communications, 11(1): 5172, https://doi.org/10.1038/s41467-020-18922-7.

in CO2 from 2018 to 2019 (2.6 ppm) was larger 
than both the increase from 2017 to 2018 
(2.3 ppm) and the average yearly increase over 
the last decade (2.37 ppm per year). For CH4, 
the increase from 2018 to 2019 was slightly 
lower than the increase from 2017 to 2018 but 
still higher than the average yearly increase 
over the last decade. For N2O, the increase 
from 2018 to 2019 was also lower than that 
observed from 2017 to 2018 and close to the 
average growth rate over the past 10 years.

The temporary reduction in emissions in 
2020 related to measures taken in response 
to COVID-196 is likely to lead to only a slight 
decrease in the annual growth rate of CO2 
concentration in the atmosphere, which will 
be practically indistinguishable from the 
natural interannual variability driven largely 
by the terrestrial biosphere. Real-time data 
from specific locations, including Mauna Loa 
(Hawaii) and Cape Grim (Tasmania) indicate 
that levels of CO2, CH4 and N2O continued to 
increase in 2020.

The IPCC Special Report on Global Warming 
of 1.5 °C found that limiting warming to 1.5 °C 
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Figure 3. Top row: 
Globally averaged mole 
fraction (measure of 
concentration), from 1984 
to 2019, of CO2 in parts 
per million (left), CH4 in 
parts per billion (centre) 
and N2O in parts per 
billion (right). The red 
line is the monthly mean 
mole fraction with the 
seasonal variations 
removed; the blue 
dots and line show 
the monthly averages. 
Bottom row: The growth 
rates representing 
increases in successive 
annual means of mole 
fractions are shown 
as grey columns for 
CO2 in parts per million 
per year (left), CH4 in 
parts per billion per 
year (centre) and N2O in 
parts per billion per year 
(right).
Source: WMO Global 
Atmosphere Watch
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above pre-industrial levels implies reach-
ing net zero CO2 emissions globally by 
around 2050, with concurrent deep reductions 
in emissions of non-CO2 forcers.

STRATOSPHERIC OZONE AND 
OZONE-DEPLETING GASES

Following the success of the Montreal 
Protocol, the use of halons and chlorofluor-
ocarbons has been reported as discontinued, 
but their levels in the atmosphere continue 
to be monitored. Because of their long life-
time, these compounds will remain in the 
atmosphere for many decades, and even if 
there are no new emissions, there is still more 
than enough chlorine and bromine present 
in the atmosphere to cause the complete de-
struction of ozone in Antarctica from August 
to December. As a result, the formation of 
the Antarctic ozone hole continues to be an 
annual spring event, with the year-to-year 
variation in its size and depth governed to a 
large degree by meteorological conditions.

The 2020 Antarctic ozone hole developed 
early and went on to be the longest-lasting 
and one of the deepest ozone holes since 
ozone layer monitoring began 40 years ago 
(Figure 4). The ozone hole area reached its 
maximum area for 2020 on 20 September 
at 24.8 million km2, the same area as was 
reached in 2018. The area of the hole was 

closer to the maxima observed in 2015 
(28.2 million km2) and 2006 (29.6 million km2) 
than the maximum that was reached in 2019 
(16.4 million km2) according to an analysis 
from the National Aeronautics and Space 
Administration (NASA). The unusually deep 
and long-lived ozone hole was driven by a 
strong and stable polar vortex and very low 
temperatures in the stratosphere.

At the other end of the Earth, unusual 
atmospheric conditions also led to ozone 
concentrations over the Arctic falling to a 
record low for the month of March. Unusually 
weak “wave” events in the upper atmosphere 
left the polar vortex relatively undisturbed, 
preventing the mixing of ozone-rich air 
from lower latitudes. In addition, early in 
the year, the stratospheric polar vortex over 
the Arctic was strong, and this, combined 
with consistently very low temperatures, 
allowed a large area of polar stratospheric 
clouds to grow. When the sun rises after the 
polar winter, it triggers chemical processes 
in the polar stratospheric clouds that lead 
to the depletion of ozone. Measurements 
from weather balloons indicated that ozone 
depletion surpassed the levels reported in 
2011 and, together with satellite observations, 
documented stratospheric ozone levels of 
approximately 205 Dobson Units on 12 March 
2020. The typical lowest ozone values pre-
viously observed over the Arctic in March 
are at least 240 Dobson Units.

Jul.              Aug.            Sept.           Oct.             Nov.            Dec.

30

25

20

15

10

5

0

Ozone hole area – Southern hemisphere

A
re

a 
(m

ill
io

ns
 o

f k
m

2 )

Months

1979–2019
2015
2017
2018
2019
2020

Figure 4. Area (millions of km2) 
where the total ozone column is 
less than 220 Dobson units. 2020 is 
shown in red, and the most recent 
years are shown for comparison as 
indicated by the legend. The thick 
grey line is the 1979–2019 average. 
The blue shaded area represents 
the 30th to 70th percentiles, and 
the green shaded area represents 
the 10th and 90th percentiles for 
the period 1979–2019. The thin 
black lines show the maximum 
and minimum values for each day 
in the 1979–2019 period. The plot 
was made at WMO on the basis 
of data downloaded from NASA 
Ozone Watch (https://ozonewatch.
gsfc.nasa.gov/). The NASA data 
are based on satellite observations 
from the OMI and TOMS 
instruments.
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OCEAN

The majority of the excess energy that accu-
mulates in the Earth system due to increasing 
concentrations of greenhouse gases is taken 
up by the ocean. The added energy warms 
the ocean, and the consequent thermal ex-
pansion of the water leads to sea-level rise, 
which is further increased by melting ice. The 
surface of the ocean warms more rapidly than 
the interior, and this can be seen in the rise 
of the global mean temperature and in the 
increased incidence of marine heatwaves. As 
the concentration of CO2 in the atmosphere 
rises, so too does the concentration of CO2 
in the oceans. This affects ocean chemistry, 
lowering the average pH of the water, a pro-
cess known as ocean acidification. All these 
changes have a broad range of impacts in the 
open ocean and coastal areas.

OCEAN HEAT CONTENT

Increasing human emissions of CO2 and other 
greenhouse gases cause a positive radiative 
imbalance at the top of the atmosphere – the 
Earth Energy Imbalance (EEI) – which is driv-
ing global warming through an accumulation 
of energy in the form of heat in the Earth 

7 Hansen, J. et al., 2005: Earth’s Energy Imbalance: Confirmation and Implications. Science, 308(5727): 1431–1435,  
https://doi.org/10.1126/science.1110252.

8 Intergovernmental Panel on Climate Change, 2013: Climate change 2013: The Physical Science Basis, https://www.ipcc.
ch/report/ar5/wg1/.

9 von Schuckmann, K. et al., 2016: An imperative to monitor Earth’s energy imbalance. Nature Climate Change, 6(2): 
138–144, https://doi.org/10.1038/nclimate2876.

10 Hansen, J. et al., 2011: EEarth’s energy imbalance and implications. Atmospheric Chemistry and Physics, 11(24): 
13421–13449, https://doi.org/10.5194/acp-11-13421-2011.

11 Hansen, J. et al., 2017: Young people’s burden: requirement of negative CO2 emissions. Earth System Dynamics, 8(3): 
577–616, https://doi.org/10.5194/esd-8-577-2017.

12 Abraham, J.P. et al., 2013: A review of global ocean temperature observations: Implications for ocean heat content 
estimates and climate change. Reviews of Geophysics, 51(3): 450–483, https://doi.org/10.1002/rog.20022.

13 Riser, S.C. et al., 2016: Fifteen years of ocean observations with the global Argo array. Nature Climate Change, 6(2): 
145–153, https://doi.org/10.1038/nclimate2872.

14 Roemmich, D. et al., 2019: On the Future of Argo: A Global, Full-Depth, Multi-Disciplinary Array. Frontiers in Marine 
Science, 6, https://doi.org/10.3389/fmars.2019.00439.

15 Boyer, T. et al., 2016: Sensitivity of Global Upper-Ocean Heat Content Estimates to Mapping Methods, XBT Bias 
Corrections, and Baseline Climatologies. Journal of Climate, 29(13): 4817–4842, https://doi.org/10.1175/JCLI-D-15-0801.1. 

16 von Schuckmann, K. et al., 2020: Heat stored in the Earth system: where does the energy go? Earth System Science Data, 
12(3): 2013–2041, https://doi.org/10.5194/essd-12-2013-2020. 

system.7,8,9 Ocean heat content (OHC) is a 
measure of this heat accumulation in the 
Earth system as around 90% of it is stored 
in the ocean. A positive EEI signals that the 
Earth’s climate system is still responding to 
the current forcing10 and that more warm-
ing will occur even if the forcing does not 
increase further.11

Historical measurements of subsurface 
temperature back to the 1940s mostly rely 
on shipboard measurement systems, which 
constrain the availability of subsurface tem-
perature observations at the global scale and 
at depth.12 With the deployment of the Argo 
network of autonomous profiling floats, which 
first achieved near-global coverage in 2006, 
it is now possible to routinely measure OHC 
changes to a depth of 2000 m.13,14

Various research groups have developed 
estimates of global OHC. Although they all 
rely more or less on the same database, the 
estimates show differences arising from the 
various statistical treatments of data gaps, 
the choice of climatology and the approach 
used to account for instrumental biases.9,15 

A concerted effort has been established to 
provide an international assessment on the 
global evolution of ocean warming,16 and an 
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update of the entire analysis to 2019 is shown 
in Figure 5 and Figure 6.

The 0–2 000 m depth layer of the global ocean 
continued to warm in 2019, reaching a new 
record high (Figure 5), and it is expected 
that it will continue to warm in the future.17 

A preliminary analysis based on three glob-
al data sets suggests that 2020 exceeded 

17 Intergovernmental Panel on Climate Change, 2019: IPCC Special Report on the Ocean and Cryosphere in a Changing 
Climate, https://www.ipcc.ch/srocc/. 

that record. Heat storage at intermediate 
depth (700–2 000 m) increased at a compa-
rable rate to the rate of heat storage in the 
0–300 m depth layer, which is in general 
agreement with the 15  international OHC 
estimates (Figure 6). All data sets agree that 
ocean warming rates show a particularly 
strong increase over the past two decades. 
Moreover, there is a clear indication that 

<?> Intergovernmental Panel on Climate 
Change, 2019: IPCC Special Report on 
the Ocean and Cryosphere in a Changing 
Climate,

Figure 5. 1960–2019 ensemble mean time 
series and ensemble standard deviation 
(2-sigma, shaded) of global OHC anomalies 
relative to the 2005–2017 climatology. The 
ensemble mean is an outcome of a concerted 
international effort, and all products used 
are listed in Ocean heat content data and 
in the legend of Figure 5. Note that values 
are given for the ocean surface area 
between 60°S–60°N and limited to the 300 m 
bathymetry of each product. 
Source: Updated from von Schuckmann, K. 
et al., 2016 (see footnote 9). The ensemble 
mean OHC (0–2 000 m) anomaly (relative to 
the 1993–2020 climatology) has been added 
as a red point, together with its ensemble 
spread, and is based on Copernicus Marine 
Environment Monitoring Service (CMEMS) 
(Coriolis Ocean Dataset for Reanalysis 
(CORA)) products (see Cheng et al., 2017 and 
Ishii et al., 2017 in Ocean heat content data).
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ds Figure 6. Linear trends of global OHC as 

derived from different temperature products 
(colours). References are listed in Ocean 
heat content data. The ensemble mean 
and standard deviation (2-sigma) is given 
in black. The shaded areas show trends 
from different depth layer integrations: 
0–300 m (light turquoise), 0–700 m (light 
blue), 0–2 000 m (purple) and 700–2 000 m 
(light purple). For each integration depth 
layer, trends are evaluated over four 
periods: historical (1960–2019), altimeter era 
(1993–2019), golden Argo era (2005–2019), 
and the most recent period of 2010–2019.
Source: Updated from von Schuckmann, K. 
et al., 2016 (see footnote 9).
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heat sequestration into the ocean below 
700 m depth has occurred over the past six 
decades and is linked to an increase in OHC 
trends over time. Ocean warming rates for 
the 0–2 000 m depth layer reached rates of 
1.2 (0.8) ± 0.2 Wm-2 over the period 2010–2019. 
Below 2 000 m depth, the ocean also warmed, 
albeit at the lower rate of 0.07 ± 0.04 Wm-2 
from 1991 to 2018.18

SEA LEVEL

On average, since early 1993, the altimetry- 
based global mean rate of sea-level rise has 
amounted to 3.3 ± 0.3 mm/yr. The rate has 
also increased over that time. A greater loss 
of ice mass from the ice sheets is the main 
cause of the accelerated rise in global mean 
sea level.19

Global mean sea level continued to rise in 
2020 (Figure 7, left). A small decrease during 
the northern hemisphere summer was likely 
related to La Niña conditions in the tropical 
Pacific. Interannual changes of global mean 
sea level around the long-term trend are 
correlated with El Niño–Southern Oscillation 
(ENSO) variability (Figure 7, right). During 
La Niña events, such as that which occurred 
in late 2020 and the strong La Niña of 2011, 

18 Update from Purkey, S.G. and G.C. Johnson, 2010: Warming of Global Abyssal and Deep Southern Ocean Waters between 
the 1990s and 2000s: Contributions to Global Heat and Sea Level Rise Budgets. Journal of Climate, 23(23): 6336–6351, 
https://doi.org/10.1175/2010JCLI3682.1. 

19 WCRP Global Sea Level Budget Group, 2018: Global sea-level budget 1993–present. Earth System Science Data, 10(3): 
1551–1590, https://doi.org/10.5194/essd-10-1551-2018.

shifts in rainfall patterns transfer water mass 
from the ocean to tropical river basins on land, 
temporarily reducing global mean sea level. 
The opposite is observed during El Niño (for 
example, the strong 2015/2016 El Niño). In 
2020, exceptional rainfall across the African 
Sahel and other regions may also have con-
tributed to a temporary slowing in sea-level 
rise as flood waters slowly found their way 
back to the sea. However, by the end of 2020, 
global mean sea level was rising again.

At the regional scale, sea level continues to 
rise non-uniformly. The strongest regional 
trends over the period from January 1993 to 
June 2020 were seen in the southern hem-
isphere: east of Madagascar in the Indian 
Ocean; east of New Zealand in the Pacific 
Ocean; and east of Rio de la Plata/South 
America in the South Atlantic Ocean. An 
elongated eastward pattern was also seen in 
the North Pacific Ocean. The strong pattern 
that was seen in the western tropical Pacific 
Ocean over the first two decades of the 
altimetry record is now fading, suggesting 
that it was related to short-term variability. 
Regional sea-level trends are dominated by 
variations in ocean heat content.17 However, 
in some regions, such as the Arctic, salinity 
changes due to freshwater input from the 
melting of ice on land play an important role.
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Figure 7. Left: Satellite 
altimetry-based global 
mean sea level for 
January 1993 to January 
2021 (last data: 21 
January 2021). Data from 
the European Space 
Agency Climate Change 
Initiative Sea Level 
project (January 1993 
to December 2015, thick 
black curve), data from 
CMEMS (January 2016 
to November 2020, blue 
curve) and near-real-
time altimetry data from 
the Jason-3 mission 
beyond November 
2020 (red curve). The 
thin black curve is a 
quadratic function that 
best fits the data. Right: 
Interannual variability 
of the global mean sea 
level (with the quadratic 
function shown in 
the left-hand panel 
subtracted) (black curve 
and left axis) with the 
multivariate ENSO index 
(MEI) (red curve and 
right axis).
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MARINE HEATWAVES

As with heatwaves on land, extreme heat can 
affect the near-surface layer of the oceans. This 
situation is called a marine heatwave (MHW), 
and it can cause a range of consequences 
for marine life and dependent communities. 
Satellite retrievals of sea-surface temperature 
can be used to monitor MHWs. An MHW 
is categorized here as moderate, strong, 
severe or extreme (for definitions, see Marine 
heatwave data).

Much of the ocean experienced at least 
one ‘strong’ MHW at some point in 2020 
(Figure 8a). Conspicuously absent are MHWs 
in the Atlantic Ocean south of Greenland 
and in the eastern equatorial Pacific Ocean. 
The Laptev Sea experienced a particularly 
intense MHW from June to December. Sea-ice 

20 Gentemann, C.L. et al., 2017: Satellite sea surface temperatures along the West Coast of the United States during 
the 2014–2016 northeast Pacific marine heat wave. Geophysical Research Letters, 44(1): 312–319, https://doi.
org/10.1002/2016GL071039.

21 di Lorenzo, E. and N. Mantua, 2016: Multi-Year Persistence of the 2014/15 North Pacific Marine Heatwave. Nature Climate 
Change, 6: 1042–1047, https://doi.org/10.1038/nclimate3082.

22 Schmeisser, L. et al., 2019: The Role of Clouds and Surface Heat Fluxes in the Maintenance of the 2013–2016 Northeast 
Pacific Marine Heatwave. Journal of Geophysical Research: Atmospheres, 124(20): 10772–10783, https://doi.
org/10.1029/2019JD030780.

extent was unusually low in that region, and 
adjacent land areas experienced heatwaves 
during the summer (see The Arctic in 2020). 
Another important MHW to note in 2020 was 
the return of the semi-persistent warm region 
in the North-East Pacific Ocean. This event 
is similar in scale to the original ‘blob’,20,21 

which developed around 2013, with remnants 
lasting until 2016.22 Approximately one fifth of 
the global ocean was experiencing an MHW 
on any given day in 2020 (Figure 8b). This 
percentage is similar to that of 2019, but less 
than the 2016 peak percentage of 23%. More 
of the ocean experienced MHWs classified 
as ‘strong’ (45%) than ‘moderate’  (28%). In 
total, 84% of the ocean experienced at least 
one MHW during 2020 (Figure 8c); this is 
similar to the percentage of the ocean that 
experienced MHWs in 2019 (also 84%), but 
below the 2016 peak (88%).
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Figure 8. (a) Global 
map showing the 
highest MHW category 
(for definitions, see 
Marine heatwave data) 
experienced at each 
pixel over the course 
of the year (reference 
period 1982–2011). Light 
grey indicates that no 
MHW occurred in a pixel 
over the entire year; 
(b) Stacked bar plot 
showing the percentage 
of ocean pixels 
experiencing an MHW 
on any given day of the 
year; (c) Stacked bar plot 
showing the cumulative 
percentage of the ocean 
that experienced an 
MHW over the year. 
Note: These values 
are based on when in 
the year a pixel first 
experienced its highest 
MHW category, so no 
pixel was counted more 
than once.  
Horizontal lines in this 
figure show the final 
percentages for each 
category of MHW; 
(d) Stacked bar plot 
showing the cumulative 
number of MHW days 
averaged over all pixels 
in the ocean.  
Note: This average is 
calculated by dividing 
the cumulative number 
of MHW days per pixel 
for the entire ocean by 
the overall number of 
ocean pixels (~690 000).
Source: Robert Schlegel
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OCEAN ACIDIFICATION

The ocean absorbs around 23% of the annual 
emissions of anthropogenic CO2 into the at-
mosphere,23 thereby helping to alleviate the 
impacts of climate change.24 However, the CO2 
reacts with seawater, lowering its pH. This 
process, known as ocean acidification, affects 
many organisms and ecosystem services, 
threatening food security by endangering 
fisheries and aquaculture. This is particularly 
a problem in the polar oceans. It also affects 
coastal protection by weakening coral reefs, 
which shield coastlines. As the pH of the 
ocean declines, its capacity to absorb CO2 from 
the atmosphere decreases, diminishing the 
ocean’s capacity to moderate climate change. 
Regular global observations and measure-
ments of ocean pH are needed to improve 
the understanding of the consequences of its 
variations, enable modelling and prediction 
of change and variability, and help inform 
mitigation and adaptation strategies.

Global efforts have been made to collect and 
compare ocean acidification observation da-
ta. These data contribute towards achieving 
Sustainable Development Goal (SDG) 14.3 and 
can be used to determine its associated SDG 
Indicator 14.3.1: “Average marine acidity (pH) 

23 World Meteorological Organization, 2019: WMO Greenhouse Gas Bulletin: The State of Greenhouse Gases 
in the Atmosphere Based on Global Observations through 2018, No. 15, https://library.wmo.int/index.
php?lvl=notice_display&id=21620.

24 Friedlingstein, P. et al., 2020: Global Carbon Budget 2020. Earth System Science Data, 12(4): 3269–3340, https://doi.
org/10.5194/essd-12-3269-2020.

25 Breitburg, D.et al., 2018: Declining oxygen in the global ocean and coastal waters. Science (New York, N.Y.), 359(6371), 
https://doi.org/10.1126/science.aam7240.

26 Diaz, R.J. and R. Rosenberg, 2008: Spreading Dead Zones and Consequences for Marine Ecosystems. Science, 321(5891): 
926–929, https://doi.org/10.1126/science.1156401.

measured at agreed suite of representative 
sampling stations”. They are summarized 
in Figure 9  (left) and show an increase of 
variability (minimum and maximum pH values 
are highlighted) and a decline in average pH at 
the available observing sites between 2015 and 
2019. The steady global change (Figure 9, right) 
estimated from a wide variety of sources, 
including measurements of other variables, 
contrasts with the regional and seasonal var-
iations in ocean carbonate chemistry seen at 
individual sites. The increase in the amount 
of available data highlights the variability and 
the trend in ocean acidification, as well as the 
need for sustained long-term observations 
to better characterize the natural variability 
in ocean carbonate chemistry.

DEOXYGENATION

Since 1950, the open ocean oxygen content 
has decreased by 0.5–3%.17 Oxygen minimum 
zones, which are permanent features of the 
open ocean, are expanding.25 The trend of 
deoxygenation in the global coastal ocean is still 
uncertain. Since 1950, the number of hypoxic 
sites in the global coastal ocean has increased 
in response to worldwide eutrophication.26 
A quantitative assessment of the severity of 
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Figure 9. Left: Surface 
pH values based on 
ocean acidification 
data submitted to the 
14.3.1 data portal  
(http://oa.iode.org) for 
the period from 1 January 
2010 to 8 January 
2020. The grey circles 
represent the calculated 
pH of data submissions 
(including all data sets 
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the red circles represent 
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time. Right: Global mean 
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hypoxia on marine life at the global coastal scale 
requires characterizing the dynamics of hypoxia, 
for which there is currently insufficient data.

A comprehensive assessment of deoxygenation 
in the open and coastal ocean would benefit 
from building a consistent, quality-controlled, 
open-access global ocean oxygen data set and 
atlas complying with the FAIR27 principles. An 
effort in this direction has been initiated by 
the Global Ocean Oxygen Network (GO2NE), 
the International Ocean Carbon Coordination 
Project (IOCCP), the National Oceanic and 
Atmospheric Administration (NOAA) and the 
German Collaborative Research Centre 754 
(SFB 754) project. This effort is part of the 
Global Ocean Oxygen Decade (GOOD) proposal 
submitted to the United Nations Decade of 
Ocean Sciences for Sustainable Development.

CRYOSPHERE

The cryosphere is the domain that comprises 
the frozen parts of the earth. The cryosphere 
provides key indicators of the changing cli-
mate, but it is one of the most under-sampled 
domains. The major cryosphere indicators 
used in this report are sea-ice extent, gla-
cier mass balance and mass balance of the 
Greenland and Antarctic ice sheets. Specific 
snow events are covered in the High-impact 
events in 2020 section.

27 FAIR principles: https://www.go-fair.org/fair-principles/
28 http://nsidc.org/arcticseaicenews/2020/03/
29 https://cryo.met.no/en/arctic-seaice-summer-2020, https://nsidc.org/arcticseaicenews/2020/08/

steep-decline-sputters-out/

SEA ICE

In the Arctic, the annual minimum sea-ice 
extent in September 2020 was the second 
lowest on record, and record low sea-ice 
extent was observed in the months of July and 
October. The sea-ice extents in April, August, 
November, and December were among the 
five lowest in the 42-year satellite data record. 
For more details on the data sets used, see 
Sea-ice data. 

In the Arctic, the maximum sea-ice extent for 
the year was reached on 5 March 2020. At 
just above 15 million km2, this was the 10th or 
11th (depending on the data set used) lowest 
maximum extent on record.28 Sea-ice retreat 
in late March was mostly in the Bering Sea. 
In April, the rate of decline was similar to that 
of recent years, and the mean sea-ice extent 
for April was between the second and fourth 
lowest on record, effectively tied with 2016, 
2017, and 2018 (Figure 10).

Record high temperatures north of the 
Arctic Circle in Siberia (see The Arctic in 
2020) triggered an acceleration of sea-ice 
melt in the East Siberian and Laptev Seas, 
which continued well into July. The sea-ice 
extent for July was the lowest on record 
(7.28 million km2).29 The sea-ice retreat in 
the Laptev Sea was the earliest observed in 
the satellite era. Towards the end of July, a 
cyclone entered the Beaufort Sea and spread 

Figure 10. Sea-ice 
extent difference from 
the 1981–2010 average 
in the Arctic (left) and 
Antarctic (right) for the 
months with maximum 
ice cover (Arctic: March; 
Antarctic: September) 
and minimum ice cover 
(Arctic: September; 
Antarctic: February). 
Source: Data from 
EUMETSAT OSI SAF v2p1 
(Lavergne et al., 2019) 
and National Snow and 
Ice Data Centre (NSIDC) 
v3 (Fetterer et al., 2017) 
(see reference details in 
Sea-ice data).
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the sea ice out, temporarily slowing the 
decrease of the ice extent. In mid-August, the 
area affected by the cyclone melted rapidly, 
which, combined with the sustained melt in 
the East Siberian and Laptev Seas, made 
the August extent the 2nd or 3rd lowest on 
record.

The 2020 Arctic sea-ice extent minimum 
was observed on 15  September to be 
3.74 million km2, marking only the second time 
on record that the Arctic sea-ice extent shrank 
to less than 4 million km2. Only 2012 had a 
lower minimum extent at 3.39 million km2. 
Vast areas of open ocean were observed in the 
Chukchi, East Siberian, Laptev, and Beaufort 
Seas, notwithstanding a tongue of multi-year 
ice that survived the 2020 melt season in the 
Beaufort Sea (Figure 13).30 

Refreeze was slow in late September and 
October in the Laptev and East Siberian Seas, 
probably due to the heat accumulated in 
the upper ocean since the early retreat in 
late June. The Arctic sea-ice extent was the 
lowest on record for October and November. 
December sea-ice growth was faster than 
average, but the extent remained the second 
or third lowest on record for the month.

Interannual variability in the annual mean 
extent of Antarctic sea ice has increased since 
1979. For the first 20 years of measurements 
from 1979 to 1999, there was no significant 
trend; however, around 2002, the total extent 
began to increase, reaching a maximum of 

30 https://cryo.met.no/en/arctic-seaice-september-2020

12.8 million km2 in 2014. This was followed 
by a remarkable decrease over the next three 
years to a record minimum of 10.7 million km2 

in 2017. The decrease occurred in all sectors 
but was greatest in the Weddell Sea sector.

In 2020, the Antarctic sea ice extent increased 
to 11.5 million km2, only 0.14 million km2 below 
the long-term mean. Indeed, extents were 
close to the long-term mean in all sectors. 
The Bellingshausen Sea sector had its lowest 
extent on record in July 2020, but the extent 
was closer to the mean later in the year.

The Antarctic sea-ice extent in January 2020 
showed only a modest increase from the 
very low values of the previous years, but 
February 2020 saw a return to less extreme 
conditions. During the autumn and winter of 
2020, the Antarctic sea-ice extent was mostly 
close to the long-term mean but with positive 
ice extent anomalies near the maximum in 
September and October.

The minimum Antarctic sea ice extent in 2020 
was around 2.7 million km2. This occurred 
between 19 February and 2 March (depending 
on the data set) and was the seventeenth 
lowest minimum in the record. It reflected the 
gradual increase from the record minimum 
extent of 2.08 million km2 on 1 March 2017. 
The maximum extent of the Antarctic sea ice 
in 2020 was around 19 million km2 and was 
observed between 26 and 28 September. 
This was the thirteenth largest extent in the 
42-year record.

GLACIERS

Glaciers are formed from snow that has com-
pacted to form ice, which can deform and flow 
downhill to lower, warmer altitudes, where it 
melts, or if the glacier terminates in the ocean, 
breaks up, forming icebergs. Glaciers are sen-
sitive to changes in temperature, precipitation 
and incoming solar radiation, as well as other 
factors, such as changes in basal lubrication 
or the loss of buttressing ice shelves.

According to the World Glacier Monitoring 
Service (Figure 11), in the hydrological year 
2018/2019, the roughly 40  glaciers with 

Figure 11. Annual (blue) 
and cumulative (red) 
mass balance of 
reference glaciers with 
more than 30 years of 
ongoing glaciological 
measurements. Global 
mass balance is 
based on an average 
for 19 regions to 
minimize bias towards 
well-sampled regions. 
Annual mass changes 
are expressed in metre 
water equivalent 
(m w.e.), which 
corresponds to tons 
per square metre 
(1 000 kg m-2).
Source: World Glacier 
Monitoring Service, 
2021, updated
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long-term observations experienced an ice 
loss of 1.18 metre water equivalent (m w.e.), 
close to the record loss set in 2017/2018. 
Despite the global pandemic, observations 
for 2019/2020 were able to be collected for 
the majority of the important glacier sites 
worldwide, although some data gaps will be 
inevitable. Preliminary results for 2020, based 
on a subset of evaluated glaciers, indicate 
that glaciers continued to lose mass in the 
hydrological year 2019/2020. However, mass 
balance was slightly less negative, with an 
estimated ice loss of 0.98 m w.e.

The lower rates of glacier mass change are 
attributed to more moderate climate forcing 
in some regions, for example in Scandinavia, 
High Mountain Asia and, to a lesser extent, 
North America. Lower rates are in some cases 
explained by high winter precipitation. Most 
other regions, such as the European Alps or 
New Zealand, showed strong glacier mass 
loss, albeit less than in the two preceding 
years. In contrast, there are indications that 
glaciers in the Arctic, which account for a 
large area, were subject to substantially in-
creased melting, but data are still too scarce 
to establish the overall signal. Although the 
hydrological year 2019/2020 was characterized 
by somewhat less negative glacier mass 
balances in many parts of the Earth, there is a 
clear trend towards accelerating glacier mass 
loss in the long term, which is also confirmed 
by large-scale remote sensing studies. Eight 
out of the ten most negative mass balance 
years have been recorded since 2010.

ICE SHEETS

Despite the exceptional warmth in large parts 
of the Arctic, in particular the very unusual 
temperatures that were observed in eastern 
Siberia, temperatures over Greenland in 2020 
were close to the long-term mean (Figure 2). 
The Greenland ice sheet ended the September 
2019 to August 2020 season with an overall 
loss of 152 Gt of ice. This loss was a result of 
surface melting, the discharge of icebergs and 
the melting of glacier tongues by warm ocean 
water (Figure 12) and although significant, 
was less than the loss of ice in the previous 
year (329 Gt).

Changes in the mass of the Greenland ice 
sheet reflect the combined effects of the 

surface mass balance (SMB) – defined as 
the difference between snowfall and run-off 
from the ice sheet, which is always positive at 
the end of the year – and mass losses at the 
periphery from the calving of icebergs and 
the melting of glacier tongues that meet the 
ocean. The 2019/2020 Greenland SMB was 
+349 Gt of ice, which is close to the 40-year 
average of +341 Gt. However, ice loss due to 
iceberg calving was at the high end of the 
40-year satellite record. The Greenland SMB 
record is now four decades long and, although 
it varies from one year to another, there 
has been an overall decline in the average 
SMB over time (Figure 12). In the 1980s and 
1990s, the average SMB gain was about 
+416 Gt/year. It fell to +270 Gt/year in the 
2000s and +260 Gt/year in the 2010s.

The GRACE satellites and the follow-on mis-
sion GRACE-FO measure the tiny change of 
the gravitational force due to changes in the 
amount of ice. This provides an independent 
measure of the total mass balance. Based on 
this data, it can be seen that the Greenland ice 
sheet lost about 4 200 Gt from April 2002 to 
August 2019, which contributed to a sea-level 
rise of slightly more than 1 cm. This is in good 
agreement with the mass balance from SMB 
and discharge, which was 4 261 Gt during 
the same period.

The 2019/2020 melt season on the Greenland 
ice sheet started on 22 June, 10 days later 
than the 1981–2020 average. As in previ-
ous seasons, there were losses along the 
Greenlandic west coast and gains in the 
east. In mid-August, unusually large storms 

Figure 12. Components 
of the total mass balance 
of the Greenland ice 
sheet for the period 
1986–2020. Blue: 
surface mass balance 
(http://polarportal.
dk/en/greenland/
surface-conditions/),
green: discharge, red: 
total mass balance (the 
sum of the surface mass 
balance and discharge).
Source: Mankoff, K.D. 
et  al., 2020: Greenland 
Ice Sheet solid ice 
discharge from 1986 
through March 2020. 
Earth System Science 
Data, 12(2): 1367–1383, 
https://doi.org/10.5194/
essd-12-1367-2020.
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The Arctic in 2020

Figure 13. Top left: 
Temperature anomalies 
for the Arctic relative to 
the 1981–2010 long-term 
average from the ERA5 
reanalysis for 2020.  
Source: Copernicus 
Climate Change Service, 
ECMWF

Top right: Fire Radiative 
Power, a measure 
of heat output from 
wildfires, in the Arctic 
Circle between June and 
August 2020.  
Source: Copernicus 
Atmosphere Monitoring 
Service, ECMWF 

The Arctic has been undergoing drastic 
changes as the global temperature has in-
creased. Since the mid-1980s, Arctic surface 
air temperatures have warmed at least twice 
as fast as the global average, while sea ice, 
the Greenland ice sheet and glaciers have 
declined over the same period and perma-
frost temperatures have increased. This has 
potentially large implications not only for 
Arctic ecosystems, but also for the global 
climate through various feedbacks.a

In 2020, the Arctic stood out as the region with 
the largest temperature deviations from the 
long-term average. Contrasting conditions of 
ice, heat and wildfires were seen in the eastern 
and western Arctic (Figure 13). A strongly 
positive phase of the Arctic Oscillation during 
the 2019/2020 winter set the scene early in the 
year, with higher-than-average temperatures 
across Europe and Asia and well-below-average 
temperatures in Alaska, a pattern which per-
sisted throughout much of the year.
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Bottom left: Total 
precipitation in 
2020, expressed as 
a percentile of the 
1951–2010 reference 
period, for areas that 
would have been in the 
driest 20% (brown) and 
wettest 20% (green) 
of years during the 
reference period, with 
darker shades of brown 
and green indicating the 
driest and wettest 10%, 
respectively.  
Source: Global 
Precipitation 
Climatology Centre 
(GPCC)

Bottom right: Sea-ice 
concentration anomaly 
for September 2020. 
Source: EUMETSAT 
OSI SAF v2p1 data, 
with research and 
development input from 
the European Space 
Agency Climate Change 
Initiative (ESA CCI)

a Intergovernmental Panel on Climate Change, 2019: IPCC Special Report on the Ocean and Cryosphere in a Changing 
Climate, https://www.ipcc.ch/srocc/.
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In a large region of the Siberian Arctic, 
temperature anomalies for 2020 were more 
than 3 °C, and in its central coastal parts, 
more than 5 °C above average (Figure 13). 
A preliminary record temperature of 38 °C 
was set for north of the Arctic Circle, on 20 
June in Verkhoyansk,b during a prolonged 
heatwave. Heatwaves and heat records 
were also observed in other parts of the 
Arctic (see High-impact events in 2020), and 
extreme heat was not confined to the land. 
A marine heatwave affected large areas of 
the Arctic Ocean north of Eurasia (Figure 8). 
Sea ice in the Laptev Sea, offshore from the 
area of highest temperature anomalies on 
land, was unusually low through the summer 
and autumn. Indeed, the sea-ice extent was 
particularly low along the Siberian coastline, 
with the Northern Sea Route ice-free or close 
to ice-free from July to October. The high 
spring temperatures also had a significant 
effect on other parts of the cryosphere. June 
snow cover was the lowest for the Eurasian 
Arctic in the 54-year satellite record despite 
the region having a larger-than-average extent 
as late as April.c

Although the Arctic was predominantly warm-
er than average for this period, some regions, 

including parts of Alaska and Greenland, saw 
close to average or below-average temper-
atures. As a result, the 2019/2020 surface 
mass balance for Greenland was close to the 
40-year average. Nevertheless, the decline of 
the Greenland ice sheet continued during the 
2019/2020 season, but the loss was below the 
typical amounts seen during the last decade 
(see Cryosphere). Sea-ice conditions along the 
Canadian archipelago were close to average 
at the September minimum, and the western 
passage remained closed.d

The wildfire season in the Arctic during 2020 
was particularly active, but with large regional 
differences. The region north of the Arctic 
circle saw the most active wildfire season in 
an 18-year data record, as estimated in terms 
of fire radiative power and CO2 emissions 
released from fires. The main activity was 
concentrated in the eastern Siberian Arctic, 
which was also drier than average. Regional 
reportse for eastern Siberia indicate that 
the forest fire season started earlier than 
average, and for some regions ended later, 
resulting in long-term damage to local eco-
systems. Alaska, as well as the Yukon and the 
Northwest Territories, reported fire activity 
that was well below average. 

19

b https://public.wmo.int/en/media/news/reported-new-record-temperature-of-38%C2%B0c-north-of-arctic-circle

c Mudryk, L.E. et al., 2020: Arctic Report Card 2020: Terrestrial Snow Cover. United States. National Oceanic and Atmospheric 
Administration. Office of Oceanic and Atmospheric Research University of Toronto. Department of Physics Ilmatieteen 
laitos (Finland) / Finnish Meteorological Institute, https://doi.org/10.25923/P6CA-V923.

d Arctic Climate Forum, https://arctic-rcc.org/sites/arctic-rcc.org/files/presentations/acf-fall-2020/2%20-%20Day%20
2%20-%20ACF-6_Arctic_summary_MJJAS_2020_v2.pdf

e Arctic Climate Forum, https://arctic-rcc.org/sites/arctic-rcc.org/files/presentations/acf-fall-2020/3%20-%20Day%201-%20
ACF%20October%202020%20Regional%20Overview%20Summary%20with%20extremes%20-281020.pdf
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brought four times the normal monthly precip-
itation to western Greenland, most of which 
fell as snow that temporarily stopped the 
net loss of ice and was decisive in reducing 
the amount of melt; this was quite different 
from the situation in the previous season 
(2018/2019), in which there were extended 
high pressure periods and large amounts of 
sunshine, which significantly increased the 
summer melt.

There is no routine reporting of the annual 
mass balance for the Antarctic ice sheet, 
and reported mass changes typically have 
a latency of several years. This is because 
multiple data sets must be combined to re-
duce uncertainty and bias in mass-change 
estimates on the continental scale. 

Antarctica has exhibited a strong mass 
loss trend since the late 1990s. This trend 
accelerated around 2005, and currently, 
Antarctica loses approximately 175 to 225 Gt 
per year. Nearly 90% of the acceleration of 
this trend is due to the increasing flow rates 

31 Mottram, R. et al., 2020: What Is the Surface Mass Balance of Antarctica? An Intercomparison of Regional Climate Model 
Estimates. The Cryosphere Discussions, 1–42, https://doi.org/10.5194/tc-2019-333.

32 King, M.A. and C.S. Watson, 2020: Antarctic Surface Mass Balance: Natural Variability, Noise, and Detecting New 
Trends. Geophysical Research Letters, 47(12): e2020GL087493, https://doi.org/10.1029/2020GL087493.

33 Turner, J. et al., 2019: The Dominant Role of Extreme Precipitation Events in Antarctic Snowfall Variability. Geophysical 
Research Letters, 46(6): 3502–3511, https://doi.org/10.1029/2018GL081517.

34 Shepherd, A. et al., 2018: Mass Balance of the Antarctic Ice Sheet from 1992 to 2017. Nature, 558(7709): 219–222, https://
doi.org/10.1038/s41586-018-0179-y.

of major glaciers in West Antarctica and the 
Antarctic Peninsula.17 This is in contrast to 
the Greenland ice sheet, where losses from 
surface melting are of comparable magnitude 
to those from glacier dynamics. The main 
driver of faster glacier flow in Antarctica has 
been enhanced sub-sea melting of fringing 
ice shelves, with a secondary driver being 
abrupt ice-shelf collapse due to localized 
surface melting on the Antarctic Peninsula.39 
This glacier-dynamic response to climate 
and ocean forcing is strongly controlled by 
thresholds (ice shelf collapse) and strongly 
modulated by positive feedbacks in flow. As 
a result, Antarctica’s interannual dynamic 
losses are largely uncoupled from fluctuations 
in weather on annual timescales.

Superimposed on this sustained mass loss 
trend is a large interannual variability in 
snowfall that fluctuates by several hundred 
gigatons (Figure 14) around an average of 
approximately 2 300 Gt to 2 500 Gt per year31 
and has no clear trend over recent decades.32 
These large fluctuations are dominated spa-
tially and temporally by occasional extreme 
snowfall events.33 Instrumental observations 
of snowfall on the continent are extremely 
scarce, however, and ice-sheet mass changes 
are instead calculated retrospectively from 
satellite-observed changes in flow rate (the 
mass budget method), the gravity field or sur-
face height, combined with modelled surface 
mass balance, near-surface snow density and 
isostatic rebound, respectively. Each of these 
three sets of observations and associated 
model inputs contains significant uncer-
tainties and potential biases, and the results 
reported by these techniques do not always 
agree within their uncertainties.34 Consensus 
on Antarctic mass changes therefore emerges 
only from a detailed inter-comparison of this 
suite of methods, with careful consideration 
of their respective strengths and weakness-
es.39,43 No such consensus value is available 
yet for the 2019/2020 period.
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Figure 14. Comparison of 
Antarctic ice sheet mass 
changes from GRACE/
GRACE-FO satellite 
gravimetry (blue) and 
the mass budget method 
(MBM) (red). This 
comparison highlights 
the large interannual 
variability in mass 
change, the relatively 
large uncertainties in 
these two methods, 
and their occasional 
disagreement.
Source: Velicogna et 
al., 2020 (see reference 
details in Antarctic ice 
sheet data)
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PRECIPITATION

Annual precipitation totals in monsoon- 
 influenced regions in North America, Africa, 
South-West Asia and South-East Asia were 
unusually high in 2020 (Figure 15, top), as 
were extreme daily totals (expressed as the 
95th percentile of daily totals) (Figure 15, 
bottom). The African Monsoon extended 
farther north into the Sahel region than usual. 
Monsoon seasonal totals in India were 109% 
of the long-term mean, the third highest 

seasonal total after 1994 and 2019. East Asia 
experienced abnormally high annual and 
extreme daily rainfall totals.

In other regions, the extreme daily totals 
(95th  percentile of daily precipitation 
amounts) were lower than the long-term 
mean (Figure 15, bottom), for example, the 
Maritime Continent (incorporating Indonesia, 
Papua New Guinea and the Philippines, as 
well as other islands in the region), Central 
and North-West Africa, large areas of the 
Americas and Central and West Europe.

Figure 15. Top: Total 
precipitation in 
2020, expressed as 
a percentile of the 
1951–2010 reference 
period. The shaded 
areas are those with 
precipitation totals in 
the driest 20% (brown) 
and wettest 20% (green) 
of years during the 
reference period, with 
darker shades of brown 
and green indicating the 
driest and wettest 10%, 
respectively.  
Note: A longer reference 
period is used here 
because precipitation 
is more variable, 
and a longer period 
allows a more reliable 
long-term average to be 
calculated.  
Bottom: Difference 
between the observed 
95th percentile of daily 
precipitation total in 
2020 and the long-term 
mean based on the 
1982–2016 (full year) 
period. Blue indicates 
more extreme daily 
precipitation events 
than the long-term mean, 
and brown indicates 
fewer extreme daily 
precipitation events than 
the long-term mean. 
Note: The period used 
here is the full length 
of the global daily 
precipitation data set.
Source: GPCC, 
Deutscher Wetterdienst, 
Germany
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DRIVERS OF SHORT-TERM CLIMATE 
VARIABILITY

There are many different natural phenomena, 
often referred to as climate patterns or cli-
mate modes, that affect weather at timescales 
ranging from days to several months. Surface 
temperatures change relatively slowly over the 
ocean, so recurring patterns in sea-surface 
temperature can be used to understand, and in 
some cases, predict the more rapidly changing 
patterns of weather over land on seasonal 
timescales. Similarly, albeit at a faster rate, 
known pressure changes in the atmosphere can 
help explain certain regional weather patterns.

In 2020, the El Niño–Southern Oscillation 
(ENSO) and the Arctic Oscillation (AO) each 
contributed to weather and climate events in 
different parts of the world. The Indian Ocean 
Dipole, which played a key role in the events 
of 2019, was near-neutral for much of 2020.

EL NIÑO–SOUTHERN OSCILLATION

ENSO is one of the most important drivers of 
year-to-year variability in weather patterns 
around the world. It is linked to hazards 
such as heavy rains, floods, and drought. 
El Niño, characterized by higher-than-average 
sea-surface temperatures in the eastern Pacific 
and a weakening of the trade winds, typically 
has a warming influence on global temper-
atures. La Niña, which is characterized by 
below-average sea-surface temperatures in the 
central and eastern Pacific and a strengthening 
of the trade winds, has the opposite effect.

Sea-surface temperatures at the end of 2019 
were close to or exceeded El Niño thresholds 
in the Niño 3.4 region.4 These temperatures 
persisted into the early months of 2020, but 
the event did not strengthen, and sea-surface 
temperature anomalies in the eastern Pacific 
fell in March. After a six-month period of 
neutral conditions – that is, sea-surface 
temperatures within 0.5 °C of normal – the 
cool-phase, La Niña, developed in August 
and strengthened through the northern 
hemisphere autumn to moderate strength 

35 Rigor, I.G. et al., 2002: Response of Sea Ice to the Arctic Oscillation. Journal of Climate, 15(18): 2648–2663, https://doi.
org/10.1175/1520-0442(2002)015%3c2648:ROSITT%3e2.0.CO;2.

(1.0–1.5 °C below normal). The atmosphere 
also responded with stronger-than-average 
trade winds, indicating a coupling with the 
sea-surface temperatures. La Niña conditions 
are associated with above-average hurricane 
activity in the North Atlantic, which experi-
enced a record number of named tropical 
storms during its 2020 hurricane season, and 
also with above-average rainfall in Australia, 
which ended the year with its fourth wettest 
December on record.

ARCTIC OSCILLATION

AO is a large-scale atmospheric pattern that 
influences weather throughout the northern 
hemisphere. The positive phase is character-
ized by lower-than-average air pressure over 
the Arctic and higher-than-average pressure 
over the northern Pacific and Atlantic Oceans. 
The jet stream is parallel to the lines of latitude 
and farther north than average, locking up cold 
Arctic air, and storms can be shifted northward 
of their usual paths. The mid-latitudes of North 
America, Europe, Siberia, and East Asia gen-
erally see fewer cold air outbreaks than usual 
during the positive phase of AO. A negative 
AO has the opposite effect and is associated 
with a more meandering jet stream and cold 
air spilling south into the mid-latitudes.

AO was strongly positive during the northern 
hemisphere 2019/2020 winter and in February 
was the strongest it had been since January 
1993. This contributed to the warmest winter 
on record for Asia and Europe and the sixth 
warmest winter on record for the contiguous 
United States; at the same time, Alaska expe-
rienced its coldest winter in more than two 
decades. By containing cold air in the polar 
region through the entire winter, the positive 
AO also contributed to a relatively rare and 
record-large Arctic ozone hole in March (see 
Stratospheric ozone and ozone-depleting 
gases). Additionally, the positive winter phase 
of AO has been linked to low sea-ice extent 
the following summer35 (see Sea ice). AO was 
strongly positive in November but rapidly 
declined to large negative values in December 
and in early 2021.
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Introduction

This Special Report on the Ocean and Cryosphere1 in a Changing Climate (SROCC) was prepared following an IPCC Panel 
decision in 2016 to prepare three Special Reports during the Sixth Assessment Cycle2. By assessing new scientific literature3, 
the SROCC4 responds to government and observer organization proposals. The SROCC follows the other two Special Reports 
on Global Warming of 1.5ºC (SR1.5) and on Climate Change and Land (SRCCL)5 and the Intergovernmental Science Policy 
Platform on Biodiversity and Ecosystem Services (IPBES) Global Assessment Report on Biodiversity and Ecosystem Services.

This Summary for Policymakers (SPM) compiles key findings of the report and is structured in three parts: SPM.A: Observed 
Changes and Impacts, SPM.B: Projected Changes and Risks, and SPM.C: Implementing Responses to Ocean and Cryosphere 
Change. To assist navigation of the SPM, icons indicate where content can be found. Confidence in key findings is reported 
using IPCC calibrated language6 and the underlying scientific basis for each key finding is indicated by references to sections 
of the underlying report. 

Key of icons to indicate content

High mountain cryosphere

Polar regions

Coasts and sea level rise

Ocean

1 The cryosphere is defined in this report (Annex I: Glossary) as the components of the Earth System at and below the land and ocean surface that are 
frozen, including snow cover, glaciers, ice sheets, ice shelves, icebergs, sea ice, lake ice, river ice, permafrost, and seasonally frozen ground.

2 The decision to prepare a Special Report on Climate Change and Oceans and the Cryosphere was made at the Forty-Third Session of the IPCC in 
Nairobi, Kenya, 11–13 April 2016.

3 Cut-off dates: 15 October 2018 for manuscript submission, 15 May 2019 for acceptance for publication.
4 The SROCC is produced under the scientific leadership of Working Group I and Working Group II. In line with the approved outline, mitigation options 

(Working Group III) are not assessed with the exception of the mitigation potential of blue carbon (coastal ecosystems).
5 The full titles of these two Special Reports are: “Global Warming of 1.5ºC. An IPCC special report on the impacts of global warming of 1.5ºC above 

pre-industrial levels and related global greenhouse gas emission pathways, in the context of strengthening the global response to the threat of 
climate change, sustainable development, and efforts to eradicate poverty”; “Climate Change and Land: an IPCC special report on climate change, 
desertification, land degradation, sustainable land management, food security, and greenhouse gas fluxes in terrestrial ecosystems”.

6 Each finding is grounded in an evaluation of underlying evidence and agreement. A level of confidence is expressed using five qualifiers: very low, low, 
medium, high and very high, and typeset in italics, e.g., medium confidence. The following terms have been used to indicate the assessed likelihood of 
an outcome or a result: virtually certain 99–100% probability, very likely 90–100%, likely 66–100%, about as likely as not 33–66%, unlikely 0–33%, 
very unlikely 0–10%, exceptionally unlikely 0–1%. Assessed likelihood is typeset in italics, e.g., very likely. This is consistent with AR5 and the other 
AR6 Special Reports. Additional terms (extremely likely 95–100%, more likely than not >50–100%, more unlikely than likely 0–<50%, extremely 
unlikely 0–5%) are used when appropriate. This Report also uses the term ‘likely range’ or ‘very likely range’ to indicate that the assessed likelihood 
of an outcome lies within the 17–83% or 5–95% probability range. {1.9.2, Figure 1.4} 
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Startup Box |  The Importance of the Ocean and Cryosphere for People

7 High mountain areas include all mountain regions where glaciers, snow or permafrost are prominent features of the landscape. For a list of high 
mountain regions covered in this report, see Chapter 2. Population in high mountain regions is calculated for areas less than 100 kilometres from 
glaciers or permafrost in high mountain areas assessed in this report. {2.1} Projections for 2050 give the range of population in these regions across 
all five of the Shared Socioeconomic Pathways. {Cross-Chapter Box 1 in Chapter 1}

8 Population in the low elevation coastal zone is calculated for land areas connected to the coast, including small island states, that are less than 
10 metres above sea level. {Cross-Chapter Box 9} Projections for 2050 give the range of population in these regions across all five of the Shared 
Socioeconomic Pathways. {Cross-Chapter Box 1 in Chapter 1}

All people on Earth depend directly or indirectly on the ocean and cryosphere. The global ocean covers 71% of the 
Earth surface and contains about 97% of the Earth’s water. The cryosphere refers to frozen components of the Earth 
system1. Around 10% of Earth’s land area is covered by glaciers or ice sheets. The ocean and cryosphere support 
unique habitats, and are interconnected with other components of the climate system through global exchange of 
water, energy and carbon. The projected responses of the ocean and cryosphere to past and current human-induced 
greenhouse gas emissions and ongoing global warming include climate feedbacks, changes over decades to millennia 
that cannot be avoided, thresholds of abrupt change, and irreversibility. {Box 1.1, 1.2}

Human communities in close connection with coastal environments, small islands (including Small Island Developing 
States, SIDS), polar areas and high mountains7 are particularly exposed to ocean and cryosphere change, such as sea 
level rise, extreme sea level and shrinking cryosphere. Other communities further from the coast are also exposed to 
changes in the ocean, such as through extreme weather events. Today, around 4 million people live permanently in 
the Arctic region, of whom 10% are Indigenous. The low-lying coastal zone8 is currently home to around 680 million 
people (nearly 10% of the 2010 global population), projected to reach more than one billion by 2050. SIDS are home 
to 65 million people. Around 670 million people (nearly 10% of the 2010 global population), including Indigenous 
peoples, live in high mountain regions in all continents except Antarctica. In high mountain regions, population is 
projected to reach between 740 and 840  million by 2050 (about  8.4–8.7% of the projected global population). 
{1.1, 2.1, 3.1, Cross-Chapter Box 9, Figure 2.1} 

In addition to their role within the climate system, such as the uptake and redistribution of natural and anthropogenic 
carbon dioxide (CO2) and heat, as well as ecosystem support, services provided to people by the ocean and/or 
cryosphere include food and water supply, renewable energy, and benefits for health and well-being, cultural values, 
tourism, trade, and transport. The state of the ocean and cryosphere interacts with each aspect of sustainability 
reflected in the United Nations Sustainable Development Goals (SDGs). {1.1, 1.2, 1.5}
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A. Observed Changes and Impacts 

Observed Physical Changes

A.1 Over the last decades, global warming has led to widespread shrinking of the cryosphere, 
with mass loss from ice sheets and glaciers (very high confidence), reductions in snow cover 
(high confidence) and Arctic sea ice extent and thickness (very high confidence), and increased 
permafrost temperature (very high confidence). {2.2, 3.2, 3.3, 3.4, Figures SPM.1, SPM.2}

A.1.1  Ice sheets and glaciers worldwide have lost mass (very high confidence). Between 2006 and 
2015, the Greenland Ice Sheet9 lost ice mass at an average rate of 278 ± 11 Gt yr–1 (equivalent to 0.77 ± 0.03 mm yr–1 of 
global sea level rise)10, mostly due to surface melting (high confidence). In 2006–2015, the Antarctic Ice Sheet lost 
mass at an average rate of 155 ± 19 Gt yr–1 (0.43 ± 0.05 mm yr–1), mostly due to rapid thinning and retreat of major 
outlet glaciers draining the West Antarctic Ice Sheet (very high confidence). Glaciers worldwide outside Greenland 
and Antarctica lost mass at an average rate of 220 ± 30 Gt yr–1 (equivalent to 0.61 ± 0.08 mm yr–1 sea level rise) in 
2006–2015. {3.3.1, 4.2.3, Appendix 2.A, Figure SPM.1}

A.1.2   Arctic June snow cover extent on land declined by 13.4 ±  5.4% per decade from 1967 
to 2018, a  total loss of approximately  2.5  million km2, predominantly due to surface air temperature increase 
(high confidence). In nearly all high mountain areas, the depth, extent and duration of snow cover have declined over 
recent decades, especially at lower elevation (high confidence). {2.2.2, 3.4.1, Figure SPM.1}

A.1.3   Permafrost temperatures have increased to record high levels (1980s–present) 
(very high confidence) including the recent increase by 0.29ºC ± 0.12ºC from 2007 to 2016 averaged across polar 
and high mountain regions globally. Arctic and boreal permafrost contain 1460–1600 Gt organic carbon, almost twice 
the carbon in the atmosphere (medium confidence). There is medium evidence with low agreement whether northern 
permafrost regions are currently releasing additional net methane and CO2 due to thaw. Permafrost thaw and glacier 
retreat have decreased the stability of high mountain slopes (high confidence). {2.2.4, 2.3.2, 3.4.1, 3.4.3, Figure SPM.1} 

A.1.4   Between 1979 and 2018, Arctic sea ice extent has very likely decreased for all months of the 
year. September sea ice reductions are very likely 12.8 ± 2.3% per decade. These sea ice changes in September are 
likely unprecedented for at least 1000 years. Arctic sea ice has thinned, concurrent with a transition to younger ice: 
between 1979 and 2018, the areal proportion of multi-year ice at least five years old has declined by approximately 
90% (very high confidence). Feedbacks from the loss of summer sea ice and spring snow cover on land have 
contributed to amplified warming in the Arctic (high confidence) where surface air temperature likely increased 
by more than double the global average over the last two decades. Changes in Arctic sea ice have the potential to 
influence mid-latitude weather (medium confidence), but there is low confidence in the detection of this influence 
for specific weather types. Antarctic sea ice extent overall has had no statistically significant trend (1979–2018) due 
to contrasting regional signals and large interannual variability (high confidence). {3.2.1, 6.3.1, Box 3.1, Box 3.2, 
SPM A.1.2, Figures SPM.1, SPM.2}

9 Including peripheral glaciers.
10 360 Gt ice corresponds to 1 mm of global mean sea level.
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high acidity
low acidity

Historical changes (observed and modelled) and projections under RCP2.6 and RCP8.5 for key indicators
Historical (modelled)Historical (observed) Projected (RCP2.6) Projected (RCP8.5)
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Figure SPM.1 |  Observed and modelled historical changes in the ocean and cryosphere since 195011, and projected future changes under low 
(RCP2.6) and high (RCP8.5) greenhouse gas emissions scenarios. {Box SPM.1} 

11 This does not imply that the changes started in 1950. Changes in some variables have occurred since the pre-industrial period. 
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Figure SPM.1 (continued): Changes are shown for: (a) Global mean surface air temperature change with likely range. {Box SPM.1, Cross-Chapter 
Box 1  in Chapter 1} Ocean-related changes with very likely ranges for (b) Global mean sea surface temperature change {Box 5.1, 5.2.2}; (c) 
Change factor in surface ocean marine heatwave days {6.4.1}; (d) Global ocean heat content change (0–2000 m depth). An approximate steric sea 
level equivalent is shown with the right axis by multiplying the ocean heat content by the global-mean thermal expansion coefficient (ε ≈ 0.125 m per 
1024 Joules)12 for observed warming since 1970 {Figure 5.1}; (h) Global mean surface pH (on the total scale). Assessed observational trends are 
compiled from open ocean time series sites longer than 15 years {Box 5.1, Figure 5.6, 5.2.2}; and (i) Global mean ocean oxygen change (100–600 
m depth). Assessed observational trends span 1970–2010 centered on 1996 {Figure 5.8, 5.2.2}. Sea level changes with likely ranges for (m) Global 
mean sea level change. Hashed shading reflects low confidence in sea level projections beyond 2100 and bars at 2300 reflect expert elicitation on the 
range of possible sea level change {4.2.3, Figure 4.2}; and components from (e,f) Greenland and Antarctic ice sheet mass loss {3.3.1}; and (g) Glacier 
mass loss {Cross-Chapter Box 6 in Chapter 2, Table 4.1}. Further cryosphere-related changes with very likely ranges for (j) Arctic sea ice extent 
change for September13 {3.2.1, 3.2.2 Figure 3.3}; (k) Arctic snow cover change for June (land areas north of 60ºN) {3.4.1, 3.4.2, Figure 3.10}; and 
(l) Change in near-surface (within 3–4 m) permafrost area in the Northern Hemisphere {3.4.1, 3.4.2, Figure 3.10}. Assessments of projected changes 
under the intermediate RCP4.5 and RCP6.0 scenarios are not available for all variables considered here, but where available can be found in the 
underlying report. {For RCP4.5 see: 2.2.2, Cross-Chapter Box 6 in Chapter 2, 3.2.2, 3.4.2, 4.2.3, for RCP6.0 see Cross-Chapter Box 1 in Chapter 1}

Box SPM.1 |  Use of Climate Change Scenarios in SROCC 

12 This scaling factor (global-mean ocean expansion as sea level rise in metres per unit heat) varies by about 10% between different models, and it will 
systematically increase by about 10% by 2100 under RCP8.5 forcing due to ocean warming increasing the average thermal expansion coefficient. 
{4.2.1, 4.2.2, 5.2.2}

13 Antarctic sea ice is not shown here due to low confidence in future projections. {3.2.2}
14 CMIP5 is Phase 5 of the Coupled Model Intercomparison Project (Annex I: Glossary). 
15 A pathway with lower emissions (RCP1.9), which would correspond to a lower level of projected warming than RCP2.6, was not part of CMIP5.
16 In some instances this report assesses changes relative to 2006–2015. The warming from the 1850–1900 period until 2006–2015 has been assessed 

as 0.87ºC (0.75 to 0.99ºC likely range). {Cross-Chapter Box 1 in Chapter 1}

Assessments of projected future changes in this report are based largely on CMIP514 climate model projections using 
Representative Concentration Pathways (RCPs). RCPs are scenarios that include time series of  emissions 
and concentrations of the full suite of greenhouse gases (GHGs) and aerosols and chemically active gases, as well as 
land use / land cover. RCPs provide only one set of many possible scenarios that would lead to different levels of 
global warming. {Annex I: Glossary}

This report uses mainly RCP2.6 and RCP8.5 in its assessment, reflecting the available literature. RCP2.6 represents 
a low greenhouse gas emissions, high mitigation future, that in CMIP5 simulations gives a two in three chance of 
limiting global warming to below 2ºC by 210015. By contrast, RCP8.5 is a high greenhouse gas emissions scenario 
in the absence of policies to combat climate change, leading to continued and sustained growth in atmospheric 
greenhouse gas concentrations. Compared to the total set of RCPs, RCP8.5 corresponds to the pathway with the 
highest greenhouse gas emissions. The underlying chapters also reference other scenarios, including RCP4.5 and 
RCP6.0 that have intermediate levels of greenhouse gas emissions and result in intermediate levels of warming. 
{Annex I: Glossary, Cross-Chapter Box 1 in Chapter 1}

Table SPM.1 provides estimates of total warming since the pre-industrial period under four different RCPs for key 
assessment intervals used in SROCC. The warming from the 1850–1900 period until 1986–2005 has been assessed 
as 0.63ºC (0.57ºC to 0.69ºC likely range) using observations of near-surface air temperature over the ocean and over 
land.16 Consistent with the approach in AR5, modelled future changes in global mean surface air temperature relative 
to 1986–2005 are added to this observed warming. {Cross-Chapter Box 1 in Chapter 1}

Table SPM.1 |  Projected global mean surface temperature change relative to 1850–1900 for two time periods under four RCPs15 {Cross-Chapter 
Box 1 in Chapter 1}

Near-term: 2031–2050 End-of-century: 2081–2100

Scenario Mean (ºC) Likely range (ºC) Mean (ºC) Likely range (ºC)

RCP2.6 1.6 1.1 to 2.0 1.6 0.9 to 2.4

RCP4.5 1.7 1.3 to 2.2 2.5 1.7 to 3.3

RCP6.0 1.6 1.2 to 2.0 2.9 2.0 to 3.8

RCP8.5 2.0 1.5 to 2.4 4.3 3.2 to 5.4
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A.2  It is virtually certain that the global ocean has warmed unabated since 1970 and has taken up 
more than 90% of the excess heat in the climate system (high confidence). Since 1993, the rate 
of ocean warming has more than doubled (likely). Marine heatwaves have very likely doubled 
in frequency since 1982 and are increasing in intensity (very high confidence). By absorbing 
more CO2, the ocean has undergone increasing surface acidification (virtually certain). A loss 
of oxygen has occurred from the surface to 1000 m (medium confidence). {1.4, 3.2, 5.2, 6.4, 6.7, 
Figures SPM.1, SPM.2}

A.2.1.   The ocean warming trend documented in the IPCC Fifth Assessment Report (AR5) has 
continued. Since 1993 the rate of ocean warming and thus heat uptake has more than doubled (likely) from 3.22 
± 1.61 ZJ yr–1 (0–700 m depth) and 0.97 ± 0.64 ZJ yr–1 (700–2000 m) between 1969 and 1993, to 6.28 ± 0.48 ZJ 
yr–1 (0–700 m) and 3.86 ± 2.09 ZJ yr–1 (700–2000 m) between 1993 and 2017 17, and is attributed to anthropogenic 
forcing (very likely). {1.4.1, 5.2.2, Table 5.1, Figure SPM.1}

A.2.2   The Southern Ocean accounted for 35–43% of the total heat gain in the upper 2000 
m global ocean between 1970 and 2017 (high confidence). Its share increased to 45–62% between 2005 and 2017 
(high confidence). The deep ocean below 2000 m has warmed since 1992 (likely), especially in the Southern Ocean. 
{1.4, 3.2.1, 5.2.2, Table 5.1, Figure SPM.2}

A.2.3   Globally, marine heat-related events have increased; marine heatwaves18, defined when 
the daily sea surface temperature exceeds the local 99th percentile over the period 1982 to 2016, have doubled 
in frequency and have become longer-lasting, more intense and more extensive (very likely). It is very likely that 
between 84–90% of marine heatwaves that occurred between 2006 and 2015 are attributable to the anthropogenic 
temperature increase. {Table 6.2, 6.4, Figures SPM.1, SPM.2}

A.2.4   Density stratification19 has increased in the upper 200 m of the ocean since 1970 (very likely). 
Observed surface ocean warming and high latitude addition of freshwater are making the surface ocean less dense 
relative to deeper parts of the ocean (high confidence) and inhibiting mixing between surface and deeper waters 
(high confidence). The mean stratification of the upper 200 m has increased by 2.3 ± 0.1% (very likely range) from 
the 1971–1990 average to the 1998–2017 average. {5.2.2}

A.2.5   The ocean has taken up between 20–30% (very likely) of total anthropogenic CO2 emissions 
since the 1980s causing further ocean acidification. Open ocean surface pH has declined by a  very likely range 
of 0.017–0.027 pH units per decade since the late 1980s20, with the decline in surface ocean pH very likely to have 
already emerged from background natural variability for more than 95% of the ocean surface area. {3.2.1, 5.2.2, 
Box 5.1, Figures SPM.1, SPM.2}

17 ZJ is Zettajoule and is equal to 1021 Joules. Warming the entire ocean by 1ºC requires about 5500 ZJ; 144 ZJ would warm the top 100 m by about 1ºC.
18 A marine heatwave is a period of extreme warm near-sea surface temperature that persists for days to months and can extend up to thousands of 

kilometres (Annex I: Glossary).
19 In this report density stratification is defined as the density contrast between shallower and deeper layers. Increased stratification reduces the vertical 

exchange of heat, salinity, oxygen, carbon, and nutrients.
20 Based on in-situ records longer than fifteen years.
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A.2.6   Datasets spanning 1970–2010 show that the open ocean has lost oxygen by a very likely 
range of 0.5–3.3% over the upper 1000 m, alongside a likely expansion of the volume of oxygen minimum zones 
by 3–8% (medium confidence). Oxygen loss is primarily due to increasing ocean stratification, changing ventilation 
and biogeochemistry (high confidence). {5.2.2, Figures SPM.1, SPM.2}

A.2.7   Observations, both in situ (2004–2017) and based on sea surface temperature reconstructions, 
indicate that the Atlantic Meridional Overturning Circulation (AMOC)21 has weakened relative to 1850–1900 
(medium confidence). There is insufficient data to quantify the magnitude of the weakening, or to properly attribute 
it to anthropogenic forcing due to the limited length of the observational record. Although attribution is currently not 
possible, CMIP5 model simulations of the period 1850–2015, on average, exhibit a weakening AMOC when driven by 
anthropogenic forcing. {6.7}

A.3  Global mean sea level (GMSL) is rising, with acceleration in recent decades due to increasing 
rates of ice loss from the Greenland and Antarctic ice sheets (very high confidence), as well as 
continued glacier mass loss and ocean thermal expansion. Increases in tropical cyclone winds 
and rainfall, and increases in extreme waves, combined with relative sea level rise, exacerbate 
extreme sea level events and coastal hazards (high confidence). {3.3, 4.2, 6.2, 6.3, 6.8, Figures 
SPM.1, SPM.2, SPM.4, SPM.5}

A.3.1   Total GMSL rise for 1902–2015 is 0.16 m (likely range 0.12–0.21 m). The rate of GMSL rise for 
2006–2015 of 3.6 mm yr–1 (3.1–4.1 mm yr–1, very likely range), is unprecedented over the last century (high confidence), 
and about 2.5 times the rate for 1901–1990 of 1.4 mm yr–1 (0.8– 2.0 mm yr–1, very likely range). The sum of ice 
sheet and glacier contributions over the period 2006–2015 is the dominant source of sea level rise (1.8 mm yr–1, very 
likely range 1.7–1.9 mm yr–1), exceeding the effect of thermal expansion of ocean water (1.4 mm yr–1, very likely 
range  1.1–1.7 mm yr–1) 22 (very high confidence). The dominant cause of global mean sea level rise since 1970 is 
anthropogenic forcing (high confidence). {4.2.1, 4.2.2, Figure SPM.1}

A.3.2   Sea level rise has accelerated (extremely likely) due to the combined increased ice loss from 
the Greenland and Antarctic ice sheets (very high confidence). Mass loss from the Antarctic ice sheet over the period 
2007–2016 tripled relative to 1997–2006. For Greenland, mass loss doubled over the same period (likely, medium 
confidence). {3.3.1, Figures SPM.1, SPM.2, SPM A.1.1}

A.3.3   Acceleration of ice flow and retreat in Antarctica, which has the potential to lead to sea 
level rise of several metres within a few centuries, is observed in the Amundsen Sea Embayment of West Antarctica 
and in Wilkes Land, East Antarctica (very high confidence). These changes may be the onset of an irreversible23 ice 
sheet instability. Uncertainty related to the onset of ice sheet instability arises from limited observations, inadequate 
model representation of ice sheet processes, and limited understanding of the complex interactions between the 
atmosphere, ocean and the ice sheet. {3.3.1, Cross-Chapter Box 8 in Chapter 3, 4.2.3}

A.3.4   Sea level rise is not globally uniform and varies regionally. Regional differences, within ±30% 
of the global mean sea level rise, result from land ice loss and variations in ocean warming and circulation. Differences 
from the global mean can be greater in areas of rapid vertical land movement including from local human activities 
(e.g. extraction of groundwater). (high confidence) {4.2.2, 5.2.2, 6.2.2, 6.3.1, 6.8.2, Figure SPM.2}

21 The Atlantic Meridional Overturning Circulation (AMOC) is the main current system in the South and North Atlantic Oceans (Annex I: Glossary).
22 The total rate of sea level rise is greater than the sum of cryosphere and ocean contributions due to uncertainties in the estimate of landwater storage change.
23 The recovery time scale is hundreds to thousands of years (Annex I: Glossary).
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A.3.5   Extreme wave heights, which contribute to extreme sea level events, coastal erosion and 
flooding, have increased in the Southern and North Atlantic Oceans by around 1.0 cm yr–1 and 0.8 cm yr–1 over the 
period 1985–2018 (medium confidence). Sea ice loss in the Arctic has also increased wave heights over the period 
1992–2014 (medium confidence). {4.2.2, 6.2, 6.3, 6.8, Box 6.1}

A.3.6   Anthropogenic climate change has increased observed precipitation (medium confidence), 
winds (low confidence), and extreme sea level events (high confidence) associated with some tropical cyclones, which 
has increased intensity of multiple extreme events and associated cascading impacts (high confidence). Anthropogenic 
climate change may have contributed to a poleward migration of maximum tropical cyclone intensity in the western 
North Pacific in recent decades related to anthropogenically-forced tropical expansion (low confidence). There is 
emerging evidence for an increase in annual global proportion of Category 4 or 5 tropical cyclones in recent decades 
(low confidence). {6.2, Table 6.2, 6.3, 6.8, Box 6.1}

Observed Impacts on Ecosystems

A.4  Cryospheric and associated hydrological changes have impacted terrestrial and freshwater 
species and ecosystems in high mountain and polar regions through the appearance of land 
previously covered by ice, changes in snow cover, and thawing permafrost. These changes have 
contributed to changing the seasonal activities, abundance and distribution of ecologically, 
culturally, and economically important plant and animal species, ecological disturbances, and 
ecosystem functioning. (high confidence) {2.3.2, 2.3.3, 3.4.1, 3.4.3, Box 3.4, Figure SPM.2}

A.4.1   Over the last century some species of plants and animals have increased in abundance, shifted 
their range, and established in new areas as glaciers receded and the snow-free season lengthened (high confidence). 
Together with warming, these changes have increased locally the number of species in high mountains, as 
lower-elevation species migrate upslope (very high confidence). Some cold-adapted or snow-dependent species 
have declined in abundance, increasing their risk of extinction, notably on mountain summits (high confidence). In 
polar and mountain regions, many species have altered seasonal activities especially in late winter and spring (high 
confidence). {2.3.3, Box 3.4} 

A.4.2   Increased wildfire and abrupt permafrost thaw, as well as changes in Arctic and mountain 
hydrology have altered frequency and intensity of ecosystem disturbances (high confidence). This has included positive 
and negative impacts on vegetation and wildlife such as reindeer and salmon (high confidence). {2.3.3, 3.4.1, 3.4.3}

A.4.3   Across tundra, satellite observations show an overall greening, often indicative of increased 
plant productivity (high confidence). Some browning areas in tundra and boreal forest are indicative that productivity 
has decreased (high confidence). These changes have negatively affected provisioning, regulating and cultural 
ecosystem services, with also some transient positive impacts for provisioning services, in both high mountains 
(medium confidence) and polar regions (high confidence). {2.3.1, 2.3.3, 3.4.1, 3.4.3, Annex I: Glossary}
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A.5  Since about 1950 many marine species across various groups have undergone shifts in 
geographical range and seasonal activities in response to ocean warming, sea ice change and 
biogeochemical changes, such as oxygen loss, to their habitats (high confidence). This has 
resulted in shifts in species composition, abundance and biomass production of ecosystems, 
from the equator to the poles. Altered interactions between species have caused cascading 
impacts on ecosystem structure and functioning (medium confidence). In some marine 
ecosystems species are impacted by both the effects of fishing and climate changes (medium 
confidence). {3.2.3, 3.2.4, Box 3.4, 5.2.3, 5.3, 5.4.1, Figure SPM.2}

A.5.1   Rates of poleward shifts in distributions across different marine species since the 1950s 
are 52  ±  33 km per decade and 29 ±  16 km per decade (very likely ranges) for organisms in the epipelagic 
(upper 200 m from sea surface) and seafloor ecosystems, respectively. The rate and direction of observed shifts in 
distributions are shaped by local temperature, oxygen, and ocean currents across depth, latitudinal and longitudinal 
gradients (high  confidence). Warming-induced species range expansions have led to altered ecosystem structure 
and functioning such as in the North Atlantic, Northeast Pacific and Arctic (medium confidence). {5.2.3, 5.3.2, 5.3.6, 
Box 3.4, Figure SPM.2}

A.5.2   In recent decades, Arctic net primary production has increased in ice-free waters 
(high confidence) and spring phytoplankton blooms are occurring earlier in the year in response to sea ice change 
and nutrient availability with spatially variable positive and negative consequences for marine ecosystems (medium 
confidence). In the Antarctic, such changes are spatially heterogeneous and have been associated with rapid local 
environmental change, including retreating glaciers and sea ice change (medium confidence). Changes in the 
seasonal activities, production and distribution of some Arctic zooplankton and a southward shift in the distribution 
of the Antarctic krill population in the South Atlantic are associated with climate-linked environmental changes 
(medium confidence). In polar regions, ice associated marine mammals and seabirds have experienced habitat 
contraction linked to sea ice changes (high confidence) and impacts on foraging success due to climate impacts on 
prey distributions (medium confidence). Cascading effects of multiple climate-related drivers on polar zooplankton 
have affected food web structure and function, biodiversity as well as fisheries (high confidence). {3.2.3,  3.2.4, 
Box 3.4, 5.2.3, Figure SPM.2}

A.5.3   Eastern Boundary Upwelling Systems (EBUS) are amongst the most productive ocean 
ecosystems. Increasing ocean acidification and oxygen loss are negatively impacting two of the four major upwelling 
systems: the California Current and Humboldt Current (high confidence). Ocean acidification and decrease in oxygen 
level in the California Current upwelling system have altered ecosystem structure, with direct negative impacts on 
biomass production and species composition (medium confidence). {Box 5.3, Figure SPM.2}

A.5.4   Ocean warming in the 20th century and beyond has contributed to an overall decrease in 
maximum catch potential (medium confidence), compounding the impacts from overfishing for some fish stocks 
(high confidence). In many regions, declines in the abundance of fish and shellfish stocks due to direct and indirect 
effects of global warming and biogeochemical changes have already contributed to reduced fisheries catches 
(high confidence). In some areas, changing ocean conditions have contributed to the expansion of suitable habitat and/
or increases in the abundance of some species (high confidence). These changes have been accompanied by changes 
in species composition of fisheries catches since the 1970s in many ecosystems (medium confidence). {3.2.3, 5.4.1, 
Figure SPM.2}
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A.6  Coastal ecosystems are affected by ocean warming, including intensified marine heatwaves, 
acidification, loss of oxygen, salinity intrusion and sea level rise, in combination with adverse 
effects from human activities on ocean and land (high confidence). Impacts are already 
observed on habitat area and biodiversity, as well as ecosystem functioning and services 
(high confidence). {4.3.2, 4.3.3, 5.3, 5.4.1, 6.4.2, Figure SPM.2}

A.6.1   Vegetated coastal ecosystems protect the coastline from storms and erosion and help 
buffer the impacts of sea level rise. Nearly 50% of coastal wetlands have been lost over the last 100 years, as 
a result of the combined effects of localised human pressures, sea level rise, warming and extreme climate events 
(high  confidence). Vegetated coastal ecosystems are important carbon stores; their loss is responsible for the 
current release of 0.04–1.46 GtC yr–1 (medium confidence). In response to warming, distribution ranges of seagrass 
meadows and kelp forests are expanding at high latitudes and contracting at low latitudes since the late 1970s 
(high confidence), and in some areas episodic losses occur following heatwaves (medium confidence). Large-scale 
mangrove mortality that is related to warming since the 1960s has been partially offset by their encroachment into 
subtropical saltmarshes as a result of increase in temperature, causing the loss of open areas with herbaceous plants 
that provide food and habitat for dependent fauna (high confidence). {4.3.3, 5.3.2, 5.3.6, 5.4.1, 5.5.1, Figure SPM.2}

A.6.2   Increased sea water intrusion in estuaries due to sea level rise has driven upstream 
redistribution of marine species (medium confidence) and caused a  reduction of suitable habitats for estuarine 
communities (medium confidence). Increased nutrient and organic matter loads in estuaries since the 1970s from 
intensive human development and riverine loads have exacerbated the stimulating effects of ocean warming on 
bacterial respiration, leading to expansion of low oxygen areas (high confidence). {5.3.1}

A.6.3  The impacts of sea level rise on coastal ecosystems include habitat contraction, geographical 
shift of associated species, and loss of biodiversity and ecosystem functionality. Impacts are exacerbated by 
direct human disturbances, and where anthropogenic barriers prevent landward shift of marshes and mangroves 
(termed coastal squeeze) (high confidence). Depending on local geomorphology and sediment supply, marshes and 
mangroves can grow vertically at rates equal to or greater than current mean sea level rise (high confidence). 
{4.3.2, 4.3.3, 5.3.2, 5.3.7, 5.4.1}

A.6.4   Warm-water coral reefs and rocky shores dominated by immobile, calcifying (e.g., shell and 
skeleton producing) organisms such as corals, barnacles and mussels, are currently impacted by extreme temperatures 
and ocean acidification (high confidence). Marine heatwaves have already resulted in large-scale coral bleaching 
events at increasing frequency (very high confidence) causing worldwide reef degradation since 1997, and recovery 
is slow (more than 15 years) if it occurs (high confidence). Prolonged periods of high environmental temperature and 
dehydration of the organisms pose high risk to rocky shore ecosystems (high confidence). {SR.1.5; 5.3.4, 5.3.5, 6.4.2, 
Figure SPM.2}
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Figure SPM.2 |  Synthesis of observed regional hazards and impacts in ocean24 (top) and high mountain and polar land regions (bottom) assessed 
in SROCC. For each region, physical changes, impacts on key ecosystems, and impacts on human systems and ecosystem function and services are 
shown. For physical changes, yellow/green refers to an increase/decrease, respectively, in amount or frequency of the measured variable. For impacts 
on ecosystems, human systems and ecosystems services blue or red depicts whether an observed impact is positive (beneficial) or negative (adverse), 
respectively, to the given system or service. Cells assigned ‘increase and decrease’ indicate that within that region, both increase and decrease of 
physical changes are found, but are not necessarily equal; the same holds for cells showing ‘positive and negative’ attributable impacts. For ocean 
regions, the confidence level refers to the confidence in attributing observed changes to changes in greenhouse gas forcing for physical changes and to 
climate change for ecosystem, human systems, and ecosystem services. For high mountain and polar land regions, the level of confidence in attributing 
physical changes and impacts at least partly to a change in the cryosphere is shown. No assessment means: not applicable, not assessed at regional 
scale, or the evidence is insufficient for assessment. The physical changes in the ocean are defined as: Temperature change in 0–700 m layer of the 
ocean except for Southern Ocean (0–2000 m) and Arctic Ocean (upper mixed layer and major inflowing branches); Oxygen in the 0–1200 m layer 
or oxygen minimum layer; Ocean pH as surface pH (decreasing pH corresponds to increasing ocean acidification). Ecosystems in the ocean: Coral 
refers to warm-water coral reefs and cold-water corals. The ‘upper water column’ category refers to epipelagic zone for all ocean regions except Polar 
Regions, where the impacts on some pelagic organisms in open water deeper than the upper 200 m were included. Coastal wetland includes salt 
marshes, mangroves and seagrasses. Kelp forests are habitats of a specific group of macroalgae. Rocky shores are coastal habitats dominated by 
immobile calcified organisms such as mussels and barnacles. Deep sea is seafloor ecosystems that are 3000–6000 m deep. Sea-ice associated includes 
ecosystems in, on and below sea ice. Habitat services refer to supporting structures and services (e.g., habitat, biodiversity, primary production). 
Coastal Carbon Sequestration refers to the uptake and storage of carbon by coastal blue carbon ecosystems. Ecosystems on Land: Tundra refers to 
tundra and alpine meadows, and includes terrestrial Antarctic ecosystems. 
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Figure SPM.2 (continued): Migration refers to an increase or decrease in net migration, not to beneficial/adverse value. Impacts on tourism refer 
to the operating conditions for the tourism sector. Cultural services include cultural identity, sense of home, and spiritual, intrinsic and aesthetic 
values, as well as contributions from glacier archaeology. The underlying information is given for land regions in tables SM2.6, SM2.7, SM2.8, SM3.8, 
SM3.9, and SM3.10, and for ocean regions in tables SM5.10, SM5.11, SM3.8, SM3.9, and SM3.10. {2.3.1, 2.3.2, 2.3.3, 2.3.4, 2.3.5, 2.3.6, 2.3.7, 
Figure 2.1, 3.2.1, 3.2.3, 3.2.4, 3.3.3, 3.4.1, 3.4.3, 3.5.2, Box 3.4, 4.2.2, 5.2.2, 5.2.3, 5.3.3, 5.4, 5.6, Figure 5.24, Box 5.3}

Observed Impacts on People and Ecosystem Services

A.7  Since the mid-20th century, the shrinking cryosphere in the Arctic and high mountain areas 
has led to predominantly negative impacts on food security, water resources, water quality, 
livelihoods, health and well-being, infrastructure, transportation, tourism and recreation, as 
well as culture of human societies, particularly for Indigenous peoples (high confidence). Costs 
and benefits have been unequally distributed across populations and regions. Adaptation 
efforts have benefited from the inclusion of Indigenous knowledge and local knowledge 
(high confidence). {1.1, 1.5, 1.6.2, 2.3, 2.4, 3.4, 3.5, Figure SPM.2}

A.7.1   Food and water security have been negatively impacted by changes in snow cover, lake and 
river ice, and permafrost in many Arctic regions (high confidence). These changes have disrupted access to, and food 
availability within, herding, hunting, fishing, and gathering areas, harming the livelihoods and cultural identity of 
Arctic residents including Indigenous populations (high confidence). Glacier retreat and snow cover changes have 
contributed to localized declines in agricultural yields in some high mountain regions, including Hindu Kush Himalaya 
and the tropical Andes (medium confidence). {2.3.1, 2.3.7, Box 2.4, 3.4.1, 3.4.2, 3.4.3, 3.5.2, Figure SPM.2}

A.7.2   In the Arctic, negative impacts of cryosphere change on human health have included 
increased risk of food- and waterborne diseases, malnutrition, injury, and mental health challenges especially among 
Indigenous peoples (high confidence). In some high mountain areas, water quality has been affected by contaminants, 
particularly mercury, released from melting glaciers and thawing permafrost (medium confidence). Health-related 
adaptation efforts in the Arctic range from local to international in scale, and successes have been underpinned by 
Indigenous knowledge (high confidence). {1.8, Cross-Chapter Box 4 in Chapter 1, 2.3.1, 3.4.3}

A.7.3   Arctic residents, especially Indigenous peoples, have adjusted the timing of activities to respond 
to changes in seasonality and safety of land, ice, and snow travel conditions. Municipalities and industry are beginning 
to address infrastructure failures associated with flooding and thawing permafrost and some coastal communities 
have planned for relocation (high confidence). Limited funding, skills, capacity, and institutional support to engage 
meaningfully in planning processes have challenged adaptation (high confidence). {3.5.2, 3.5.4, Cross-Chapter Box 9}

A.7.4   Summertime Arctic ship-based transportation (including tourism) increased over the past two 
decades concurrent with sea ice reductions (high confidence). This has implications for global trade and economies 
linked to traditional shipping corridors, and poses risks to Arctic marine ecosystems and coastal communities 
(high confidence), such as from invasive species and local pollution. {3.2.1, 3.2.4, 3.5.4, 5.4.2, Figure SPM.2}

A.7.5   In past decades, exposure of people and infrastructure to natural hazards has increased due 
to growing population, tourism and socioeconomic development (high confidence). Some disasters have been linked 
to changes in the cryosphere, for example in the Andes, high mountain Asia, Caucasus and European Alps (medium 
confidence). {2.3.2, Figure SPM.2}

A.7.6   Changes in snow and glaciers have changed the amount and seasonality of runoff and 
water resources in snow dominated and glacier-fed river basins (very high confidence). Hydropower facilities have 
experienced changes in seasonality and both increases and decreases in water input from high mountain areas, for 
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example, in central Europe, Iceland, Western USA/Canada, and tropical Andes (medium confidence). However, there 
is only limited evidence of resulting impacts on operations and energy production. {SPM B.1.4, 2.3.1}

A.7.7   High mountain aesthetic and cultural aspects have been negatively impacted by glacier 
and snow cover decline (e.g.  in the Himalaya, East Africa, the tropical Andes) (medium confidence). Tourism and 
recreation, including ski and glacier tourism, hiking, and mountaineering, have also been negatively impacted in 
many mountain regions (medium confidence). In some places, artificial snowmaking has reduced negative impacts 
on ski tourism (medium confidence). {2.3.5, 2.3.6, Figure SPM.2}

A.8  Changes in the ocean have impacted marine ecosystems and ecosystem services with regionally 
diverse outcomes, challenging their governance (high confidence). Both positive and negative 
impacts result for food security through fisheries (medium confidence), local cultures and 
livelihoods (medium confidence), and tourism and recreation (medium confidence). The 
impacts on ecosystem services have negative consequences for health and well-being (medium 
confidence), and for Indigenous peoples and local communities dependent on fisheries 
(high confidence). {1.1, 1.5, 3.2.1, 5.4.1, 5.4.2, Figure SPM.2}

A.8.1   Warming-induced changes in the spatial distribution and abundance of some fish and 
shellfish stocks have had positive and negative impacts on catches, economic benefits, livelihoods, and local 
culture (high confidence). There are negative consequences for Indigenous peoples and local communities that are 
dependent on fisheries (high confidence). Shifts in species distributions and abundance has challenged international 
and national ocean and fisheries governance, including in the Arctic, North Atlantic and Pacific, in terms of 
regulating fishing to secure ecosystem integrity and sharing of resources between fishing entities (high confidence). 
{3.2.4, 3.5.3, 5.4.2, 5.5.2, Figure SPM.2}

A.8.2   Harmful algal blooms display range expansion and increased frequency in coastal areas 
since the 1980s in response to both climatic and non-climatic drivers such as increased riverine nutrients run-off 
(high confidence). The observed trends in harmful algal blooms are attributed partly to the effects of ocean warming, 
marine heatwaves, oxygen loss, eutrophication and pollution (high confidence). Harmful algal blooms have had 
negative impacts on food security, tourism, local economy, and human health (high confidence). The human 
communities who are more vulnerable to these biological hazards are those in areas without sustained monitoring 
programs and dedicated early warning systems for harmful algal blooms (medium confidence). {Box 5.4, 5.4.2, 6.4.2}

A.9  Coastal communities are exposed to multiple climate-related hazards, including tropical 
cyclones, extreme sea levels and flooding, marine heatwaves, sea ice loss, and permafrost 
thaw (high confidence). A diversity of responses has been implemented worldwide, mostly 
after extreme events, but also some in anticipation of future sea level rise, e.g., in the case of 
large infrastructure. {3.2.4, 3.4.3, 4.3.2, 4.3.3, 4.3.4, 4.4.2, 5.4.2, 6.2, 6.4.2, 6.8, Box 6.1, Cross 
Chapter Box 9, Figure SPM.5}

A.9.1   Attribution of current coastal impacts on people to sea level rise remains difficult in 
most locations since impacts were exacerbated by human-induced non-climatic drivers, such as land subsidence 
(e.g., groundwater extraction), pollution, habitat degradation, reef and sand mining (high confidence). {4.3.2, 4.3.3}

A.9.2   Coastal protection through hard measures, such as dikes, seawalls, and surge barriers, is 
widespread in many coastal cities and deltas. Ecosystem-based and hybrid approaches combining ecosystems and 
built infrastructure are becoming more popular worldwide. Coastal advance, which refers to the creation of new 
land by building seawards (e.g., land reclamation), has a long history in most areas where there are dense coastal 
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populations and a shortage of land. Coastal retreat, which refers to the removal of human occupation of coastal areas, 
is also observed, but is generally restricted to small human communities or occurs to create coastal wetland habitat. 
The effectiveness of the responses to sea level rise are assessed in Figure SPM.5. {3.5.3, 4.3.3, 4.4.2, 6.3.3, 6.9.1, 
Cross-Chapter Box 9} 

B. Projected Changes and Risks

Projected Physical Changes25

B.1  Global-scale glacier mass loss, permafrost thaw, and decline in snow cover and Arctic sea ice 
extent are projected to continue in the near-term (2031–2050) due to surface air temperature 
increases (high confidence), with unavoidable consequences for river runoff and local hazards 
(high confidence). The Greenland and Antarctic Ice Sheets are projected to lose mass at an 
increasing rate throughout the 21st century and beyond (high confidence). The rates and 
magnitudes of these cryospheric changes are projected to increase further in the second half 
of the 21st century in a high greenhouse gas emissions scenario (high confidence). Strong 
reductions in greenhouse gas emissions in the coming decades are projected to reduce further 
changes after 2050 (high confidence). {2.2,  2.3, Cross-Chapter Box 6  in Chapter  2,  3.3,  3.4, 
Figure SPM.1, SPM Box SPM.1}

B.1.1   Projected glacier mass reductions between 2015 and 2100 (excluding the ice sheets) range 
from 18 ± 7% (likely range) for RCP2.6 to 36 ± 11% (likely range) for RCP8.5, corresponding to a sea level contribution 
of 94 ± 25 mm (likely range) sea level equivalent for RCP2.6, and 200 ± 44 mm (likely range) for RCP8.5 (medium 
confidence). Regions with mostly smaller glaciers (e.g., Central Europe, Caucasus, North Asia, Scandinavia, tropical 
Andes, Mexico, eastern Africa and Indonesia), are projected to lose more than 80% of their current ice mass by 2100 
under RCP8.5 (medium confidence), and many glaciers are projected to disappear regardless of future emissions 
(very high confidence). {Cross-Chapter Box 6 in Chapter 2, Figure SPM.1}

B.1.2   In 2100, the Greenland Ice Sheet’s projected contribution to GMSL rise is 0.07 m (0.04–0.12 m, 
likely range) under RCP2.6, and 0.15 m (0.08–0.27 m, likely range) under RCP8.5. In 2100, the Antarctic Ice Sheet 
is projected to contribute 0.04 m (0.01–0.11 m, likely range) under RCP2.6, and 0.12 m (0.03–0.28 m, likely range) 
under RCP8.5. The Greenland Ice Sheet is currently contributing more to sea level rise than the Antarctic Ice Sheet 
(high confidence), but Antarctica could become a larger contributor by the end of the 21st century as a consequence 
of rapid retreat (low confidence). Beyond 2100, increasing divergence between Greenland and Antarctica’s relative 
contributions to GMSL rise under RCP8.5 has important consequences for the pace of relative sea level rise in the 
Northern Hemisphere. {3.3.1, 4.2.3, 4.2.5, 4.3.3, Cross-Chapter Box 8 in Chapter 3, Figure SPM.1}

B.1.3   Arctic autumn and spring snow cover are projected to decrease by  5–10%, relative to 
1986–2005, in the near-term (2031–2050), followed by no further losses under RCP2.6, but an additional 15–25% 
loss by the end of century under RCP8.5 (high confidence). In high mountain areas, projected decreases in low 
elevation mean winter snow depth, compared to 1986–2005, are likely 10–40% by 2031–2050, regardless of 
emissions scenario (high confidence). For 2081–2100, this projected decrease is likely 10–40%  for RCP2.6 and 
50–90% for RCP8.5. {2.2.2, 3.3.2, 3.4.2, Figure SPM.1}

25 This report primarily uses RCP2.6 and RCP8.5 for the following reasons: These scenarios largely represent the assessed range for the topics covered 
in this report; they largely represent what is covered in the assessed literature, based on CMIP5; and they allow a consistent narrative about projected 
changes. RCP4.5 and RCP6.0 are not available for all topics addressed in the report. {Box SPM.1}
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B.1.4   Widespread permafrost thaw is projected for this century (very high confidence) and beyond. 
By 2100, projected near-surface (within 3–4 m) permafrost area shows a decrease of 24 ± 16% (likely range) for 
RCP2.6 and 69 ± 20% (likely range) for RCP8.5. The RCP8.5 scenario leads to the cumulative release of tens to 
hundreds of billions of tons (GtC) of permafrost carbon as CO2

26 and methane to the atmosphere by 2100 with 
the potential to exacerbate climate change (medium confidence). Lower emissions scenarios dampen the response 
of carbon emissions from the permafrost region (high confidence). Methane contributes a  small fraction of the 
total additional carbon release but is significant because of its higher warming potential. Increased plant growth is 
projected to replenish soil carbon in part, but will not match carbon releases over the long term (medium confidence). 
{2.2.4, 3.4.2, 3.4.3, Figure SPM.1, Cross-Chapter Box 5 in Chapter 1}

B.1.5   In many high mountain areas, glacier retreat and permafrost thaw are projected to further 
decrease the stability of slopes, and the number and area of glacier lakes will continue to increase (high confidence). 
Floods due to glacier lake outburst or rain-on-snow, landslides and snow avalanches, are projected to occur also in 
new locations or different seasons (high confidence). {2.3.2}

B.1.6   River runoff in snow-dominated or glacier-fed high mountain basins is projected to change 
regardless of emissions scenario (very high confidence), with increases in average winter runoff (high confidence) 
and earlier spring peaks (very high confidence). In all emissions scenarios, average annual and summer runoff from 
glaciers are projected to peak at or before the end of the 21st century (high confidence), e.g., around mid-century in 
High Mountain Asia, followed by a decline in glacier runoff. In regions with little glacier cover (e.g., tropical Andes, 
European Alps) most glaciers have already passed this peak (high confidence). Projected declines in glacier runoff by 
2100 (RCP8.5) can reduce basin runoff by 10% or more in at least one month of the melt season in several large river 
basins, especially in High Mountain Asia during the dry season (low confidence). {2.3.1}

B.1.7   Arctic sea ice loss is projected to continue through mid-century, with differences thereafter 
depending on the magnitude of global warming: for stabilised global warming of 1.5ºC the annual probability of 
a sea ice-free September by the end of century is approximately 1%, which rises to 10–35% for stabilised global 
warming of 2ºC (high confidence). There is low confidence in projections for Antarctic sea ice. {3.2.2, Figure SPM.1}

B.2  Over the 21st century, the ocean is projected to transition to unprecedented conditions with 
increased temperatures (virtually certain), greater upper ocean stratification (very likely), 
further acidification (virtually certain), oxygen decline (medium confidence), and altered net 
primary production (low confidence). Marine heatwaves (very high confidence) and extreme 
El Niño and La Niña events (medium confidence) are projected to become more frequent. The 
Atlantic Meridional Overturning Circulation (AMOC) is projected to weaken (very likely). The 
rates and magnitudes of these changes will be smaller under scenarios with low greenhouse 
gas emissions (very likely). {3.2, 5.2, 6.4, 6.5, 6.7, Box 5.1, Figures SPM.1, SPM.3}

B.2.1   The ocean will continue to warm throughout the 21st century (virtually certain). By 2100, 
the top 2000 m  of the ocean are projected to take up  5–7 times more heat under RCP8.5 (or  2–4 times more 
under RCP2.6) than the observed accumulated ocean heat uptake since 1970 (very likely). The annual mean density 
stratification19 of the top 200 m, averaged between 60ºS and 60ºN, is projected to increase by 12–30% for RCP8.5 
and 1–9% for RCP2.6, for 2081–2100 relative to 1986–2005 (very likely), inhibiting vertical nutrient, carbon and 
oxygen fluxes. {5.2.2, Figure SPM.1}

26 For context, total annual anthropogenic CO2 emissions were 10.8 ± 0.8 GtC yr–1 (39.6 ± 2.9 GtCO2 yr–1) on average over the period 2008–2017. 
Total annual anthropogenic methane emissions were 0.35 ± 0.01 GtCH4 yr–1, on average over the period 2003–2012. {5.5.1}
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B.2.2   By 2081–2100 under RCP8.5, ocean oxygen content (medium confidence), upper ocean nitrate 
content (medium confidence), net primary production (low confidence) and carbon export (medium confidence) are 
projected to decline globally by very likely ranges of 3–4%, 9–14%, 4–11% and 9–16% respectively, relative to 
2006–2015. Under RCP2.6, globally projected changes by 2081–2100 are smaller compared to RCP8.5 for oxygen 
loss (very likely), nutrient availability (about as likely as not) and net primary production (high confidence). {5.2.2, 
Box 5.1, Figures SPM.1, SPM.3}

B.2.3   Continued carbon uptake by the ocean by 2100 is virtually certain to exacerbate ocean 
acidification. Open ocean surface pH is projected to decrease by around 0.3 pH units by 2081–2100, relative to 
2006–2015, under RCP8.5 (virtually certain). For RCP8.5, there are elevated risks for keystone aragonite shell-forming 
species due to crossing an aragonite stability threshold year-round in the Polar and sub-Polar Oceans by 2081–2100 
(very likely). For RCP2.6, these conditions will be avoided this century (very likely), but some eastern boundary 
upwelling systems are projected to remain vulnerable (high confidence). {3.2.3, 5.2.2, Box 5.1, Box 5.3, Figure SPM.1}

B.2.4   Climate conditions, unprecedented since the preindustrial period, are developing in the 
ocean, elevating risks for open ocean ecosystems. Surface acidification and warming have already emerged in the 
historical period (very likely). Oxygen loss between 100 and 600 m depth is projected to emerge over 59–80% of 
the ocean area by 2031–2050 under RCP8.5 (very likely). The projected time of emergence for five primary drivers of 
marine ecosystem change (surface warming and acidification, oxygen loss, nitrate content and net primary production 
change) are all prior to 2100 for over 60% of the ocean area under RCP8.5 and over 30% under RCP2.6 (very likely). 
{Annex I: Glossary, Box 5.1, Box 5.1 Figure 1}

B.2.5   Marine heatwaves are projected to further increase in frequency, duration, spatial extent 
and intensity (maximum temperature) (very high confidence). Climate models project increases in the frequency of 
marine heatwaves by 2081–2100, relative to 1850–1900, by approximately 50 times under RCP8.5 and 20 times 
under RCP2.6 (medium confidence). The largest increases in frequency are projected for the Arctic and the tropical 
oceans (medium confidence). The intensity of marine heatwaves is projected to increase about 10-fold under RCP8.5 
by 2081–2100, relative to 1850–1900 (medium confidence). {6.4, Figure SPM.1}

B.2.6   Extreme El Niño and La Niña events are projected to likely increase in frequency in the 21st 
century and to likely intensify existing hazards, with drier or wetter responses in several regions across the globe. 
Extreme El Niño events are projected to occur about as twice as often under both RCP2.6 and RCP8.5 in the 21st 
century when compared to the 20th century (medium confidence). Projections indicate that extreme Indian Ocean 
Dipole events also increase in frequency (low confidence). {6.5, Figures 6.5, 6.6}

B.2.7   The AMOC is projected to weaken in the 21st century under all RCPs (very likely), although 
a collapse is very unlikely (medium confidence). Based on CMIP5 projections, by 2300, an AMOC collapse is about 
as likely as not for high emissions scenarios and very unlikely for lower ones (medium confidence). Any substantial 
weakening of the AMOC is projected to cause a  decrease in marine productivity in the North Atlantic (medium 
confidence), more storms in Northern Europe (medium confidence), less Sahelian summer rainfall (high confidence) 
and South Asian summer rainfall (medium confidence), a reduced number of tropical cyclones in the Atlantic (medium 
confidence), and an increase in regional sea level along the northeast coast of North America (medium confidence). 
Such changes would be in addition to the global warming signal. {6.7, Figures 6.8–6.10}
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B.3  Sea level continues to rise at an increasing rate. Extreme sea level events that are historically 
rare (once per  century in the recent past) are projected to occur frequently (at least once 
per year) at many locations by 2050 in all RCP scenarios, especially in tropical regions (high 
confidence). The increasing frequency of high water levels can have severe impacts in many 
locations depending on exposure (high confidence). Sea level rise is projected to continue 
beyond 2100 in all RCP scenarios. For a high emissions scenario (RCP8.5), projections of global 
sea level rise by 2100 are greater than in AR5 due to a larger contribution from the Antarctic 
Ice Sheet (medium confidence). In coming centuries under RCP8.5, sea level rise is projected to 
exceed rates of several centimetres per year resulting in multi-metre rise (medium confidence), 
while for RCP2.6 sea level rise is projected to be limited to around 1 m in 2300 (low confidence). 
Extreme sea levels and coastal hazards will be exacerbated by projected increases in tropical 
cyclone intensity and precipitation (high confidence). Projected changes in waves and tides 
vary locally in whether they amplify or ameliorate these hazards (medium confidence). 
{Cross-Chapter Box 5  in Chapter  1, Cross-Chapter Box 8  in Chapter  3,  4.1,  4.2,  5.2.2,  6.3.1, 
Figures SPM.1, SPM.4, SPM.5}

B.3.1   The global mean sea level (GMSL) rise under RCP2.6 is projected to be 0.39 m (0.26–0.53 m, 
likely range) for the period 2081–2100, and 0.43 m (0.29–0.59 m, likely range) in 2100 with respect to 1986–2005. For 
RCP8.5, the corresponding GMSL rise is 0.71 m (0.51–0.92 m, likely range) for 2081–2100 and 0.84 m (0.61–1.10 m, 
likely range) in 2100. Mean sea level rise projections are higher by 0.1 m compared to AR5 under RCP8.5 in 2100, and 
the likely range extends beyond 1 m in 2100 due to a larger projected ice loss from the Antarctic Ice Sheet (medium 
confidence). The uncertainty at the end of the century is mainly determined by the ice sheets, especially in Antarctica. 
{4.2.3, Figures SPM.1, SPM.5}

B.3.2   Sea level projections show regional differences around GMSL. Processes not driven by 
recent climate change, such as local subsidence caused by natural processes and human activities, are important to 
relative sea level changes at the coast (high confidence). While the relative importance of climate-driven sea level 
rise is projected to increase over time, local processes need to be considered for projections and impacts of sea level 
(high confidence). {SPM A.3.4, 4.2.1, 4.2.2, Figure SPM.5}

B.3.3   The rate of global mean sea level rise is projected to reach 15 mm yr–1 (10–20 mm yr–1, likely 
range) under RCP8.5 in 2100, and to exceed several centimetres per year in the 22nd century. Under RCP2.6, the rate 
is projected to reach 4 mm yr-1 (2–6 mm yr–1, likely range) in 2100. Model studies indicate multi-meter rise in sea 
level by 2300 (2.3–5.4 m for RCP8.5 and 0.6–1.07 m under RCP2.6) (low confidence), indicating the importance of 
reduced emissions for limiting sea level rise. Processes controlling the timing of future ice-shelf loss and the extent of 
ice sheet instabilities could increase Antarctica’s contribution to sea level rise to values substantially higher than the 
likely range on century and longer time-scales (low confidence). Considering the consequences of sea level rise that 
a collapse of parts of the Antarctic Ice Sheet entails, this high impact risk merits attention. {Cross-Chapter Box 5 in 
Chapter 1, Cross-Chapter Box 8 in Chapter 3, 4.1, 4.2.3}

B.3.4   Global mean sea level rise will cause the frequency of extreme sea level events at most 
locations to increase. Local sea levels that historically occurred once per century (historical centennial events) are 
projected to occur at least annually at most locations by 2100 under all RCP scenarios (high confidence). Many 
low-lying megacities and small islands (including SIDS) are projected to experience historical centennial events at 
least annually by 2050 under RCP2.6, RCP4.5 and RCP8.5. The year when the historical centennial event becomes 
an annual event in the mid-latitudes occurs soonest in RCP8.5, next in RCP4.5 and latest in RCP2.6. The increasing 
frequency of high water levels can have severe impacts in many locations depending on the level of exposure (high 
confidence). {4.2.3, 6.3, Figures SPM.4, SPM.5}
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B.3.5   Significant wave heights (the average height from trough to crest of the highest one-third 
of waves) are projected to increase across the Southern Ocean and tropical eastern Pacific (high confidence) and 
Baltic Sea (medium confidence) and decrease over the North Atlantic and Mediterranean Sea under RCP8.5 (high 
confidence). Coastal tidal amplitudes and patterns are projected to change due to sea level rise and coastal adaptation 
measures (very likely). Projected changes in waves arising from changes in weather patterns, and changes in tides 
due to sea level rise, can locally enhance or ameliorate coastal hazards (medium confidence). {6.3.1, 5.2.2}

B.3.6   The average intensity of tropical cyclones, the proportion of Category 4 and 5 tropical cyclones 
and the associated average precipitation rates are projected to increase for a 2ºC global temperature rise above any 
baseline period (medium confidence). Rising mean sea levels will contribute to higher extreme sea levels associated 
with tropical cyclones (very high confidence). Coastal hazards will be exacerbated by an increase in the average 
intensity, magnitude of storm surge and precipitation rates of tropical cyclones. There are greater increases projected 
under RCP8.5 than under RCP2.6 from around mid-century to 2100 (medium confidence). There is low confidence in 
changes in the future frequency of tropical cyclones at the global scale. {6.3.1}

Projected Risks for Ecosystems

B.4  Future land cryosphere changes will continue to alter terrestrial and freshwater ecosystems in 
high mountain and polar regions with major shifts in species distributions resulting in changes 
in ecosystem structure and functioning, and eventual loss of globally unique biodiversity 
(medium confidence). Wildfire is projected to increase significantly for the rest of this 
century across most tundra and boreal regions, and also in some mountain regions (medium 
confidence). {2.3.3, Box 3.4, 3.4.3}

B.4.1   In high mountain regions, further upslope migration by lower-elevation species, range 
contractions, and increased mortality will lead to population declines of many alpine species, especially glacier- or 
snow-dependent species (high confidence), with local and eventual global species loss (medium confidence). The 
persistence of alpine species and sustaining ecosystem services depends on appropriate conservation and adaptation 
measures (high confidence). {2.3.3}

B.4.2   On Arctic land, a loss of globally unique biodiversity is projected as limited refugia exist for 
some High-Arctic species and hence they are outcompeted by more temperate species (medium confidence). Woody 
shrubs and trees are projected to expand to cover 24–52% of Arctic tundra by 2050 (medium confidence). The boreal 
forest is projected to expand at its northern edge, while diminishing at its southern edge where it is replaced by lower 
biomass woodland/shrublands (medium confidence). {3.4.3, Box 3.4}

B.4.3   Permafrost thaw and decrease in snow will affect Arctic and mountain hydrology and wildfire, 
with impacts on vegetation and wildlife (medium confidence). About 20% of Arctic land permafrost is vulnerable to 
abrupt permafrost thaw and ground subsidence, which is projected to increase small lake area by over 50% by 2100 
for RCP8.5 (medium confidence). Even as the overall regional water cycle is projected to intensify, including increased 
precipitation, evapotranspiration, and river discharge to the Arctic Ocean, decreases in snow and permafrost may 
lead to soil drying with consequences for ecosystem productivity and disturbances (medium confidence). Wildfire is 
projected to increase for the rest of this century across most tundra and boreal regions, and also in some mountain 
regions, while interactions between climate and shifting vegetation will influence future fire intensity and frequency 
(medium confidence). {2.3.3, 3.4.1, 3.4.2, 3.4.3, SPM B.1}
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B.5  A decrease in global biomass of marine animal communities, their production, and fisheries 
catch potential, and a  shift in species composition are projected over the 21st century in 
ocean ecosystems from the surface to the deep seafloor under all emission scenarios (medium 
confidence). The rate and magnitude of decline are projected to be highest in the tropics 
(high confidence), whereas impacts remain diverse in polar regions (medium confidence) and 
increase for high emissions scenarios. Ocean acidification (medium confidence), oxygen loss 
(medium confidence) and reduced sea ice extent (medium confidence) as well as non-climatic 
human activities (medium confidence) have the potential to exacerbate these warming-induced 
ecosystem impacts. {3.2.3, 3.3.3, 5.2.2, 5.2.3, 5.2.4, 5.4.1, Figure SPM.3}

B.5.1   Projected ocean warming and changes in net primary production alter biomass, production 
and community structure of marine ecosystems. The global-scale biomass of marine animals across the foodweb is 
projected to decrease by 15.0 ± 5.9% (very likely range) and the maximum catch potential of fisheries by 20.5–24.1% 
by the end of the 21st century relative to 1986–2005 under RCP8.5 (medium confidence). These changes are projected 
to be very likely three to four times larger under RCP8.5 than RCP2.6. {3.2.3, 3.3.3, 5.2.2, 5.2.3, 5.4.1, Figure SPM.3}

B.5.2   Under enhanced stratification reduced nutrient supply is projected to cause tropical ocean 
net primary production to decline by 7–16% (very likely range) for RCP8.5 by 2081–2100 (medium confidence). In 
tropical regions, marine animal biomass and production are projected to decrease more than the global average 
under all emissions scenarios in the 21st century (high confidence). Warming and sea ice changes are projected to 
increase marine net primary production in the Arctic (medium confidence) and around Antarctica (low confidence), 
modified by changing nutrient supply due to shifts in upwelling and stratification. Globally, the sinking flux of organic 
matter from the upper ocean is projected to decrease, linked largely due to changes in net primary production 
(high confidence). As a  result, 95% or more of the deep sea (3000–6000 m depth) seafloor area and cold-water 
coral ecosystems are projected to experience declines in benthic biomass under RCP8.5 (medium confidence). 
{3.2.3, 5.2.2. 5.2.4, Figure SPM.1}

B.5.3   Warming, ocean acidification, reduced seasonal sea ice extent and continued loss of 
multi-year sea ice are projected to impact polar marine ecosystems through direct and indirect effects on habitats, 
populations and their viability (medium confidence). The geographical range of Arctic marine species, including 
marine mammals, birds and fish is projected to contract, while the range of some sub-Arctic fish communities is 
projected to expand, further increasing pressure on high-Arctic species (medium confidence). In the Southern Ocean, 
the habitat of Antarctic krill, a key prey species for penguins, seals and whales, is projected to contract southwards 
under both RCP2.6 and RCP8.5 (medium confidence). {3.2.2, 3.2.3, 5.2.3}

B.5.4   Ocean warming, oxygen loss, acidification and a decrease in flux of organic carbon from the 
surface to the deep ocean are projected to harm habitat-forming cold-water corals, which support high biodiversity, 
partly through decreased calcification, increased dissolution of skeletons, and bioerosion (medium confidence). 
Vulnerability and risks are highest where and when temperature and oxygen conditions both reach values outside 
species’ tolerance ranges (medium confidence). {Box 5.2, Figure SPM.3}
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Figure SPM.3 |  Projected changes, impacts and risks for ocean regions and ecosystems.
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Figure SPM.3 (continued): (a) depth integrated net primary production (NPP from CMIP527), (b) total animal biomass (depth integrated, including 
fishes and invertebrates from FISHMIP28), (c) maximum fisheries catch potential and (d) impacts and risks for coastal and open ocean ecosystems. The 
three left panels represent the simulated (a,b) and observed (c) mean values for the recent past (1986–2005), the middle and right panels represent 
projected changes (%) by 2081–2100 relative to recent past under low (RCP2.6) and high (RCP8.5) greenhouse gas emissions scenario {Box SPM.1}, 
respectively. Total animal biomass in the recent past (b, left panel) represents the projected total animal biomass by each spatial pixel relative to the 
global average. (c) *Average observed fisheries catch in the recent past (based on data from the Sea Around Us global fisheries database); projected 
changes in maximum fisheries catch potential in shelf seas are based on the average outputs from two fisheries and marine ecosystem models. To 
indicate areas of model inconsistency, shaded areas represent regions where models disagree in the direction of change for more than: (a) and (b) 
3 out of 10 model projections, and (c) one out of two models. Although unshaded, the projected change in the Arctic and Antarctic regions in (b) total 
animal biomass and (c) fisheries catch potential have low confidence due to uncertainties associated with modelling multiple interacting drivers and 
ecosystem responses. Projections presented in (b) and (c) are driven by changes in ocean physical and biogeochemical conditions e.g., temperature, 
oxygen level, and net primary production projected from CMIP5 Earth system models. **The epipelagic refers to the uppermost part of the ocean 
with depth <200 m from the surface where there is enough sunlight to allow photosynthesis. (d) Assessment of risks for coastal and open ocean 
ecosystems based on observed and projected climate impacts on ecosystem structure, functioning and biodiversity. Impacts and risks are shown in 
relation to changes in Global Mean Surface Temperature (GMST) relative to pre-industrial level. Since assessments of risks and impacts are based 
on global mean Sea Surface Temperature (SST), the corresponding SST levels are shown29. The assessment of risk transitions is described in Chapter 
5 Sections 5.2, 5.3, 5.2.5 and 5.3.7 and Supplementary Materials SM5.3, Table SM5.6, Table SM5.8 and other parts of the underlying report. The 
figure indicates assessed risks at approximate warming levels and increasing climate-related hazards in the ocean: ocean warming, acidification, 
deoxygenation, increased density stratification, changes in carbon fluxes, sea level rise, and increased frequency and/or intensity of extreme events. 
The assessment considers the natural adaptive capacity of the ecosystems, their exposure and vulnerability. Impact and risk levels do not consider 
risk reduction strategies such as human interventions, or future changes in non-climatic drivers. Risks for ecosystems were assessed by considering 
biological, biogeochemical, geomorphological and physical aspects. Higher risks associated with compound effects of climate hazards include 
habitat and biodiversity loss, changes in species composition and distribution ranges, and impacts/risks on ecosystem structure and functioning, 
including changes in animal/plant biomass and density, productivity, carbon fluxes, and sediment transport. As part of the assessment, literature was 
compiled and data extracted into a summary table. A multi-round expert elicitation process was undertaken with independent evaluation of threshold 
judgement, and a final consensus discussion. Further information on methods and underlying literature can be found in Chapter 5, Sections 5.2 
and 5.3 and Supplementary Material. {3.2.3, 3.2.4, 5.2, 5.3, 5.2.5, 5.3.7, SM5.6, SM5.8, Figure 5.16, Cross Chapter Box 1 in Chapter 1 Table CCB1} 

27 NPP is estimated from the Coupled Models Intercomparison Project 5 (CMIP5).
28 Total animal biomass is from the Fisheries and Marine Ecosystem Models Intercomparison Project (FISHMIP).
29 The conversion between GMST and SST is based on a scaling factor of 1.44 derived from changes in an ensemble of RCP8.5 simulations; this scaling 

factor has an uncertainty of about 4% due to differences between the RCP2.6 and RCP8.5 scenarios. {Table SPM.1}

B.6  Risks of severe impacts on biodiversity, structure and function of coastal ecosystems are 
projected to be higher for elevated temperatures under high compared to low emissions 
scenarios in the 21st century and beyond. Projected ecosystem responses include losses 
of species habitat and diversity, and degradation of ecosystem functions. The capacity of 
organisms and ecosystems to adjust and adapt is higher at lower emissions scenarios (high 
confidence). For sensitive ecosystems such as seagrass meadows and kelp forests, high risks 
are projected if global warming exceeds 2ºC above pre-industrial temperature, combined with 
other climate-related hazards (high confidence). Warm-water corals are at high risk already 
and are projected to transition to very high risk even if global warming is limited to 1.5ºC 
(very high confidence). {4.3.3, 5.3, 5.5, Figure SPM.3}

B.6.1   All coastal ecosystems assessed are projected to face increasing risk level, from moderate to 
high risk under RCP2.6 to high to very high risk under RCP8.5 by 2100. Intertidal rocky shore ecosystems are projected 
to be at very high risk by 2100 under RCP8.5 (medium confidence) due to exposure to warming, especially during 
marine heatwaves, as well as to acidification, sea level rise, loss of calcifying species and biodiversity (high confidence). 
Ocean acidification challenges these ecosystems and further limits their habitat suitability (medium confidence) by 
inhibiting recovery through reduced calcification and enhanced bioerosion. The decline of kelp forests is projected to 
continue in temperate regions due to warming, particularly under the projected intensification of marine heatwaves, 
with high risk of local extinctions under RCP8.5 (medium confidence). {5.3, 5.3.5, 5.3.6, 5.3.7, 6.4.2, Figure SPM.3}

B.6.2   Seagrass meadows and saltmarshes and associated carbon stores are at moderate risk 
at 1.5ºC global warming and increase with further warming (medium confidence). Globally, 20–90% of current coastal 
wetlands are projected to be lost by 2100, depending on projected sea level rise, regional differences and wetland  
types, especially where vertical growth is already constrained by reduced sediment supply and landward migration is 
constrained by steep topography or human modification of shorelines (high confidence). {4.3.3, 5.3.2, Figure SPM.3, 
SPM A.6.1}
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B.6.3   Ocean warming, sea level rise and tidal changes are projected to expand salinization and 
hypoxia in estuaries (high confidence) with high risks for some biota leading to migration, reduced survival, and local 
extinction under high emission scenarios (medium confidence). These impacts are projected to be more pronounced 
in more vulnerable eutrophic and shallow estuaries with low tidal range in temperate and high latitude regions 
(medium confidence). {5.2.2, 5.3.1, Figure SPM.3}

B.6.4   Almost all warm-water coral reefs are projected to suffer significant losses of area and 
local extinctions, even if global warming is limited to 1.5ºC (high confidence). The species composition and diversity 
of remaining reef communities is projected to differ from present-day reefs (very high confidence). {5.3.4,  5.4.1, 
Figure SPM.3}

Projected Risks for People and Ecosystem Services

B.7  Future cryosphere changes on land are projected to affect water resources and their uses, such 
as hydropower (high confidence) and irrigated agriculture in and downstream of high mountain 
areas (medium confidence), as well as livelihoods in the Arctic (medium confidence). Changes 
in floods, avalanches, landslides, and ground destabilization are projected to increase risk for 
infrastructure, cultural, tourism, and recreational assets (medium confidence). {2.3, 2.3.1, 3.4.3}

B.7.1   Disaster risks to human settlements and livelihood options in high mountain areas and 
the Arctic are expected to increase (medium confidence), due to future changes in hazards such as floods, fires, 
landslides, avalanches, unreliable ice and snow conditions, and increased exposure of people and infrastructure (high 
confidence). Current engineered risk reduction approaches are projected to be less effective as hazards change in 
character (medium confidence). Significant risk reduction and adaptation strategies help avoid increased impacts 
from mountain flood and landslide hazards as exposure and vulnerability are increasing in many mountain regions 
during this century (high confidence). {2.3.2, 3.4.3, 3.5.2}

B.7.2   Permafrost thaw-induced subsidence of the land surface is projected to impact overlying 
urban and rural communication and transportation infrastructure in the Arctic and in high mountain areas (medium 
confidence). The majority of Arctic infrastructure is located in regions where permafrost thaw is projected to intensify 
by mid-century. Retrofitting and redesigning infrastructure has the potential to halve the costs arising from permafrost 
thaw and related climate-change impacts by 2100 (medium confidence). {2.3.4, 3.4.1, 3.4.3}

B.7.3   High mountain tourism, recreation and cultural assets are projected to be negatively affected 
by future cryospheric changes (high confidence). Current snowmaking technologies are projected to be less effective 
in reducing risks to ski tourism in a warmer climate in most parts of Europe, North America, and Japan, in particular 
at 2ºC global warming and beyond (high confidence). {2.3.5, 2.3.6}
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B.8  Future shifts in fish distribution and decreases in their abundance and fisheries catch potential 
due to climate change are projected to affect income, livelihoods, and food security of marine 
resource-dependent communities (medium confidence). Long-term loss and degradation of 
marine ecosystems compromises the ocean’s role in cultural, recreational, and intrinsic values 
important for human identity and well-being (medium confidence). {3.2.4, 3.4.3, 5.4.1, 5.4.2, 6.4}

B.8.1   Projected geographical shifts and decreases of global marine animal biomass and fish catch 
potential are more pronounced under RCP8.5 relative to RCP2.6 elevating the risk for income and livelihoods of 
dependent human communities, particularly in areas that are economically vulnerable (medium confidence). The 
projected redistribution of resources and abundance increases the risk of conflicts among fisheries, authorities or 
communities (medium confidence). Challenges to fisheries governance are widespread under RCP8.5 with regional 
hotspots such as the Arctic and tropical Pacific Ocean (medium confidence). {3.5.2, 5.4.1, 5.4.2, 5.5.2, 5.5.3, 6.4.2, 
Figure SPM.3}

B.8.2   The decline in warm-water coral reefs is projected to greatly compromise the services they 
provide to society, such as food provision (high confidence), coastal protection (high confidence) and tourism 
(medium confidence). Increases in the risks for seafood security (medium confidence) associated with decreases in 
seafood availability are projected to elevate the risk to nutritional health in some communities highly dependent 
on seafood (medium confidence), such as those in the Arctic, West Africa, and Small Island Developing States. Such 
impacts compound any risks from other shifts in diets and food systems caused by social and economic changes and 
climate change over land (medium confidence). {3.4.3, 5.4.2, 6.4.2}

B.8.3   Global warming compromises seafood safety (medium confidence) through human 
exposure to elevated bioaccumulation of persistent organic pollutants and mercury in marine plants and animals 
(medium confidence), increasing prevalence of waterborne Vibrio pathogens (medium confidence), and heightened 
likelihood of harmful algal blooms (medium confidence). These risks are projected to be particularly large for human 
communities with high consumption of seafood, including coastal Indigenous communities (medium confidence), 
and for economic sectors such as fisheries, aquaculture, and tourism (high confidence). {3.4.3, 5.4.2, Box 5.3}

B.8.4   Climate change impacts on marine ecosystems and their services put key cultural dimensions 
of lives and livelihoods at risk (medium confidence), including through shifts in the distribution or abundance of 
harvested species and diminished access to fishing or hunting areas. This includes potentially rapid and irreversible 
loss of culture and local knowledge and Indigenous knowledge, and negative impacts on traditional diets and food 
security, aesthetic aspects, and marine recreational activities (medium confidence). {3.4.3, 3.5.3, 5.4.2}
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B.9  Increased mean and extreme sea level, alongside ocean warming and acidification, are projected 
to exacerbate risks for human communities in low-lying coastal areas (high confidence). In Arctic 
human communities without rapid land uplift, and in urban atoll islands, risks are projected 
to be moderate to high even under a low emissions scenario (RCP2.6) (medium confidence), 
including reaching adaptation limits (high confidence). Under a high emissions scenario (RCP8.5), 
delta regions and resource rich coastal cities are projected to experience moderate to high 
risk levels after 2050 under current adaptation (medium confidence). Ambitious adaptation 
including transformative governance is expected to reduce risk (high confidence), but with 
context-specific benefits. {4.3.3, 4.3.4, SM4.3, 6.9.2, Cross-Chapter Box 9, Figure SPM.5}

B.9.1  In the absence of more ambitious adaptation efforts compared to today, and under current 
trends of increasing exposure and vulnerability of coastal communities, risks, such as erosion and land loss, flooding, 
salinization, and cascading impacts due to mean sea level rise and extreme events are projected to significantly 
increase throughout this century under all greenhouse gas emissions scenarios (very high confidence). Under the 
same assumptions, annual coastal flood damages are projected to increase by 2–3 orders of magnitude by 2100 
compared to today (high confidence). {4.3.3, 4.3.4, Box 6.1, 6.8, SM.4.3, Figures SPM.4, SPM.5}

B.9.2   High to very high risks are approached for vulnerable communities in coral reef environments, 
urban atoll islands and low-lying Arctic locations from sea level rise well before the end of this century in case of high 
emissions scenarios. This entails adaptation limits being reached, which are the points at which an actor’s objectives 
(or system needs) cannot be secured from intolerable risks through adaptive actions (high confidence). Reaching 
adaptation limits (e.g., biophysical, geographical, financial, technical, social, political, and institutional) depends on the 
emissions scenario and context-specific risk tolerance, and is projected to expand to more areas beyond 2100, due to the 
long-term commitment of sea level rise (medium confidence). Some island nations are likely to become uninhabitable 
due to climate-related ocean and cryosphere change (medium confidence), but habitability thresholds remain extremely 
difficult to assess. {4.3.4, 4.4.2, 4.4.3, 5.5.2, Cross-Chapter Box 9, SM.4.3, SPM C.1, Glossary, Figure SPM.5}

B.9.3   Globally, a  slower rate of climate-related ocean and cryosphere change provides greater 
adaptation opportunities (high confidence). While there is high confidence that ambitious adaptation, including 
governance for transformative change, has the potential to reduce risks in many locations, such benefits can vary 
between locations. At global scale, coastal protection can reduce flood risk by  2–3 orders of magnitude during 
the 21st century, but depends on investments on the order of tens to several hundreds of billions of US$ per year 
(high confidence). While such investments are generally cost efficient for densely populated urban areas, rural and 
poorer areas may be challenged to afford such investments with relative annual costs for some small island states 
amounting to several percent of GDP (high confidence). Even with major adaptation efforts, residual risks and 
associated losses are projected to occur (medium confidence), but context-specific limits to adaptation and residual 
risks remain difficult to assess. {4.1.3, 4.2.2.4, 4.3.1, 4.3.2, 4.3.4., 4.4.3, 6.9.1, 6.9.2, Cross-Chapter Boxes 1–2 in 
Chapter 1, SM.4.3, Figure SPM.5} 

247



28

SPM

Summary for Policymakers

1/month

1/year

1/decade

1/century 

1/month

1/year

1/decade

1/century

recent past future
mean sea level

mean sea level

sea 
level
rise

2000

Year

2020 2040 2060 2080 2100

Time

Se
a 

le
ve

l h
ei

gh
t a

nd
 re

cu
rr

en
ce

 fr
eq

ue
nc

y

HCE

Due to projected global mean sea level (GMSL) rise, local sea levels that historically occurred once per century 
(historical centennial events, HCEs) are projected to become at least annual events at most locations during the 
21st century. The height of a HCE varies widely, and depending on the level of exposure can already cause severe 
impacts. Impacts can continue to increase with rising frequency of HCEs.

Historical Centennial extreme sea level 
Events (HCEs) become more common 
due to sea level rise

RCP8.5

RCP2.6

Black:
Locations where 
HCEs already
recur annually

White:
Locations where

HCEs recur
 annually after 2100

(b) Year when HCEs are projected to 
recur once per year on average

(a) Schematic effect of regional sea level rise on 
projected extreme sea level events (not to scale)

Difference 
>10 years later

Difference 
<10 years later

(c) Difference between RCP8.5 and RCP2.6

no relative sea level 
rise before 2100

The difference map shows locations where the HCE 
becomes annual at least 10 years later under RCP2.6 
than under RCP8.5.

Extreme sea level events

Figure SPM.4 |  The effect of regional sea level rise on extreme sea level events at coastal locations. (a) Schematic illustration of extreme sea level 
events and their average recurrence in the recent past (1986–2005) and the future. As a consequence of mean sea level rise, local sea levels that 
historically occurred once per century (historical centennial events, HCEs) are projected to recur more frequently in the future. (b) The year in which 
HCEs are expected to recur once per year on average under RCP8.5 and RCP2.6, at the 439 individual coastal locations where the observational 
record is sufficient. The absence of a circle indicates an inability to perform an assessment due to a lack of data but does not indicate absence of 
exposure and risk. The darker the circle, the earlier this transition is expected. The likely range is ±10 years for locations where this transition is 
expected before 2100. White circles (33% of locations under RCP2.6 and 10% under RCP8.5) indicate that HCEs are not expected to recur once per 
year before 2100. (c) An indication at which locations this transition of HCEs to annual events is projected to occur more than 10 years later under 
RCP2.6 compared to RCP8.5. As the scenarios lead to small differences by 2050 in many locations results are not shown here for RCP4.5 but they are 
available in Chapter 4. {4.2.3, Figure 4.10, Figure 4.12}
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C.  Implementing Responses to Ocean and Cryosphere Change 

Challenges

C.1  Impacts of climate-related changes in the ocean and cryosphere increasingly challenge current 
governance efforts to develop and implement adaptation responses from local to global 
scales, and in some cases pushing them to their limits. People with the highest exposure 
and vulnerability are often those with lowest capacity to respond (high confidence). {1.5, 1.7, 
Cross-Chapter Boxes 2–3 in Chapter 1, 2.3.1, 2.3.2, 2.3.3, 2.4, 3.2.4, 3.4.3, 3.5.2, 3.5.3, 4.1, 4.3.3, 
4.4.3, 5.5.2, 5.5.3, 6.9}

C.1.1   The temporal scales of climate change impacts in ocean and cryosphere and their societal 
consequences operate on time horizons which are longer than those of governance arrangements (e.g., planning cycles, 
public and corporate decision making cycles, and financial instruments). Such temporal differences challenge the ability 
of societies to adequately prepare for and respond to long-term changes including shifts in the frequency and intensity 
of extreme events (high confidence). Examples include changing landslides and floods in high mountain regions and 
risks to important species and ecosystems in the Arctic, as well as to low-lying nations and islands, small island nations, 
other coastal regions and to coral reef ecosystems. {2.3.2, 3.5.2, 3.5.4, 4.4.3, 5.2, 5.3, 5.4, 5.5.1, 5.5.2, 5.5.3, 6.9}

C.1.2   Governance arrangements (e.g., marine protected areas, spatial plans and water management 
systems) are, in many contexts, too fragmented across administrative boundaries and sectors to provide integrated 
responses to the increasing and cascading risks from climate-related changes in the ocean and/or cryosphere (high 
confidence). The capacity of governance systems in polar and ocean regions to respond to climate change impacts 
has strengthened recently, but this development is not sufficiently rapid or robust to adequately address the scale 
of increasing projected risks (high confidence). In high mountains, coastal regions and small islands, there are also 
difficulties in coordinating climate adaptation responses, due to the many interactions of climatic and non-climatic 
risk drivers (such as inaccessibility, demographic and settlement trends, or land subsidence caused by local activities) 
across scales, sectors and policy domains (high confidence). {2.3.1, 3.5.3, 4.4.3, 5.4.2, 5.5.2, 5.5.3, Box 5.6, 6.9, 
Cross-Chapter Box 3 in Chapter 1}

C.1.3   There are a broad range of identified barriers and limits for adaptation to climate change 
in ecosystems (high confidence). Limitations include the space that ecosystems require, non-climatic drivers and 
human impacts that need to be addressed as part of the adaptation response, the lowering of adaptive capacity 
of ecosystems because of climate change, and the slower ecosystem recovery rates relative to the recurrence of 
climate impacts, availability of technology, knowledge and financial support, and existing governance arrangements 
(medium confidence). {3.5.4, 5.5.2} 

C.1.4   Financial, technological, institutional and other barriers exist for implementing responses to 
current and projected negative impacts of climate-related changes in the ocean and cryosphere, impeding resilience 
building and risk reduction measures (high confidence). Whether such barriers reduce adaptation effectiveness or 
correspond to adaptation limits depends on context specific circumstances, the rate and scale of climate changes 
and on the ability of societies to turn their adaptive capacity into effective adaptation responses. Adaptive capacity 
continues to differ between as well as within communities and societies (high confidence). People with highest 
exposure and vulnerability to current and future hazards from ocean and cryosphere changes are often also those 
with lowest adaptive capacity, particularly in low-lying islands and coasts, Arctic and high mountain regions with 
development challenges (high confidence). {2.3.1,  2.3.2,  2.3.7, Box  2.4,  3.5.2,  4.3.4,  4.4.2,  4.4.3,  5.5.2,  6.9, 
Cross-Chapter Boxes 2 and 3 in Chapter 1, Cross-Chapter Box 9}
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Strengthening Response Options

C.2  The far-reaching services and options provided by ocean and cryosphere-related ecosystems 
can be supported by protection, restoration, precautionary ecosystem-based management 
of renewable resource use, and the reduction of pollution and other stressors (high 
confidence). Integrated water management (medium confidence) and ecosystem-based 
adaptation (high confidence) approaches lower climate risks locally and provide 
multiple societal benefits. However, ecological, financial, institutional and governance 
constraints for such actions exist (high confidence), and in many contexts ecosystem-based 
adaptation will only be effective under the lowest levels of warming (high confidence). 
{2.3.1, 2.3.3, 3.2.4, 3.5.2, 3.5.4, 4.4.2, 5.2.2, 5.4.2, 5.5.1, 5.5.2, Figure SPM.5}

C.2.1   Networks of protected areas help maintain ecosystem services, including carbon uptake 
and storage, and enable future ecosystem-based adaptation options by facilitating the poleward and altitudinal 
movements of species, populations, and ecosystems that occur in response to warming and sea level rise (medium 
confidence). Geographic barriers, ecosystem degradation, habitat fragmentation and barriers to regional cooperation 
limit the potential for such networks to support future species range shifts in marine, high mountain and polar land 
regions (high confidence). {2.3.3, 3.2.3, 3.3.2, 3.5.4, 5.5.2, Box 3.4}

C.2.2   Terrestrial and marine habitat restoration, and ecosystem management tools such as assisted 
species relocation and coral gardening, can be locally effective in enhancing ecosystem-based adaptation (high 
confidence). Such actions are most successful when they are community-supported, are science-based whilst also 
using local knowledge and Indigenous knowledge, have long-term support that includes the reduction or removal of 
non-climatic stressors, and under the lowest levels of warming (high confidence). For example, coral reef restoration 
options may be ineffective if global warming exceeds  1.5ºC, because corals are already at high risk (very high 
confidence) at current levels of warming. {2.3.3, 4.4.2, 5.3.7, 5.5.1, 5.5.2, Box 5.5, Figure SPM.3}

C.2.3   Strengthening precautionary approaches, such as rebuilding overexploited or depleted 
fisheries, and responsiveness of existing fisheries management strategies reduces negative climate change impacts 
on fisheries, with benefits for regional economies and livelihoods (medium confidence). Fisheries management that 
regularly assesses and updates measures over time, informed by assessments of future ecosystem trends, reduces risks 
for fisheries (medium confidence) but has limited ability to address ecosystem change. {3.2.4, 3.5.2, 5.4.2, 5.5.2, 5.5.3, 
Figure SPM.5}

C.2.4   Restoration of vegetated coastal ecosystems, such as mangroves, tidal marshes and seagrass 
meadows (coastal ‘blue carbon’ ecosystems), could provide climate change mitigation through increased carbon 
uptake and storage of around 0.5% of current global emissions annually (medium confidence). Improved protection 
and management can reduce carbon emissions from these ecosystems. Together, these actions also have multiple 
other benefits, such as providing storm protection, improving water quality, and benefiting biodiversity and fisheries 
(high confidence). Improving the quantification of carbon storage and greenhouse gas fluxes of these coastal 
ecosystems will reduce current uncertainties around measurement, reporting and verification (high confidence). 
{Box 4.3, 5.4, 5.5.1, 5.5.2, Annex I: Glossary}

C.2.5   Ocean renewable energy can support climate change mitigation, and can comprise energy 
extraction from offshore winds, tides, waves, thermal and salinity gradient and algal biofuels. The emerging demand 
for alternative energy sources is expected to generate economic opportunities for the ocean renewable energy sector 
(high confidence), although their potential may also be affected by climate change (low confidence). {5.4.2, 5.5.1, 
Figure 5.23}
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C.2.6   Integrated water management approaches across multiple scales can be effective at 
addressing impacts and leveraging opportunities from cryosphere changes in high mountain areas. These approaches 
also support water resource management through the development and optimization of multi-purpose storage 
and release of water from reservoirs (medium confidence), with consideration of potentially negative impacts to 
ecosystems and communities. Diversification of tourism activities throughout the year supports adaptation in high 
mountain economies (medium confidence). {2.3.1, 2.3.5}

C.3  Coastal communities face challenging choices in crafting context-specific and integrated 
responses to sea level rise that balance costs, benefits and trade-offs of available options 
and that can be adjusted over time (high confidence). All types of options, including 
protection, accommodation, ecosystem-based adaptation, coastal advance and retreat, 
wherever possible, can play important roles in such integrated responses (high confidence). 
{4.4.2, 4.4.3, 4.4.4, 6.9.1, Cross-Chapter Box 9, Figure SPM.5}

C.3.1   The higher the sea levels rise, the more challenging is coastal protection, mainly due to 
economic, financial and social barriers rather than due to technical limits (high confidence). In the coming decades, 
reducing local drivers of exposure and vulnerability such as coastal urbanization and human-induced subsidence 
constitute effective responses (high confidence). Where space is limited, and the value of exposed assets is high 
(e.g.,  in cities), hard protection (e.g., dikes) is likely to be a cost-efficient response option during the 21st century 
taking into account the specifics of the context (high confidence), but resource-limited areas may not be able to 
afford such investments. Where space is available, ecosystem-based adaptation can reduce coastal risk and provide 
multiple other benefits such as carbon storage, improved water quality, biodiversity conservation and livelihood 
support (medium confidence). {4.3.2, 4.4.2, Box 4.1, Cross-Chapter Box 9, Figure SPM.5}

C.3.2   Some coastal accommodation measures, such as early warning systems and flood-proofing of 
buildings, are often both low cost and highly cost-efficient under current sea levels (high confidence). Under projected 
sea level rise and increase in coastal hazards some of these measures become less effective unless combined with 
other measures (high confidence). All types of options, including protection, accommodation, ecosystem-based 
adaptation, coastal advance and planned relocation, if alternative localities are available, can play important roles in 
such integrated responses (high confidence). Where the community affected is small, or in the aftermath of a disaster, 
reducing risk by coastal planned relocations is worth considering if safe alternative localities are available. Such 
planned relocation can be socially, culturally, financially and politically constrained (very high confidence). {4.4.2, 
Box 4.1, Cross-Chapter Box 9, SPM B.3}

C.3.3   Responses to sea level rise and associated risk reduction present society with profound 
governance challenges, resulting from the uncertainty about the magnitude and rate of future sea level rise, vexing 
trade-offs between societal goals (e.g., safety, conservation, economic development, intra- and inter-generational 
equity), limited resources, and conflicting interests and values among diverse stakeholders (high confidence). 
These challenges can be eased using locally appropriate combinations of decision analysis, land-use planning, 
public participation, diverse knowledge systems and conflict resolution approaches that are adjusted over time as 
circumstances change (high confidence). {Cross-Chapter Box 5 in Chapter 1, 4.4.3, 4.4.4, 6.9}

C.3.4   Despite the large uncertainties about the magnitude and rate of post 2050 sea level rise, many 
coastal decisions with time horizons of decades to over a century are being made now (e.g., critical infrastructure, 
coastal protection works, city planning) and can be improved by taking relative sea level rise into account, favouring 
flexible responses (i.e.,  those that can be adapted over time) supported by monitoring systems for early warning 
signals, periodically adjusting decisions (i.e., adaptive decision making), using robust decision-making approaches, 
expert judgement, scenario-building, and multiple knowledge systems (high confidence). The sea level rise range 
that needs to be considered for planning and implementing coastal responses depends on the risk tolerance of 
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stakeholders. Stakeholders with higher risk tolerance (e.g., those planning for investments that can be very easily 
adapted to unforeseen conditions) often prefer to use the likely range of projections, while stakeholders with a lower 
risk tolerance (e.g., those deciding on critical infrastructure) also consider global and local mean sea level above 
the upper end of the likely range (globally 1.1 m under RCP8.5 by 2100) and from methods characterised by lower 
confidence such as from expert elicitation. {1.8.1, 1.9.2, 4.2.3, 4.4.4, Figure 4.2, Cross-Chapter Box 5 in Chapter 1, 
Figure SPM.5, SPM B.3}

Sea level rise risk and responses

(b) Benefits of responses to sea level rise and mitigation

Risk for illustrative geographies based on mean sea level changes (medium confidence)

The term response is used here instead of adaptation because some responses, such as retreat, may or may not be considered to be adaptation.

Present day Future

Level of

risk related

to sea level

Risk reduction 
through mitigation

Total risk reduction
(mitigation + responses 
to sea level rise)

Risk delay through 
responses to sea level rise

Risk reduction 
through responses 
to sea level rise

Risk delay 
through mitigation

0.5

1.0

0

In this assessment, the term response refers to in situ responses to sea level rise (hard engineered coastal defenses, restoration of degraded ecosystems, 
subsidence limitation) and planned relocation. Planned relocation in this assessment refers to proactive managed retreat or resettlement only at a local scale, and 
according to the specificities of a particular context (e.g., in urban atoll islands: within the island, in a neighbouring island or in artificially raised islands). Forced 
displacement and international migration are not considered in this assessment.
The illustrative geographies are based on a limited number of case studies well covered by the peer reviewed literature. The realisation of risk will depend on 
context specifities.
Sea level rise scenarios: RCP4.5 and RCP6.0 are not considered in this risk assessment because the literature underpinning this assessment is only available for 
RCP2.6 and RCP8.5.
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Purple: Very high probability of severe impacts/risks 
and the presence of significant irreversibility or the 
persistence of climate-related hazards, combined with 
limited ability to adapt due to the nature of the hazard 
or impacts/risks.

Red: Significant and widespread impacts/risks.
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to climate change with at least medium confidence.
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(a) Risk in 2100 under different sea level rise and response scenarios

Levels of risk

Schematic illustration of risk reduction and the delay of 
a given risk level through responses to sea level rise 
and/or mitigation. The amount of risk reduction and 
delay depends on sea level and response scenarios and 
varies between contexts and localities. 

= In situ
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Figure SPM.5 |  a, b
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Responses Potential 
effectiveness

Hard 
protection

Coral 
conservation

Coral 
restoration

Wetland
conservation

Wetland
restoration

Sediment–
based 
protection

Advantages Co–benefits Drawbacks Economic
efficiency

Governance
challenges

Coastal 
advance

Coastal
accommodation

in terms of reducing 
sea level rise (SLR) risks 

(technical/biophysical limits)

Often unaffordable for 
poorer areas. Conflicts 
between objectives 
(e.g., conservation, 
safety and tourism), 
conflicts about the 
distribution of public 
budgets, lack of 
finance {4.3.3.2, 
4.4.2.2.6}

Permits for 
implementation are 
difficult to obtain. Lack 
of finance. Lack of 
enforcement of 
conservation policies. 
EbA options dismissed 
due to short–term 
economic interest, 
availability of land 
{4.4.2.3.6}

Often unaffordable for 
poorer areas. Social 
conflicts with regards 
to access and 
distribution of new 
land {4.4.2.4.6}

Very high if land prices 
are high as found in 
many urban coasts 
{4.4.2.4.7}

Groundwater salinisa–
tion, enhanced erosion 
and loss of coastal 
ecosystems and habitat 
{4.4.2.4.5}

Generates land and 
land sale revenues that 
can be used to finance 
adaptation {4.4.2.4.5}

Predictable levels of 
safety {4.4.2.2.4}

Up to multiple metres 
of SLR {4.4.2.2.4}

Early warning systems 
require effective insti–
tutional arrangements 
{4.4.2.6.6}

Very high for early 
warning systems and 
building–scale 
measures {4.4.2.5.7}

Does not prevent 
flooding/impacts 
{4.4.2.5.5}

Maintains landscape 
connectivity {4.4.2.5.5}

Mature technology; 
sediments deposited 
during floods can raise 
elevation {4.4.2.5.5}

Very effective for small 
SLR {4.4.2.5.4}

(Flood–proofing buildings, 
early warning systems for 
flood events, etc.)

Limited evidence on 
benefit–cost ratios;  
Depends on population 
density and the 
availability of land 
{4.4.2.3.7}

Safety levels less 
predictable, 
development benefits 
not realized {4.4.2.3.5, 
4.4.2.3.2}

Long–term 
effectiveness depends 
on ocean warming, 
acidification and 
emission scenarios 
{4.3.3.5.2., 4.4.2.3.2}

Safety levels less 
predictable, a lot of 
land required, barriers 
for landward expan–
sion of ecosystems has 
to be removed 
{4.4.2.3.5, 4.4.2.3.2}

Habitat gain,  
biodiversity,  carbon 
sequestration, income 
from tourism, 
enhanced fishery 
productivity, improved 
water quality. 
Provision of food, 
medicine, fuel, wood 
and cultural benefits 
{4.4.2.3.5}

Opportunity for 
community 
involvement,
{4.4.2.3.1}

Effective up to 
0.5 cm yr–¹ SLR. 
Strongly limited by 
ocean warming and 
acidification. 
Constrained at 1.5°C 
warming and lost at 
2°C at many places. 
{4.3.3.5.2, 4.4.2.3.2, 
5.3.4}

Effective up to 0.5–1 
cm yr–¹ SLR, 
decreased at 2°C 
{4.3.3.5.1, 4.4.2.3.2, 
5.3.7}

(Marshes, 
Mangroves) 

(Marshes, 
Mangroves) 

High if the value 
of assets behind 
protection is high, as 
found in many urban 
and densely populated 
coastal areas 
{4.4.2.2.7}

Destruction of habitat 
through coastal 
squeeze, flooding & 
erosion downdrift, 
lock–in, disastrous 
consequence in case 
of defence failure 
{4.3.2.4, 4.4.2.2.5}

Predictable levels of 
safety {4.4.2.2.4}

Multifunctional dikes 
such as for recreation, 
or other land use 
{4.4.2.2.5}

Up to multiple metres 
of SLR  {4.4.2.2.4}

Effective but depends 
on sediment availability 
{4.4.2.2.4}

High flexibility 
{4.4.2.2.4}

Preservation of 
beaches for recreation/ 
tourism {4.4.2.2.5}

Destruction of habitat, 
where sediment is 
sourced {4.4.2.2.5}

High if tourism 
revenues are high 
{4.4.2.2.7}

Conflicts about the 
distribution of public 
budgets {4.4.2.2.6}

Confidence levels (assessed for effectiveness):
The table illustrates responses and their characteristics. It is not exhaustive. Whether a response is applicable depends on geography and context.

= Low= Medium= High= Very High

(c) Responses to rising mean and extreme sea levels

Enabling conditionsGeneric steps of adaptive decision making

(d) Choosing and enabling sea level rise responses

Implementation Monitoring and
corrective action 

Stage setting Dynamic plan • Long–term perspective 

• Cross–scale coordination 

• Address vulnerability and equity 

• Inclusive public participation 

• Capability to address complexity 

Identify risks, 
objectives, options, 
uncertainties and 
criteria for evaluating 
options 

Develop initial plan 
(combinations of options over 
time) plus corrective actions 
to be carried out based on 
observed situation

of initial plan and 
monitoring system 
for progressing 
change and success 

Monitor and take 
corrective action upon 
observed situation

Re
tr

ea
t

Ec
os

ys
te

m
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as
ed

 a
da

pt
at

io
n

Planned
relocation

Forced
displacement

Reconciling the 
divergent interests 
arising from relocating 
people from point of 
origin and destination 
{4.4.2.6.6}

Raises complex 
humanitarian 
questions on 
livelihoods, human 
rights and equity 
{4.4.2.6.6}

Limited evidence 
[4.4.2.6.7}

Loss of social cohesion, 
cultural identity and 
well–being. Depressed 
services (health, 
education, housing), 
job opportunities and 
economic growth 
{4.4.2.6.5}
    

Range from loss of life 
to loss of livelihoods 
and sovereignty 
{4.4.2.6.5}

Access to improved 
services (health, 
education, housing), 
job opportunities and 
economic growth 
{4.4.2.6.5}

Sea level risks  at 
origin can be 
eliminated {4.4.2.6.4}

Effective if alternative 
safe localities are 
available {4.4.2.6.4}

Addresses only 
immediate risk at place 
of origin

Not applicableNot applicable Not applicable

(beyond risk reduction)

Figure SPM.5 |  c, d 
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Figure SPM.5 |  Sea level rise risks and responses. The term response is used here instead of adaptation because some responses, such as retreat, 
may or may not be considered to be adaptation. (a) shows the combined risk of coastal flooding, erosion and salinization for illustrative geographies 
in 2100, due to changing mean and extreme sea levels under RCP2.6 and RCP8.5 and under two response scenarios. Risks under RCPs 4.5 and 6.0 
were not assessed due to a lack of literature for the assessed geographies. The assessment does not account for changes in extreme sea level beyond 
those directly induced by mean sea level rise; risk levels could increase if other changes in extreme sea levels were considered (e.g., due to changes 
in cyclone intensity). Panel a) considers a socioeconomic scenario with relatively stable coastal population density over the century. {SM4.3.2} Risks to 
illustrative geographies have been assessed based on relative sea level changes projected for a set of specific examples: New York City, Shanghai and 
Rotterdam for resource-rich coastal cities covering a wide range of response experiences; South Tarawa, Fongafale and Male’ for urban atoll islands; 
Mekong and Ganges-Brahmaputra-Meghna for large tropical agricultural deltas; and Bykovskiy, Shishmaref, Kivalina, Tuktoyaktuk and Shingle Point 
for Arctic communities located in regions remote from rapid glacio-isostatic adjustment. {4.2, 4.3.4, SM4.2} The assessment distinguishes between 
two contrasting response scenarios. “No-to-moderate response” describes efforts as of today (i.e.,  no further significant action or new types of 
actions). “Maximum potential response” represents a combination of responses implemented to their full extent and thus significant additional efforts 
compared to today, assuming minimal financial, social and political barriers. The assessment has been conducted for each sea level rise and response 
scenario, as indicated by the burning embers in the figure; in-between risk levels are interpolated. {4.3.3} The assessment criteria include exposure 
and vulnerability (density of assets, level of degradation of terrestrial and marine buffer ecosystems), coastal hazards (flooding, shoreline erosion, 
salinization), in-situ responses (hard engineered coastal defenses, ecosystem restoration or creation of new natural buffers areas, and subsidence 
management) and planned relocation. Planned relocation refers to managed retreat or resettlement as described in Chapter 4, i.e., proactive and 
local-scale measures to reduce risk by relocating people, assets and infrastructure. Forced displacement is not considered in this assessment. Panel (a) 
also highlights the relative contributions of in-situ responses and planned relocation to the total risk reduction. (b) schematically illustrates the risk 
reduction (vertical arrows) and risk delay (horizontal arrows) through mitigation and/or responses to sea level rise. (c) summarizes and assesses 
responses to sea level rise in terms of their effectiveness, costs, co-benefits, drawbacks, economic efficiency and associated governance challenges. 
{4.4.2} (d) presents generic steps of an adaptive decision-making approach, as well as key enabling conditions for responses to sea level rise. 
{4.4.4, 4.4.5}

Enabling Conditions

C.4  Enabling climate resilience and sustainable development depends critically on urgent 
and ambitious emissions reductions coupled with coordinated sustained and increasingly 
ambitious adaptation actions (very high confidence). Key enablers for implementing effective 
responses to climate-related changes in the ocean and cryosphere include intensifying 
cooperation and coordination among governing authorities across spatial scales and planning 
horizons. Education and climate literacy, monitoring and forecasting, use of all available 
knowledge sources, sharing of data, information and knowledge, finance, addressing social 
vulnerability and equity, and institutional support are also essential. Such investments 
enable capacity-building, social learning, and participation in context-specific adaptation, as 
well as the negotiation of trade-offs and realisation of co-benefits in reducing short-term 
risks and building long-term resilience and sustainability. (high confidence). This report 
reflects the state of science for ocean and cryosphere for low levels of global warming 
(1.5ºC), as also assessed in earlier IPCC and IPBES reports. {1.1,  1.5,  1.8.3,  2.3.1,  2.3.2,  2.4, 
Figure 2.7, 2.5, 3.5.2, 3.5.4, 4.4, 5.2.2, Box 5.3, 5.4.2, 5.5.2, 6.4.3, 6.5.3, 6.8, 6.9, Cross-Chapter 
Box 9, Figure SPM.5}

C.4.1   In light of observed and projected changes in the ocean and cryosphere, many nations will 
face challenges to adapt, even with ambitious mitigation (very high confidence). In a high emissions scenario, many 
ocean- and cryosphere-dependent communities are projected to face adaptation limits (e.g. biophysical, geographical, 
financial, technical, social, political and institutional) during the second half of the 21st century. Low emission 
pathways, for comparison, limit the risks from ocean and cryosphere changes in this century and beyond and enable 
more effective responses (high confidence), whilst also creating co-benefits. Profound economic and institutional 
transformative change will enable Climate Resilient Development Pathways in the ocean and cryosphere context 
(high confidence). {1.1, 1.4–1.7, Cross-Chapter Boxes 1–3 in Chapter 1, 2.3.1, 2.4, Box 3.2, Figure 3.4, Cross-Chapter 
Box 7  in Chapter 3, 3.4.3, 4.2.2, 4.2.3, 4.3.4, 4.4.2, 4.4.3, 4.4.6, 5.4.2, 5.5.3, 6.9.2, Cross-Chapter Box 9, Figure 
SPM.5}

C.4.2   Intensifying cooperation and coordination among governing authorities across scales, 
jurisdictions, sectors, policy domains and planning horizons can enable effective responses to changes in the ocean, 
cryosphere and to sea level rise (high confidence). Regional cooperation, including treaties and conventions, can 
support adaptation action; however, the extent to which responding to impacts and losses arising from changes 
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in the ocean and cryosphere is enabled through regional policy frameworks is currently limited (high confidence). 
Institutional arrangements that provide strong multiscale linkages with local and Indigenous communities benefit 
adaptation (high confidence). Coordination and complementarity between national and transboundary regional 
policies can support efforts to address risks to resource security and management, such as water and fisheries 
(medium confidence). {2.3.1, 2.3.2, 2.4, Box 2.4, 2.5, 3.5.2, 3.5.3, 3.5.4, 4.4.4, 4.4.5, Table 4.9, 5.5.2, 6.9.2}

C.4.3   Experience to date – for example, in responding to sea level rise, water-related risks in some 
high mountains, and climate change risks in the Arctic – also reveal the enabling influence of taking a long-term 
perspective when making short-term decisions, explicitly accounting for uncertainty of context-specific risks 
beyond 2050 (high confidence), and building governance capabilities to tackle complex risks (medium confidence). 
{2.3.1, 3.5.4, 4.4.4, 4.4.5, Table 4.9, 5.5.2, 6.9, Figure SPM.5}

C.4.4   Investments in education and capacity building at various levels and scales facilitates 
social learning and long-term capability for context-specific responses to reduce risk and enhance resilience (high 
confidence). Specific activities include utilization of multiple knowledge systems and regional climate information 
into decision making, and the engagement of local communities, Indigenous peoples, and relevant stakeholders in 
adaptive governance arrangements and planning frameworks (medium confidence). Promotion of climate literacy and 
drawing on local, Indigenous and scientific knowledge systems enables public awareness, understanding and social 
learning about locality-specific risk and response potential (high confidence). Such investments can develop, and in 
many cases transform existing institutions and enable informed, interactive and adaptive governance arrangements 
(high confidence). {1.8.3, 2.3.2, Figure 2.7, Box 2.4, 2.4, 3.5.2, 3.5.4, 4.4.4, 4.4.5, Table 4.9, 5.5.2, 6.9}

C.4.5   Context-specific monitoring and forecasting of changes in the ocean and the cryosphere 
informs adaptation planning and implementation, and facilitates robust decisions on trade-offs between short- and 
long-term gains (medium confidence). Sustained long-term monitoring, sharing of data, information and knowledge 
and improved context-specific forecasts, including early warning systems to predict more extreme El Niño/La Niña 
events, tropical cyclones, and marine heatwaves, help to manage negative impacts from ocean changes such as losses 
in fisheries, and adverse impacts on human health, food security, agriculture, coral reefs, aquaculture, wildfire, tourism, 
conservation, drought and flood (high confidence). {2.4, 2.5, 3.5.2, 4.4.4, 5.5.2, 6.3.1, 6.3.3, 6.4.3, 6.5.3, 6.9}

C.4.6   Prioritising measures to address social vulnerability and equity underpins efforts to promote 
fair and just climate resilience and sustainable development (high confidence), and can be helped by creating safe 
community settings for meaningful public participation, deliberation and conflict resolution (medium confidence). 
{Box 2.4, 4.4.4, 4.4.5, Table 4.9, Figure SPM.5}

C.4.7   This assessment of the ocean and cryosphere in a changing climate reveals the benefits of 
ambitious mitigation and effective adaptation for sustainable development and, conversely, the escalating costs and 
risks of delayed action. The potential to chart Climate Resilient Development Pathways varies within and among 
ocean, high mountain and polar land regions. Realising this potential depends on transformative change. This 
highlights the urgency of prioritising timely, ambitious, coordinated and enduring action (very high confidence). 
{1.1, 1.8, Cross-Chapter Box 1 in Chapter 1, 2.3, 2.4, 3.5, 4.2.1, 4.2.2, 4.3.4, 4.4, Table 4.9, 5.5, 6.9, Cross-Chapter 
Box 9, Figure SPM.5}
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The houses slipping into the sea: Dozens of home-owners
will lose their properties on the fastest eroding coastline in
northwest Europe - where 10 yards of land has disappeared
in less than a year

A report found 24 homes are at risk along the 80km Holderness Coast in east Yorkshire which is fast eroding
Members of East Riding of Yorkshire Council are set to meet in Beverley to discuss the severe coastal erosion 
Report predicts that the erosion, which is likely to increase further, will put 24 Skipsea homes at risk by 2025
Jimmy Mac, 28, who lives in Skipsea, said the 'erosion's doing to this country what the Germans couldn't do'
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Monitoring of the soft clay cliffs on the 80km Holderness Coast, east Yorkshire has found that the coastline is eroding at a rate
of between 0.5m and 4m each year (pictured, houses on the coastline in Skipsea)
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Members of East Riding of Yorkshire Council are to meet after a report found 24 homes are at risk on the coast, which has
seen losses of up to 10 metres since March (pictured, deterioration of a cliff road in Skipsea)
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The report predicts that this erosion, which is likely to increase in future due to climate change, will put 24 homes
in Skipsea at risk by 2025.

But it says that a 'single erosion event' could put a large number of properties at imminent risk within the next year
and more than 200 residential properties will be lost within the next 100 years.

Jimmy Mac, 28, who lives with his partner Megan Shaw in a chalet home in the village has been told his rented
home needs to be demolished as soon as possible after the cliff at the bottom of the garden eroded past the nine-
metre mark deemed safe by East Riding of Yorkshire Council.

The couple said the cliff edge is now 8.2 metres away from the back of their property. They fear they will find it
hard to find alternative rented accommodation because they own four dogs.

Looking out over the crumbling cliffs and the calm North Sea, Mr Mac said: 'It's not just that, though. Look what
we're losing. It's beautiful, isn't it? It's a dream home. It's just a shame. I don't want to move from this house.'

He added: 'Everyone loses out at this end. They could block that, they could put barriers up there but they won't.'

Mr Mac said he put a golf tee in the cliff top to see how fast the cliff was eroding.

He said: 'It was sad to see how much we are losing. It was quite a short time. Obviously the sea's crashing against
it, it just needs a sea barrier, doesn't it?

'On a stormy night when the waves are crashing, it keeps you awake. I don't know if I'm going to wake up with the
sea in my bed.'

He added: 'Build a barrier. I'll help build a barrier free of charge.'
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Councillors have said that residents in areas such as Skipsea are 'appalled' that they are not being protected when
they see other areas, such as the more populated Withernsea, receiving funding for coastal defence schemes.

One Green Lane resident, returning home with bags full of shopping, did not want to talk about the situation, but
said: 'We've had the council round here for the last seven years. But nothing ever changes.'

Carol Woods, 55, from Goldthorpe in Barnsley, South Yorkshire, said her parents own a caravan on a site near
Green Lane.

She said they have had to move the mobile home back from the cliff edge a number of times.

Mrs Woods added: 'They won't defend Skipsea because it's a small village, it's like the land that time forgot.

'I do think people are wanting some kind of defence put up, which is only fair really.'

Mrs Woods's husband Mick, 59, said: 'Erosion's doing to this country what the Germans couldn't do. Because in the
war they put all concrete blocks on beaches so the German Luftwaffe couldn't land their aeroplanes, so they didn't
land, but nature has landed, hasn't it?'

The road between Ulrome and Skipsea fell into the sea a number of years ago and now the route is blocked by
concrete blocks with red 'danger' signs.

On the cliff top, huge cracks in the ground show which sections are likely to go next.

And a walk along the beach reveals pipes and electrical cables in the cliff face, exposed by previous erosion
events.

Councillors have said that residents in areas such as Skipsea are 'appalled' that they are not being protected when they see
other areas, such as the more populated Withernsea, receiving funding for coastal defence schemes (pictured, erosion of a
coastal road in Skipsea)  258
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Standing on the broken road, Mr Woods added: 'If I live another 20 years, we'd be in the sea now. Probably another
four or five years, all this will be in the sea.'    

Government decisions have been to not defend much of the sparsely populated coastline, with coastal defences
not economically, socially or environmentally sustainable for large stretches of the coast.

Councillor David Elvidge, who will chair a meeting on the issue today, said: 'With the amount of funding available,
we can only really defend the large areas of population. It's a devastating thing.'

Residents are also left facing a bill of thousands of pounds to demolish their homes and, while the council has
historically met these costs, it cannot afford to fund the demolition of all 24 properties at risk.

As a result, councillor Jane Evison is now calling on the Government to provide funding to help cover these costs,
which she said can be as much as £20,000.

She said: 'The council is in a position where they're not allowed to defend a coastline and neither are the private
householders, clearly there's erosion taking place, one or two homes are at very high risk, yet there's no funding.'

'I don't think it's a fair situation when we're not allowed to provide any protection but we're picking up the bill to
keep people safe.'

Mr Elvidge said: 'To lose your home and then the financial cost on top must be traumatic to say the least. If the
Government could stump up the cash, that would be fantastic.'

He said people in unprotected places such as Skipsea are 'appalled' when they see coastal defence schemes
being planned for other areas.

A £5.5 million scheme, which has received £3 million funding from the European Regional Development Fund, is
due to start in Withernsea this year.

He said: 'It shouldn't have to happen like that but unfortunately that's where we are.'

The councillor said he hoped residents might be reassured after the meeting on Wednesday.

He said: 'I want them to take away a reassurance that we're doing everything we can to protect our coastline
where we can and, where we can't, we're helping our residents every way we can.'

Simon Barkley, 52, lives in Bradford but stays at the Crossways Caravan Park around 12 times a year and believes
the government has 'let the area down'.

He said: 'Over the last two years, it has eroded by about 12 metres. It's a real shame, it's a lovely part of the world
and it's nice to come here and get away from everything.

'People will lose their homes within five years, many people in the town have already packed up and left. It's
inevitable that this caravan will end up in the sea. People's houses will be gone, it is just a matter of time.

'People here just can't believe it, it's devastating. I'm gutted to see it erode like this.'

He added: 'My friend who owns the land has lost about a third of it. A lot of money has been put into protecting
other areas, but nothing in here. The government hasn't done enough. They have let the area down.'

Residents of Green Lane have been told when the coast reaches 9.2m from their houses, they must agree to
compulsory evictions - or face paying for the demolition and clean up costs themselves.

Self-employed builder Liam Patrick, 28, lives in a two bedroom bungalow with his girlfriend, Megan Shaw, at the
end of Green Lane closest to the cliff.
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Deborah Hawksley (pictured above), who owns a property on Green Lane in Skipsea, which is at risk of falling into the sea. 
Councillors in Yorkshire are to discuss the 'devastating' effect of the coastal erosion 

He has lived at the house, which is owned by Megan's father, for three years and said he will have to be dragged
'kicking and screaming' from his house.

He said: 'This will be the first house to go into the sea. It's heartbreaking, it's a dream home. We love the view we
wake up to every morning.

'They say you have to leave when the cliff is nine metres from the house, we're already at that, if not past it slightly.
They should definitely build a barrier and a sea defence for the house.

'It's poor from the government. I think it will get to the point where houses will have to come down and the
government will be forced to do something. But they should have done something by now.'

Liam added it will be difficult to find a house big enough and with sufficient land for his five pet dogs to roam.

He said: 'I don't know where we'll find somewhere else big enough. 

'I put a golf tee on the cliff two metres from the edge a couple of months ago and the tee is now in the sea. That's
how quickly the cliff is eroding.When it is stormy it keeps you up at night. It clearly needs a barrier.

'It feels like the government aren't really bothered about us. We are being treated like second class citizens.'

Deborah Hawksley lives in Beverley, but has been visiting her family's home on the sea front in Skipsea since she
was a child. Her elderly mother still owns the property, but it is used as a holiday home for the family.

Mrs Hawksley said she spent entire summer holidays in the home as a child and the family would often visit for 
weekends.

But now she faces the prospect of the house being demolished before it falls into the sea.

She said: 'We are losing our homes. It is inevitable, but it is inevitable because there has been nothing done about
it. We never see the council, except for once a month when they come through our gardens measuring how far
the cliff edge is from the house.
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On the cliff top, huge cracks in the ground show which sections are likely to go next. And a walk along the beach reveals pipes
and electrical cables in the cliff face, exposed by previous erosion events
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She added: 'I have seen the cliff just get closer and closer to the house over the years and it is heartbreaking.

'We have boarded the windows up because when the sea is strong, it throws rocks up and we have come to the
house to find the front window smashed and rock in the living room.' 

Peter and Sheila Garforth have lived in Green Lane for 20 years.

Sheila said: 'We are being treated like second class citizens, there has been no input from the council, they are not
interested in us. They've had money from Defra in the past and they have whittled it away on admin and other
things.

'We have lived here for 20 years and paid our mortgage off, we don't want to go and pay rent somewhere else now. 
We don't want to move, but we know we will have to very soon. It's heartbreaking, we're really upset about it.'

Peter said: 'We used to have a 28 metre garden and a 12ft road then 39 metres of cliff. All that has disappeared and
we are left now just metres from the edge.

'When we bought this house, we did a lot of work on it, re-wired it, installed central heating. We spent thousands
on it, it was our investment for the future and our retirement. We retired here and wanted to spend the rest of our
lives here. Now we are being told we will have to leave and we won't get any financial compensation for it. It's
really not on.

'We are currently four metres away from the eviction point. It's devastating. We have lost a great deal of land to the
sea. I spent my entire childhood here, we would spend full summers here. I scaled these cliffs as a child and now
we are losing our homes to them.' 

'We pay our council tax and the level of service we get is shocking. We have no street lights and we have to wheel
the bins down to the end of the street ourselves. We are just forgotten about by the council. They are not
interested in us at all.'

261



850 people could be forced to leave their homes

27 May 2019, 0:44
Molly Rose Pike

12:31: 27 May 2019, Updated

Share

THIS Welsh town is being "abandoned" as rising sea levels could
see it vanish in just 25 years.

Fairbourne is tipped to become the first in the UK to be relocated
due to the threat of climate change, known as "decommissioning".

This could mean that the 850 people living there could be forced to
leave their homes.

Shops would be shut down and the 400 homes would be
demolished.

Fairbourne is just a few feet away from the sea of Barmouth Bay,
which is getting closer as sea levels continue to rise.

A Shoreline Management Plan for the west of Wales “raises
significant concerns over the future sustainability of the defence of
Fairbourne”.

Gwynedd Council the town needs to be considered for
decommission, confirming that relocating residents is a certainty.
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Fairbourne in Wales could be abandoned as rising sea levels could see it
vanish in just 25 years Credit: Alamy

400 HOMES COULD BE DEMOLISHED
Estimates predict that this could happen as early as 2042.

The council is planning to move locals before 2054, when they say
“sea level rises and changing weather patterns will mean that it will
not be possible to further bolster the village’s sea defences”.

After this there will be no more money spent on defending the
town.

Natural Resources Wales has already spent more than £6million on
a flood risk management scheme in the area in the last four years

There are currently no plans in place for homeowners to receive
compensation if they have to move.

Scientists think that sea levels are now rising at the extreme end of
what was predicted to happen gradually just a few years ago.

4

Local residents have shared their fears they will have to leave their
homes.

Lauren Baynes, a 22-year-old who runs the village butcher’s with
her partner, told Wales Online: "We have two young children. It
would be nice to hand the business down to them one day and for
the whole family to stay here.

"I’ve lived in the area my whole life and I’ve never known Fairbourne
to flood badly."
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Rising sea levels – what's the problem?

Here's what you need to know...

The global sea level has been gradually rising over the past
century

Sea levels rise due to two main reasons

The first is thermal expansion – as water gets warmer, it
expands

The second is melting ice on land, adding fresh water into
seas

This has a cyclical effect, because melting ice also warms up
the planet (and oceans), causing more even ice to melt and
boosting thermal expansion

It's currently rising at a rate of around 0.3cm per year

The sea is huge, so that might sound harmless

But rising sea levels can have a devastating effect over time

Low-lying coastal areas can disappear completely, even
putting areas of the UK at risk

It can also mean sea storms and tsunamis can have a more
devastating effect, reaching further in-land than they would
have previously

There's also an increased risk of flooding

Stuart Eves, chair of the local community council, who has lived in
Fairbourne for 43 years, said the Shoreline Management Plan has
"destroyed" the village.

He said: "You can’t get a mortgage here anymore. There’s lots of
young people here who want to stay and buy houses, but they
can’t. Banks won’t give them the money."

A Gwynedd Council spokesperson said: "It is important to stress
that Gwynedd Council has not decided to 'decommission'
Fairbourne.

"Whilst decommissioning has been suggested, no firm decision has
been made, and such a step will be a matter that will need to be
considered by Natural Resources Wales, Welsh Government,
Snowdonia National Park and the community itself."
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Eastern Daily Press > News

"The frontline of climate change" The Norfolk village
falling into the sea

Sabrina Johnson

Published: 6:00 AM January 30, 2021    Updated: 2:51 PM January 30, 2021

A campaigner working to protect a Norfolk village from falling into the sea has made an emotional plea for more
to be done to save it.

The rate at which Happisburgh is being lost to the sea is increasing, but the village is not just being attacked by
the waves -  surface water running off the land is also causing the cliffs to crumble.

The village in North Norfolk, has long been facing the threat of coastal erosion and climate change. In recent
weeks the cliffs along the coastline have been the location of a number of landslides and cliff falls, leading
authorities to issue several safety warnings.

NEWS NORWICH CITY FC THINGS TO DO BUSINESS PROPERTY LIFESTYLE SUBSCR

Coastal erosion at Happisburgh. Picture: Danielle Booden - Credit: Danielle Booden

 

A Second World War pillbox is now perilously close to the cliff edge and in November a landslide took out a
portion of the coastal footpath.

Coastal erosion at Happisburgh. Picture: Danielle Booden - Credit: Danielle Booden
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But the recent spate of land loss has not been caused by the sea but surface water running off the fields which
has saturated the cliffs.

Malcolm Kerby, one of the co-founders of the village's Coastal Action Group which campaigned for improved
coastal defences around the country and remedies for communities affected by coastal erosion, said the village
was being pincered by the land and the sea.

Malcolm Kerby from Happisburgh's Coastal Concern Action Group on the beach. Picture: Danielle 
Booden - Credit: Danielle Booden

The 80-year-old said: "There are months left for the pillbox and years left for the lighthouse but the whole lot is
scheduled to go, it's all likely set to go in the next 50-years. The rate of erosion has increased, it's much greater
than it was 20, 25 years ago."

Mr Kerby said: "Climate change is no longer debatable, it's started and it's getting stronger and stronger, bigger
and bigger.

"It's not a problem that's going to go away, it will go on and on and it will get worse. We're on the front line of
climate change, there's no doubt about that."

A spokesman for the Department for Environment and Rural Affairs (Defra) said: “Flooding and coastal erosion
can have terrible consequences for people, businesses and the environment.

“That is why we are doubling our funding for flood defences in England to £5.2 billion over the next six years,
helping build 2,000 new defence schemes and protect 336,000 properties.

“Local authorities are best placed to understand their coastline and manage the risks through Shoreline
Management Plans, but we are working on a £36 million six-year programme to help them better understand the
risks that climate change poses to those living and working on our coasts.”

Mr Kerby said surface water running off the fields, which in winter froze and expanded, having much the same
effect on the cliffs as icy conditions on a frozen pipe "caused the biggest problem".

"What is happening now with the gouges in the field, it's not being eroded, it's the slumping of the cliff because it's
saturated with water.

"It reaches a point where the combined weight of cliff material is such that it can't cling to the cliff anymore so it
just runs," he said.

Mr Kerby said Happisburgh was "on the frontline of climate change" with residents facing losing their homes but
like many places facing coastal erosion had been "abandoned" by government.
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 Executive summary 3

Executive summary

In December 2015, the UK joined 195 countries in signing an historic global deal to tackle 
climate change. The Paris Agreement commits the international community to reduce 
greenhouse gas emissions in order to avoid some of the most severe impacts of climate 
change. Despite this, we know that some changes to the climate are already inescapable 
due to past emissions of greenhouse gases. These changes present challenges and 
opportunities to all aspects of our society, and we must act on these if we are to achieve 
our ambitions of creating a stronger, more resilient economy and a natural environment 
that benefits people and can provide the vital resources and services we need.

Climate change is not only a challenge of the future. We are already observing changes 
in the UK climate, with average temperatures having risen by around 1ºC over the last 
century. We are seeing a trend towards warmer winters and hotter summers, sea levels 
around our coast are rising by around 3mm a year and there is emerging evidence of 
changing rainfall patterns. The heavy rainfall and flooding over the winter of 2015/16 – 
although they cannot yet be attributed to climate change – illustrate the costs and 
disruption that can be caused by extreme weather. The ongoing development of the 
Government’s 25 Year Environment Plan is one example of how we are building climate 
adaptation into our plans and investments to ensure that we are resilient for the future.

The Climate Change Act 2008 is an important piece of UK legislation that, on a five-yearly 
cycle, requires the Government to compile an assessment of the risks for the UK arising 
from climate change, and then to develop an adaptation programme to address those 
risks and deliver resilience to climate change on the ground. The Act established the 
Committee on Climate Change as an independent statutory body to advise the UK and 
Devolved Governments on setting and meeting carbon budgets and preparing for climate 
change. It also established the Adaptation Sub-Committee of the Committee on Climate 
Change specifically to provide advice on climate change risks and opportunities and to 
report regularly on UK progress on adaptation.

In accordance with the requirements of the Act, we present here the Government’s 
second assessment of the risks and opportunities for the UK of the current and predicted 
impact of climate change, which follows on from the first report published in 2012. It draws 
primarily on an independent Evidence Report commissioned from the Adaptation 
Sub-Committee by the UK and the Devolved Governments.1 The Synthesis Report of the 
Evidence Report sets out six urgent priorities for action over the next five years. In general, 
the Government endorses the conclusions of the Adaptation Sub-Committee, with the 
exception of some of those on food security.

1 Committee on Climate Change (2016) UK Climate Change Risk Assessment 2017 Evidence Report can be 
accessed at: www.theccc.org.uk/UK-climate-change-risk-assessment-2017/
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4 UK Climate Change Risk Assessment 2017

We are very grateful to all of those who contributed so generously of their time and 
expertise to the production of the UK Climate Change Risk Assessment 2017 Evidence 
Report. Hundreds of leading scientists participated as authors and reviewers, drawing on 
a wealth of research from the UK’s world-leading academic institutes as well as a range of 
other expert sources. Consistent with our commitment to open data, all the underpinning 
evidence has been published by the Committee on Climate Change, to ensure that 
government, businesses and other stakeholders have the information they need to 
take action.

Our statutory commitments under the Climate Change Act 2008 are unaffected by the 
decision to leave the EU. Leaving the EU offers a unique opportunity to shape our 
environment and economy for the benefit of all and we will do this in a way that provides 
as much support as possible to the environment’s natural resilience and adaptability, as 
well as recognising its potential role in letting us make changes to our infrastructure and 
ways of working to cope with the impacts of climate change.
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 1. Introduction 5

1. Introduction

This report fulfils the requirement of the Climate Change Act 2008 for the Government to 
lay before Parliament a five-yearly assessment of the risks for the UK of the current and 
predicted impacts of climate change.

The purpose of this second UK Climate Change Risk Assessment report to Parliament is 
to outline the UK and Devolved Governments’ views on the key climate change risks and 
opportunities that the UK faces today. These views have been informed primarily by an 
independent assessment of the available evidence on climate risks and opportunities, 
which was commissioned by the UK and Devolved Governments from the Adaptation 
Sub-Committee of the Committee on Climate Change. The Adaptation Sub-Committee’s 
UK Climate Change Risk Assessment 2017 Evidence Report sets out six priority areas 
needing urgent further action over the next five years. The next two sections of this report 
provide the UK and Devolved Governments’ views on each of those six urgent priority 
areas. Further action to address these risks will be considered as we develop the next 
National Adaptation Programme, covering England and non-devolved matters, and due 
to be published in 2018. The Devolved Governments each have their own policy and 
implementation framework and these are set out in Section 3 along with their views on the 
specific risks that affect them.

In general, the UK Government and the Devolved Governments endorse the conclusions 
of the Evidence Report prepared by the Adaptation Sub-Committee, with the exception of 
some of the conclusions on food security.

1.1 Legislative framework on climate change

The Climate Change Act 2008 provides a legally binding framework to cut UK 
greenhouse gas emissions and a framework for building the UK’s ability to adapt to the 
changing climate.

In terms of adaptation, the Act requires:

• A UK-wide assessment of the risks and opportunities for the UK arising from climate 
change. This must take place every five years; the first assessment (UK Climate 
Change Risk Assessment: Government Report) was published in January 2012.

• A programme for adaptation to climate change to address the identified risks so as 
to deliver resilience to climate change on the ground. This must be put in place and 
reviewed every five years, and must set out the UK Government’s objectives, 
proposals and policies for responding to the risks identified in the Risk Assessment. 
The first National Adaptation Programme: Making the country resilient to a changing 
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climate, covering England and devolved matters, was published in 2013 and many of 
the actions are ongoing.

• Adaptation Reporting Powers (not applicable in Northern Ireland) which enable the 
Secretary of State to direct ‘reporting authorities’ to prepare climate change 
adaptation reports. A second round of reporting has taken place, with around 
80 organisations submitting voluntary reports during 2016.

The Climate Change Act 2008 also established the Adaptation Sub-Committee of the 
Committee on Climate Change. Its role is to provide independent advice on the 
preparation of the UK Climate Change Risk Assessment, to report to Parliament on the 
UK Government’s progress in the implementation of the National Adaptation Programme 
and to provide advice to the Devolved Governments, as required.

1.2 The UK Climate Change Risk Assessment 2017 Evidence Report

To underpin both the first and second UK Climate Change Risk Assessments, the 
Government commissioned independent expert studies of the available evidence.

The Evidence Report underpinning the Government’s first report in 2012 was produced 
by a consortium funded by the Department for Environment, Food and Rural Affairs 
(Defra) and the Devolved Governments. It provided a benchmark assessment of the risks 
and opportunities of climate change to the UK.

The UK Climate Change Risk Assessment 2017 Evidence Report was commissioned from 
the Adaptation Sub-Committee, which was asked to address the following question:

‘Based on the latest understanding of current, and future, climate risks/opportunities, 
vulnerability and adaptation, what should the priorities be for the next UK National 
Adaptation Programme and adaptation programmes of the devolved administrations?’

In order to assess climate risks in a consistent way, and to facilitate action being focused 
on the most pressing risks, the Adaptation Sub-Committee took a three-step approach to 
assess the urgency of additional action for each climate risk and opportunity:

• considering the magnitude of the risk now and in the future

• taking into account policies and adaptation plans already in place to manage the risks

• considering the potential benefits of further action.

Figure 1 sets out the four ‘urgency categories’ used to assess each of the 56 individual 
climate risks and opportunities considered by the Adaptation Sub-Committee. A full 
description of the method for assigning urgency scores can be found in Chapter 2 of the 
Evidence Report.
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Figure 1: Urgency categories used in the UK Climate Change Risk Assessment 
2017 Evidence Report

MORE 
ACTION 
NEEDED

New, stronger or di�erent government policies or implementation 
activities – over and above those already planned – are needed in the 
next �ve years to reduce long-term vulnerability to climate change.

RESEARCH 
PRIORITY 

Research is needed to �ll signi�cant evidence gaps or reduce the 
uncertainty in the current level of understanding in order to assess 
the need for additional action.

SUSTAIN 
CURRENT 
ACTION

Current or planned levels of activity are appropriate, but continued 
implementation of these policies or plans is needed to ensure that 
the risk continues to be managed in the future. This includes any 
existing plans to increase or change the current level of activity.

WATCHING 
BRIEF

The evidence in these areas should be kept under review, with 
long-term monitoring of risk levels and adaptation activity so that 
further action can be taken if necessary.

MORE 
URGENT

LESS 
URGENT

Source: Committee on Climate Change (2016) UK Climate Change Risk Assessment 2017 Synthesis Report,  
www.theccc.org.uk/uk-climate-change-risk-assessment-2017/synthesis-report/

The UK Climate Change Risk Assessment 2017 Evidence Report also goes further than 
the first in considering international climate risks that could have consequences for the 
UK, as well as the interdependencies between the various climate risks.

The Adaptation Sub-Committee’s full Evidence Report comprises an overarching 
Synthesis Report, which summarises the conclusions of eight technical chapters and 
highlights six groups of priority risks where additional action is recommended in the next 
five years (Figure 2). The six priority risk areas encompass most of the individual risks that 
are identified as needing ‘more action’ in the underpinning technical chapters. The full list 
of risks and their assigned urgency scorings is provided in Figure 3.
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Figure 2: The Adaptation Sub-Committee’s assessment of the top six areas of 
inter-related climate change risks for the UK

FUTURE RISK MAGNITUDE HIGH MEDIUM LOW NOW 

New and emerging  pests and diseases, and invasive non-native species, 
a�ecting people, plants and anmals (Ch3, Ch5, Ch7)

Risks to natural capital, including terrestrial, coastal, marine and 
freshwater ecosystems, soils and biodiversity (Ch3)

Risks to health, well-being and productivity from high temperatures 
(Ch5, Ch6) 

Risk of shortages in the public water supply, and for agriculture, 
energy generation and industry (Ch3, Ch4, Ch5, Ch6)

Risks to domestic and international food production and trade 
(Ch3, Ch6, Ch7)  

Flooding and coastal change risks to communities, businesses 
and infrastructure (Ch3, Ch4, Ch5, Ch6)

MORE 
ACTION 
NEEDED 

RESEARCH 
PRIORITY 

Note: The individual risks that make up these six risk areas may score differently in the Evidence Report, but 
contribute to the overall urgency assessment of that group of risks. Future magnitude is based on a combination of 
climate change and other drivers of risk (eg demographic change), taking into account how current adaptation 
policies and plans across the UK are likely to reduce risks.

Source: Committee on Climate Change (2016) UK Climate Change Risk Assessment 2017 Synthesis Report,  
www.theccc.org.uk/uk-climate-change-risk-assessment-2017/synthesis-report/
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Figure 3: Urgency scores for each of the 56 individual risks and opportunities 
identified in the UK Climate Change Risk Assessment 2017 Evidence Report

Chapter 7: International dimensions 

Chapter 6: Business and industry 

Chapter 5: People and the built environment 

Chapter 4: Infrastructure 

Chapter 3: Natural environment and natural assets 

KEY TO CHAPTERS: 

MORE ACTION NEEDED RESEARCH PRIORITY SUSTAIN CURRENT ACTION WATCHING BRIEF 

Ne4: Risks to soils from increased 
seasonal aridity and wetness  

PB1: Risks to public health and 
wellbeing from high temperatures 

In3: Risks to infrastructure from 
coastal �ooding & erosion   

In2: Risks to infrastructure from 
river, surface/groundwater �ooding 

In4: Risks of sewer �ooding due 
to heavy rainfall   

In6: Risks to transport networks 
from embankment failure  

In9: Risks to public water supplies 
from drought and low river �ows 

In1: Risks of cascading 
infrastructure failures across 
interdependent networks  

Ne1: Risks to species and habitats 
from changing climate space  

Ne5: Risks to natural carbon 
stores & carbon sequestration  

Ne6: Risks to agriculture & wildlife 
from water scarcity & �ooding  

Ne8: Risks of land management 
practices exacerbating �ood risk 

Ne12: Risks to habitats & heritage 
in the coastal zone from sea level 
rise; loss of natural �ood protection  

Ne2: Opportunities from new 
species colonisations 

It1: Weather-related shocks to 
global food production and trade  

It4: Risks from climate-related 
international human displacement  

Bu1: Risks to business sites from 
�ooding 

PB4: Potential bene�ts to health 
& wellbeing from reduced cold 

PB5: Risks to people, communities 
& buildings from �ooding  

PB9: Risks to health and social care 
delivery from extreme weather  

 

In5: Risks to bridges and pipelines 
from high river �ows/erosion   

In11: Risks to energy, transport & 
ICT from high winds & lightning  

In12: Risks to o�shore 
infrastructure from storms and 
high waves  

Ne3: Changes in suitability of 
land for agriculture & forests  

Ne7: Risks to freshwater species 
from high water temperatures  

Ne13: Ocean acidi�cation & 
higher water temperature risks 
for marine species, �sheries and 
marine heritage   

 

It2: Imported food safety risks 

It3: Long-term changes in global 
food production 

It5: Risks to the UK from 
international violent con�ict

It6: Risks to international law and 
governance 

Bu2: Risks to business from loss of 
coastal locations & infrastructure 

Bu5: Employee productivity 
impacts in heatwaves and from 
severe weather infrastructure 
disruption 

PB2: Risks to passengers from high 
temperatures on public transport  

PB6: Risks to viability of coastal 
communities from sea level rise  

PB7: Risks to building fabric from 
moisture, wind, and driving rain  

PB8: Risks to culturally valued 
structures and historic 
environment 

PB10: Risks to health from 
changes in air quality 

PB11: Risks to health from 
vector-borne pathogens 

Ne9: Risks to agriculture, forestry, 
landscapes & wildlife from 
pests/pathogens/invasive species  

It7: Opportunities from changes 
in international trade routes 

Bu3: Risks to business operations 
from water scarcity 

Bu4: Risks to business from 
reduced access to capital 

Bu7: Business risks /opportuni-
ties from changing demand for 
goods & services 

Bu6: Risks to business from 
disruption to supply chains 

PB12: Risks of food-borne disease 
cases and outbreaks 

PB13: Risks to health from poor 
water quality 

PB14: Risk of household water 
supply interruptions 

In8: Subsidence risks to buried/ 
surface infrastructure 

In7: Low/high river�ow risks to 
hydroelectric generation 

In13: Extreme heat risks to rail, 
road, ICT and energy infrastructure 

In14: Bene�ts for infrastructure 
from reduced extreme cold events 

Ne10: Extreme weather/wild�re 
risks to farming, forestry, wildlife 
& heritage 

Ne11: Saltwater intrusion risks to 
aquifers, farmland & habitats 

Ne14: Risks & opportunities from 
changes in landscape character 

In10: Risks to electricity 
generation from drought and 
low �ows

PB3: Opportunities for increased 
outdoor activity in warmer 
weather 

Note: Individual risks and opportunities are presented in the order they are discussed in the chapters of the 
Evidence Report (not in priority order).

Source: Committee on Climate Change (2016) UK Climate Change Risk Assessment 2017 Synthesis Report,  
www.theccc.org.uk/uk-climate-change-risk-assessment-2017/synthesis-report/

276

http://www.theccc.org.uk/uk-climate-change-risk-assessment-2017/synthesis-report/


10 UK Climate Change Risk Assessment 2017

2. The UK Government’s assessment of priority 
risks and opportunities

The Government endorses the six priority areas identified by the Adaptation 
Sub-Committee in the UK Climate Change Risk Assessment 2017 Evidence Report. 
We agree with the urgency scores that have been assigned to each of the areas except 
for some elements of the area relating to food production. In this section, we provide a 
summary of each risk area and the Government’s general approach. Detailed responses 
and actions will form the subject of the next National Adaptation Programme, due to be 
published in 2018.

Adapting to climate change is a government-wide issue with different departments leading 
on different risks. Defra works across government and with other partners to fulfil the 
requirements of the Climate Change Act 2008. Defra also leads on providing future UK 
Climate Projections, an important resource used widely by government, business, local 
government, civil society and communities to understand how the climate may change 
over the rest of the century. Defra has commissioned the Met Office Hadley Centre 
to produce an updated set of UK Climate Projections (UKCP18) in 2018 to ensure 
that organisations continue to have access to the latest science to inform their 
adaptation planning.

The UK Climate Change Risk Assessment 2017 Evidence Report highlights that climate 
risks will affect people differently, depending on their social, economic and cultural 
environment. Low-income households are particularly susceptible to climate change 
impacts, as these impacts disproportionally affect their resources. These groups also 
have lower capacity and resources to adapt. Evaluation of climate risks and actions must 
consider these distributional effects.

The Green Book: Appraisal and Evaluation in Central Government2 was prepared by 
HM Treasury to promote effective government investment and ensure it aligns with 
government priorities and the expectations of the public. The guidance applies to all 
government departments and sets out how the risks of climate change should be 
considered in options appraisals whenever relevant, particularly for long-term planning 
and infrastructure projects, regulatory and planning frameworks, contingency planning 
and long-term policy frameworks. The guidance also states that an assessment should 
take into account social and distributional impacts where they are likely to be significant 
for particular groups in society. The Green Book is currently being updated, with a revised 
edition due for publication in 2017.

Below we address the six priority risk areas in turn.

2 HM Treasury (2011) The Green Book: Appraisal and Evaluation in Central Government can be accessed at: 
www.gov.uk/government/uploads/system/uploads/attachment_data/file/220541/green_book_complete.pdf
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2.1 Flooding and coastal change risks to communities, businesses and 
infrastructure (‘more action needed’)

The UK Climate Change Risk Assessment 2017 Evidence Report presents compelling 
evidence that climate change may lead to increases in heavy rainfall and significantly 
increased risks from fluvial and surface flooding by mid-century. Rising sea levels may 
further increase the risk of flooding and erosion along our coastline. The Evidence Report 
recommends more ambitious approaches to adaptation, working with communities, 
businesses and other partners to meet this challenge by:

• ensuring there are long-term strategies in place to address projected risks to people, 
communities and buildings

• delivering more natural flood management and developing a more integrated 
approach in high-risk catchments, especially where there are likely to be co-benefits 
such as carbon storage, water quality and biodiversity benefits.

The Government supports these recommendations. Managing flood risk is already a key 
priority for the Government, and the report’s recommendations are broadly consistent 
with our policies to intervene and invest effectively to manage flood risk. Our strategies are 
most effective when government, communities, local authorities and the private sector 
work together to ensure that we have a shared understanding of future risks and who is 
best placed to manage them. Together we need to make use of the full suite of measures 
and target them as effectively as we can, to make it less likely that flooding will occur and 
to reduce the impact when it does.

Our flood risk investment programme will drive down the overall risk of flooding and 
coastal erosion to ensure that we will better protect over 300,000 homes from flooding by 
2021. These investments are based on a well-developed national flood risk assessment 
and long-term investment scenario modelling developed by the Environment Agency, 
which already factors in climate change predictions and continually evolves to take 
account of new climate change evidence and risks. The long-term investment scenario 
modelling considers differing investment scenarios in the face of pressures such as 
climate change and asset deterioration and takes into account total levels of investment, 
not just government investment. The UK Climate Change Risk Assessment 2017 Evidence 
Report recognises that current levels of investment are consistent with an optimal 
investment strategy.

The National Flood Resilience Review3 was published in September 2016 and sets out 
actions to improve our readiness for flooding in the short term, to reduce the impacts and 
the consequent costs and disruption to communities, businesses and our economy. This 
includes working with infrastructure operators to improve the resilience of locally important 
assets at risk of flooding. The review will also inform our consideration of long-term 
investment needs and funding options.

3 HM Government (2016) National Flood Resilience Review can be accessed at: www.gov.uk/government/
publications/national-flood-resilience-review
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We believe the installation of property-level resilience measures (those that prevent flood 
water entering a property or that speed the recovery process if it does) can play an 
important role in making people and their property less vulnerable to the physical and 
mental impacts of flooding. In September 2016, we published Peter Bonfield’s Property 
Flood Resilience Action Plan4 which was developed in collaboration with the commercial 
sector with Government support. The Action Plan explores barriers to the use of flood 
resilience measures and identifies how, collectively, business and government can 
facilitate better uptake of such measures for residential and commercial properties at 
high flood risk.

We engage with and support local authorities in their responsibilities for managing local 
flood risk. National planning policy on the provision of sustainable drainage systems in 
developments has been strengthened. The Housing and Planning Act 2016 introduces a 
new requirement for the Secretary of State to carry out a review of planning legislation 
and planning policies for sustainable drainage in relation to the development of land 
in England.

Incorporating natural flood management measures is key to our approach and we 
encourage such schemes as part of large capital projects. Natural flood management 
demonstration projects, including at Pickering in Yorkshire and Holnicote in Somerset, 
have demonstrated that these types of measures can be effective in helping to manage 
flood risk at a catchment scale, slowing the flow of water and reducing local impacts when 
carefully incorporated into a wider suite of catchment measures. In November 2016, we 
announced £15 million specifically for natural flood management projects in England, 
which will build the evidence base further.

Increasingly, we are seeking to empower and enable local communities to understand 
their risks and to develop catchment-based strategies. These integrate traditional, 
innovative and natural flood management measures to provide multiple benefits. 
An example of a local partnership approach is the Cumbria Flood Partnership. These 
types of local partnerships will be further strengthened in the context of the 25 Year 
Environment Plan.

Looking ahead, we will continue to develop our longer-term strategies on investment, 
providing local communities with the framework and tools they need to manage flood 
risks effectively.

2.2 Risks to health, well-being and productivity from high temperatures 
(‘more action needed’)

The UK Climate Change Risk Assessment 2017 Evidence Report shows that warming UK 
temperatures, combined with demographic change, may lead to an increased risk of 
overheating. It projects that the number of heat-related deaths in the UK could more than 

4 P Bonfield and Defra (2016) Property Flood Resilience Action Plan can be accessed at: www.gov.uk/
government/publications/improving-property-level-flood-resilience-bonfield-2016-action-plan
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double by the 2050s from a current baseline of around 2,000 per year. The Evidence 
Report states that urgent action is needed in the next five years across a range of policy 
areas to address overheating in homes and public buildings and to reduce the impacts of 
the urban heat island effect through urban design and planning. Research is 
recommended into the impacts of overheating on employee productivity.

Research is also recommended into the influence of climate change on ground-level 
ozone and other outdoor air pollutants (especially particulates), and how climate, 
temperature and other factors (eg individual behaviour) affect indoor air quality.

The Evidence Report also notes some potential opportunities associated with higher 
temperatures. Outdoor activities may become more attractive, with perhaps an increase 
in active transport, such as cycling, and walking leading to benefits for health and 
well-being, as well as climate change mitigation from reductions in car use. However, 
these benefits need to be set against the potential for greater exposure to the risks from 
sunlight, ultraviolet radiation and air pollution. Warmer winters could also lead to fewer 
cold-related deaths, which currently account for a greater number of excess deaths than 
periods of very hot weather.

The Government recognises the importance of reducing the risks and impacts of 
overheating. Overheating is a complex issue that cuts across a number of policy areas, 
including health, planning, transport, energy and environment. Responsibility for different 
aspects of planning, commissioning and funding improvements is shared across a range 
of organisations. Government departments and public and private entities are working 
together to deliver improvements in these areas.

A number of different policies and plans will affect how risks to health, well-being and high 
temperatures can be managed in future. For example, Public Health England publishes 
the Heatwave Plan for England to manage risks to public health. This document is 
recognised in the Evidence Report as a key component of emergency planning that 
provides advice for professionals, organisations and individuals to enable them to plan for 
and respond to hot weather. An independent evaluation of the Heatwave Plan is under 
way. In May 2016, Public Health England also published a new poster and leaflet to 
support the public to stay safe in hot weather, and a checklist for identifying and 
managing high indoor temperatures in homes. A checklist specifically for care home staff 
is under development.

Looking forward, we will consider where additional policy interventions are necessary to 
address overheating risks as part of the National Adaptation Programme. For example, 
the Government is commissioning research into how overheating risks can be identified 
and mitigated. In the first instance, this will focus on new housing developments in 
England, building on work undertaken by the former Zero Carbon Hub. We will also 
explore whether there are better methods for understanding overheating risks in hospitals.
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2.3 Risks of shortages in the public water supply, and for agriculture, 
energy generation and industry, with impacts on freshwater ecology 
(‘more action needed’)

The UK Climate Change Risk Assessment 2017 Evidence Report sets out how climate 
change combined with population growth may put greater pressure on water availability. 
By the 2050s, many catchments across the UK will need to manage water deficits and 
competing demands for water for public supply, industry, agriculture and the environment. 
The Evidence Report recognises that the policy framework for managing these long-term 
risks exists. It recommends continued action in the next five years that is flexible enough 
to take account of the high degree of uncertainty about future projections of seasonal 
rainfall and therefore the frequency and intensity of water shortages and drought.

The Government is committed to more action on these risks and recently published 
Creating a great place for living: Enabling resilience in the water sector,5 a roadmap setting 
out how we will enhance our policy framework to secure the long-term resilience of the 
water sector. The roadmap covers a wide range of areas, including the long-term 
challenge to the public water supply and other water users from the greater extremes in 
weather that are expected.

We have also issued guidance to water companies that their next round of water resource 
management plans should take a long-term, strategic approach to protecting and 
enhancing resilient water supplies. Water companies are required to embed climate 
change impacts as well as population and economic growth in their long-term plans, so 
as to ensure that they are fully able to meet future water demand/supply balances. As a 
result, there is already a well-recognised need for future investment in both demand-side 
and supply-side measures to mitigate the risks from climate change. In turn, these actions 
will help create a freshwater environment capable of supporting the biodiversity it contains 
and the ecosystem services it provides.

We are aware that the current water abstraction system (set up in the 1960s) is not flexible 
or modern enough to respond to pressures on the environment, farm and other business 
requirements, and the needs of our public water supply. We are therefore committed to 
reform the system by the early 2020s to create a better, fairer, more modern and flexible 
approach that will support business resilience, investment and growth, and manage the 
pressures of a growing population and climate change.

Reform includes many elements that will lead to better protection of the environment and 
that will be adaptive over time. For example:

• we will ensure that all abstractors are proportionately controlled at low flows to protect 
the environment, while recognising essential water users

5 Defra (2016) Creating a great place for living: Enabling resilience in the water sector can be accessed at:  
www.gov.uk/government/uploads/system/uploads/attachment_data/file/504681/resilience-water-sector.pdf
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• all abstraction conditions on permits will be reviewable when there is evidence of 
environmental risk being caused by abstraction.

2.4 Risks to natural capital, including terrestrial, coastal, marine and 
freshwater ecosystems, soils and biodiversity (‘more action needed’)

The UK Climate Change Risk Assessment 2017 Evidence Report identifies significant 
threats to our natural capital and the goods and services it provides, from timber, food 
and clean water to pollination, carbon storage and the cultural benefits of landscapes 
and wildlife. The Evidence Report shows that direct impacts on the distribution of UK 
biodiversity and the composition of terrestrial, coastal, marine and freshwater ecosystems 
are already being observed. There is clear evidence of northwards shifts in species 
distributions and the timing of seasonal events due to climate change.

The Evidence Report highlights important links between climate change impacts on 
natural capital and the other risk areas. For example, the natural environment plays an 
integral role in the quality and availability of our water and on the magnitude of flood 
events. It provides the backdrop to the movement of pests and diseases, and can play 
a role in addressing overheating through urban trees and green spaces.

The report also identifies potential opportunities for agriculture and forestry in the form of 
extended growing seasons, increased productivity and new crop varieties that would have 
potential benefits for domestic food production. In order for these opportunities to be 
realised, however, action is needed to manage the negative impacts from reduced soil 
quality and water availability and the increase in flooding and pests and diseases.

The Evidence Report concludes that, while good progress is being made, strengthened 
action is needed over the next five years to reduce existing pressures on the environment. 
More flexible and integrated approaches to managing natural capital need to be adopted 
and priority research undertaken into the changing suitability of land for different uses and 
the climate risks to marine ecosystems.

The Government supports the Evidence Report’s conclusions. Various policies are 
already in place to address climate risks to natural capital. For example, increased efforts 
to restore the hydrology of wetland habitats are under way as part of Countryside 
Stewardship, and the Forestry Commission is working to protect, improve and expand 
woodlands on the Public Forest Estate. We also note potential areas for improvement, for 
example better use of policy levers such as the successor to the EU Common 
Agricultural Policy.

The Government recognises that reducing other pressures is a priority for increasing the 
resilience of our natural capital to climate change. We have already made good progress 
in restoring Sites of Special Scientific Interest to ‘favourable’ or ‘recovering’ condition, in 
making land available for the creation of priority habitat and in establishing Marine 
Protected Areas. Alongside reducing pressures, we also recognise the other clear 
message of the report – that we need to accommodate change, such as through coastal 
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realignment and ensuring sufficiently good habitat condition and connectivity to allow 
species to migrate with the climate.

Following the decision to leave the EU, we are undertaking a fundamental review of our 
whole environmental policy framework. This will support our 25 Year Environment Plan, 
which will have natural capital considerations at its heart and will be informed by the 
findings of the UK Climate Change Risk Assessment 2017. It will also be informed by the 
work of the Natural Capital Committee, which is working closely with the Adaptation 
Sub-Committee.

2.5 Risks to domestic and international food production and trade 
(‘more action needed’)

The UK Climate Change Risk Assessment 2017 Evidence Report sets out how extreme 
weather can affect international food production, trade and supply chains. Longer-term 
incremental changes in climate will affect agricultural productivity in regions that are 
important for food production. At the same time, climate change will present risks and 
opportunities for domestic production, with the resilience of UK food systems dependent 
on the stewardship of natural resources including soils and responses to international 
markets. The Evidence Report concludes that there is a need for policy intervention over 
the next five years to manage the potential impacts of these risks on food prices in the UK.

The Government recognises that climate change will present significant risks to the 
availability and supply of food in the UK. Food supply has been identified as one of the 
13 UK Critical National Infrastructure sectors and we work closely with industry to ensure 
the security and resilience of supply. The resilience of food supply chains is regularly 
tested by severe weather and other events, and consistently performs well. The Evidence 
Report’s recommendation that new policy is needed to manage risks to UK food prices 
therefore does not align with the findings from our own research, including that carried 
out for the UK Food Security Assessment in 2009 and reviewed in 2012. The 
Government takes a more optimistic view of the levels of resilience that are achieved 
through functioning markets and diverse sources of supply.

The Government recognises that UK food security is built on access to a wide variety of 
markets, including through a rules-based world trading system operating alongside food 
production in the UK. When the UK held the chair of the G20 Agricultural Markets 
Information Systems (AMIS) in 2014/15, we agreed a protocol with key partner countries 
to improve the response to price spikes. We will continue to support this initiative by 
improving transparency and accountability and introducing robust evaluation of 
the protocol.

We agree with the Adaptation Sub-Committee that food production and security is a 
clear research priority. The Government has already carried out research into the risks to 
food supply from extreme weather events, including the potential impacts of tidal flooding 
on supply chains through seaports and the energy dependency of food chains. Looking 
forward, Research Council funding, together with our Centres for Agricultural Innovation, 
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will help to improve understanding of the risks to the resilience of our food system. We 
will be reviewing the UK Food Security Assessment during the course of this Parliament, 
and are currently scoping the priority areas on which to concentrate.

2.6 New and emerging pests and diseases, and invasive non-native 
species, affecting people, plants and animals (‘research priority’)

The UK Climate Change Risk Assessment 2017 Evidence Report describes how new and 
emerging pests and diseases – including invasive non-native species – have the potential 
to cause severe impacts on people, animals and plants. It concludes that there is an 
urgent need for research in the next five years to improve our understanding of how 
climate change will affect the threat of pests and diseases and the best approaches to 
monitor, detect and manage outbreaks and develop resilience to disease (eg through 
developing new crop varieties and breeding techniques). It finds that the evidence is not 
yet clear as to what extent surveillance is effective in identifying risks, or whether 
resources are prioritised towards those vectors and pathogens that pose the biggest 
challenge in the changing climate. Research is also needed to improve the evidence about 
the impact of endemic diseases in a changing environment.

The Government supports the conclusions of the Evidence Report and is already 
undertaking investigations into the impacts of climate change on plant health and the 
potential for climate change to increase the risk from pests. This work will lead to 
improvements in our risk assessments to ensure that we target the pests and diseases 
that pose the greatest risks. The UK Plant Health Risk Register, accessible through the 
new UK Plant Health Information Portal,6 compares risks posed by different plant pests 
and pathogens and prioritises actions. We carry out collaborative horizon-scanning and 
information-sharing activities with international organisations, such as the European and 
Mediterranean Plant Protection Organisation, to provide early warning of new pest threats.

The UK has a proven system in place for monitoring international disease threats to 
human and animal health. As an example, Public Health England undertakes invasive 
mosquito surveillance with 30 seaports and airports and at key goods importers and 
motorway service stations leading away from ports of entry in south-east England. We 
work collaboratively with industry to assess and manage pest risk, as demonstrated by 
our work on Bluetongue disease and the Schmallenberg virus. We also produce an 
international forward look to improve forecasting of outbreaks by seeking to identify links 
between meteorological data and geophysical impacts, and public and animal 
health threats.

Horizon-scanning is also carried out for new invasive non-native species likely to pose 
a significant risk if they arrive in the UK. These threats are formal assessments using 
a comprehensive risk framework that takes climate change into account.

6 The UK Plant Health Information Portal can be accessed at: https://planthealthportal.defra.gov.uk/
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3. Assessment of priority risks and 
opportunities for the Devolved Governments

The risks and opportunities from climate change will vary across the UK because of 
geography and the policy frameworks that exist in the different countries. In addition to 
summarising the priorities for the UK, the UK Climate Change Risk Assessment 2017 
Evidence Report identifies the priorities for each of the countries in the UK in separate 
national summaries.7 These are based on the UK-wide assessment, but take account of 
the particular risks to each country and where urgent action is required. In this section, we 
describe the risks that are considered priorities for Scotland, Wales and Northern Ireland 
and the general approach being taken by the Devolved Governments to manage these.

3.1 Scotland

The Scottish Government will use and build on the assessment of the key areas of risk set 
out in the UK Climate Change Risk Assessment 2017 Evidence Report national summary 
for Scotland as it moves forward with implementing its Adaptation Programme. In most 
risk areas, the assessment for Scotland reflects similar issues elsewhere in the UK. 
Particular Scottish issues include:

Risk to species and habitats from the changing climate More action 
neededRisks to soils and natural carbon stores

Risks to people, communities and buildings from flooding

Research 
priority

Risks to coastal areas from sea-level rise combined with extreme weather

Risks to marine species from ocean changes

Risks to health and well-being

Scotland has its own climate change legislation: the Climate Change (Scotland) Act 2009. 
Scotland’s Climate Change Adaptation Framework (2009) was replaced by Scotland’s first 
statutory Adaptation Programme in May 2014 (Climate Ready Scotland: Scottish Climate 
Change Adaptation Programme). Two annual reports on the Adaptation Programme were 
published by the Scottish Government in May 2015 and May 2016. The UK Climate 
Change Risk Assessment 2017 Evidence Report national summary for Scotland was 
published in July 2016 and the first independent assessment of progress under 

7 The UK Climate Change Risk Assessment 2017 Evidence Report national summaries can be accessed at: 
www.theccc.org.uk/uk-climate-change-risk-assessment-2017/national-summaries/
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Scotland’s Adaptation Programme,8 commissioned by the Scottish Government under 
the 2009 Act, was published by the Adaptation Sub-Committee in September 2016.

The Scottish Government has been developing and improving its adaptation response, for 
example with new indicators and reporting duties on public bodies and the new National 
Centre for Resilience. The Scottish Government will continue to develop its approach 
based on the evidence, advice and recommendations of the Adaptation Sub-Committee, 
both in the next annual report on the Scottish Climate Change Adaptation Programme (to 
be published in May 2017) and the next Adaptation Programme (to be published in 2019).

3.2 Wales

The Welsh Government endorses the conclusions of the UK Climate Change Risk 
Assessment 2017 Evidence Report national summary for Wales. Some 49 risks and 
opportunities have been identified, with the most important risks to Wales summarised 
as follows:

Risks to infrastructure (from all sources of flooding)

More action 
needed

Risk to public water supplies from drought and low flows

Risks from some land management practices exacerbating flood risk

Risks to ecosystems and agriculture businesses from changes in climatic 
conditions

Risks to communities from all sources of flooding and sea-level rise

Research 
priority

Risks to infrastructure, business and buildings from high river flows, 
erosion and extreme weather

Risks and opportunities from changes to agriculture and forestry 
productivity

Risks to people’s health and well-being and associated service delivery 
from high temperatures, flooding and extreme weather

The Welsh Government’s actions on climate change adaptation are described in the 
Climate Change Strategy for Wales: Adaptation Delivery Plan (2010). The actions in this 
plan will be reviewed in light of the new evidence, with a view to publishing a new delivery 
plan in 2018. The Welsh Government will work with the UK and other Devolved 
Governments where there is common interest, and will be engaging the academic 
community for support in addressing research priorities.

8 Scottish Climate Change Adaptation Programme: An independent assessment can be accessed at:  
www.theccc.org.uk/publication/scottish-climate-change-adaptation-programme-an-independent-
assessment-for-the-scottish-parliament/
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At a local level, there are statutory requirements under the Well-being of Future 
Generations (Wales) Act 2015 for Public Services Boards in Wales to reference the 
UK Climate Change Risk Assessment when assessing well-being in their area.

3.3 Northern Ireland

Due to geographical differences and variation in the projected changes to the Northern 
Ireland climate, the priority risks identified in the UK Climate Change Risk Assessment 
2017 Evidence Report national summary for Northern Ireland are not all the same as those 
identified for the UK more generally.

The national summary for Northern Ireland identifies a number of areas where stronger 
action and further research are needed in the next five years, and these are summarised 
below. These findings and recommendations and the categorisation of the risks have 
been adopted by executive departments as a basis for adaptation planning. There are no 
areas of dispute or issues within the summary that are contentious.

Risks to soils, farming, natural carbon stores, species and coastal 
habitats

More action 
needed

Flooding risk to (interdependent) infrastructure (sewers, transport 
networks)

Potential benefits to people from reduced cold

Risks to international food production and trade

Changes in agricultural and forestry productivity and land suitability and 
impacts on freshwater and marine ecosystems

Research 
priority

Risks to infrastructure services from coastal flooding and erosion

Risks to people from high temperatures, changes in air quality, health 
and social care delivery and vector-borne pathogens

Risks to communities and businesses from flooding

Risks to business from reduced employee productivity due to 
infrastructure disruption and higher temperatures

Risks to historic environment and buildings

Risks and opportunities in global food production

Detailed responses and actions to the findings and recommendations in the Northern 
Ireland summary will contribute to the development of the second Northern Ireland 
Climate Change Adaptation Programme, to be published in 2019.
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4. Next steps

The first National Adaptation Programme, published in 2013, sets out over 370 actions for 
the UK Government, businesses, councils, civil society and academia to address the 
findings of the first UK Climate Change Risk Assessment: Government Report and to build 
the nation’s resilience to climate change. The most recent review of the National 
Adaptation Programme9 by the Adaptation Sub-Committee in 2015 found that 109 of the 
actions have been completed and 215 are on track. We continue to monitor progress and 
the Adaptation Sub-Committee will issue its next report on progress in summer 2017.

Adaptation to climate change is an integral part of policy across all levels of the UK 
Government. Defra has its own significant interest, tackling some of the highest priority 
risks such as those relating to flooding, water security, food production, environment and 
biodiversity. Other departments, such as the Department for Communities and Local 
Government, the Department for Business, Energy and Industrial Strategy and the 
Department of Health, are working together to address risks to health, well-being and 
productivity due to increasing temperatures.

The second National Adaptation Programme will respond to the risks set out in this UK 
Climate Change Risk Assessment and is due to be published in 2018. In developing the 
programme, we will continue to work with business and industry, identifying where UK 
Government action can support their resilience and how they themselves can take 
adaptation forwards.

9 Committee on Climate Change (2015) Progress in preparing for climate change: 2015 Report to Parliament 
can be accessed at: www.theccc.org.uk/wp-content/uploads/2015/06/6.736_CCC_ASC_Adaptation-
Progress-Report_2015_FINAL_WEB_070715_RFS.pdf
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WORLD METEOROLOGICAL ORGANIZATION 

Global Annual to Decadal Climate Update 
Target years: 2020 and 2020-2024 

Executive Summary 
This update presents a summary of annual to decadal predictions from WMO designated Global 
Producing Centres and non-designated contributing centres for the period 2020-2024. Latest 
predictions suggest that: 

 Annual global temperature is likely to be at least 1°C warmer than preindustrial levels
(defined as the 1850-1900 average) in each of the coming 5 years and is very likely to be
within the range 0.91 – 1.59°C

 It is unlikely (~20% chance) that one of the next 5 years will be at least 1.5°C warmer than
preindustrial levels, but the chance is increasing with time

 It is likely (~70% chance) that one or more months during the next 5 years will be at least
1.5°C warmer than preindustrial levels

 It is very unlikely (~3%) that the 5 year mean temperature for 2020-2024 will be 1.5°C
warmer than preindustrial levels

 In 2020, large land areas in the Northern Hemisphere are likely to be over 0.8°C warmer
than the recent past (defined as the 1981-2010 average)

 In 2020, the Arctic is likely to have warmed by more than twice as much as the global mean
 The smallest temperature change is expected in the tropics and in the mid-latitudes of the

Southern Hemisphere
 In 2020, many parts of South America, southern Africa and Australia are likely to be dryer

than the recent past
 Over 2020-2024, almost all regions, except parts of the southern oceans are likely to be

warmer than the recent past
 Over 2020-2024, high latitude regions and the Sahel are likely to be wetter than the recent

past whereas northern and eastern parts of South America are likely to be dryer
 Over 2020-2024, sea-level pressure anomalies suggest that the northern North Atlantic

region could have stronger westerly winds leading to more storms in western Europe

Current Observations 
The climate over the last year and five last years as anomalies to 1981-2010 is shown in Figure 1. 

Most regions were warmer than average. Warming was largest at high latitudes in the Northern 
Hemisphere, and generally larger over land than ocean for the five-year mean 2015-2019. Parts of 
the Southern Ocean and the northern North Atlantic were cooler than average. 

In the last five years, sea-level pressure was anomalously low in both polar regions, with strongest 
negative anomalies over Antarctica. Hence both the Arctic and Antarctic Oscillations have been 
positive on average. In 2019, both the Arctic and Antarctic Oscillation indices were less positive. 
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 Most of Eurasia, eastern USA and central Africa have been wetter than average, with southern 
Africa, eastern Australia, Indonesia, north-east Brazil and western Europe drier than average.  

  

Figure 1: Observed temperature (top), pressure (middle) and precipitation (bottom) anomalies relative to 1981-2010. The 
left column shows 2019 and the right column shows the five-year period 2015-2019. Temperatures are an average of three 
observational data sets: HadCRUT4 (Morice et al., 2012), NASA-GISS (Hansen et al., 2010), and the NCDC (Karl et al., 2015). 
Sea-level pressure is HadSLP2r (Allan and Ansell, 2006). Precipitation is GPCP (Adler et al, 2003). 

 

Global mean temperatures have increased steadily since the 1960s (Figure 2). The 5-year period 
2015-2019 is the warmest since records began in 1850. Since the mid-1990s the North Atlantic 
Ocean has been in a warm phase of Atlantic Multidecadal Variability (AMV). However, since 2015 
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the subpolar North Atlantic between 45-65°N has cooled significantly, consistent with extreme 
winter heat loss in the 2013/2014 and a weakening of the meridional ocean circulation. Since one of 
the largest El Niños on record in 2015/16, annual mean anomalies in the tropical East Pacific have 
been mainly positive apart from weak La Niña conditions during northern hemisphere winter in 2017 
and 2018. 

 

Figure 2: Observed annual mean climate indicators relative to 1981-2010. Global mean temperature (top), Atlantic 
Multidecadal Variability (AMV) defined as the difference between two regions: 45°N-60°N,60°W-0°E minus 45°S-0°S, 30°W-
10°E (middle) and NINO3.4 defined as the average over 5°S-5°N, 170°W-120°W (bottom). The temperature data is the same 
as in Figure 1. 
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Predictions from the WMO Lead Centre 
Predictions of climate indices and global fields are obtained from multi-model initialised decadal 
climate predictions contributing to the WMO Lead Centre for Annual to Decadal Climate Prediction 
(www.wmolc-adcp.org) and are started at the end of 2019. Retrospective forecasts (hereafter 
hindcasts) covering the period since 1960 from decadal prediction experiments submitted to 
Coupled Model Intercomparison Project phase 5 (CMIP5) are shown for below for climate indices 
and are used to estimate forecast skill. The last CMIP5 hindcast started in 2005, so there is a small 
gap between the hindcasts and the prediction for this year. Also shown are uninitialised (historical) 
simulations from CMIP5 for the climate indices. 

Predictions of Global Climate Indicators 
Figure 3 shows that in the five year period 2020-2024, the annual mean global surface temperature 
is predicted to be between 0.91°C and 1.59°C above pre-industrial conditions (taken as the average 
over the period 1850 to 1900, which is 0.61oC cooler than the 1981-2010 reference used in Figure 3). 
The chance of at least one year exceeding 1.5°C above pre-industrial levels is 24%, with a very small 
chance (3%) of the five-year mean exceeding this threshold. Confidence in forecasts of global mean 
temperature is high since hindcasts show high skill in all measures. However, the coronavirus 
lockdown is likely to cause changes in emissions of greenhouse gases and aerosols that are not 
included in the forecast models. The impact of changes in greenhouse gases is likely small, the 
reduction in anthropogenic aerosols is likely to increase global mean temperatures by less than 
0.1°C. 

Figure 3: Multi-annual predictions of global mean surface temperature relative to 1981-2010. Annual mean observations in 
black, forecast in blue, hindcasts in green and unininitialised simulations in grey. The shading indicates the 90% confidence 
range. The probability for above average in the five year mean of the forecast is given at the bottom the main panel (in 
brackets the probability for above average in the next year). Hindcast skill scores are shown in the upper right panel, the 
square and the cross show the correlation skill and Mean Square Skill Score (MSSS) for five-year means, respectively. 
Significant correlation skill (at the 5% confidence level) is indicated by solid circles/square. The contingency table for the 
prediction of above average five year means is shown in the bottom right panel (in brackets values for above average in the 
next year). Also inset in the main panel, referring to the right hand axis, is the probability of global temperature exceeding 
1.5°C above pre-industrial levels for a single month or year during the five years starting in the year indicated. This 
probability is calculated as in Smith et al (2018) by counting the proportion of ensemble members that predict at least one 
year (or month) above 1.5°C. 

Predictions indicate an 85% probability that Atlantic Multidecadal Variability (AMV) will be positive 
when averaged over the next five years (Figure 4). However, AMV is likely to be lower than recent 
peak values seen in the 2000s. The hindcasts have reasonably high skill in all measures giving 
medium to high confidence in this prediction. Predictions for the Atlantic Meridional Overturning 
Circulation can be found in the appendix. 
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Figure 4: Multi-annual predictions of Atlantic Multidecadal Variability (AMV) relative to its 1981-2010 average, defined as 
the difference between two regions: 45°N-60°N,60°W-0°E minus 45°S-0°S, 30°W-10°E as in Roberts et al (2013). Annual 
mean observations in black, forecast in blue, hindcasts in green and unininitialised simulations in grey. The shading 
indicates the 90% confidence range. The probability for above average in the five year mean of the forecast is given at the 
bottom the main panel (in brackets the probability for above average in the next year). Hindcast skill scores are shown in 
the upper right panel, the square and the cross show the correlation skill and Mean Square Skill Score (MSSS) for five-year 
means, respectively. Significant correlation skill (at the 5% confidence level) is indicated by solid circles/square. The 
contingency table for the prediction of above average five year means is shown in the bottom right panel (in brackets values 
for above average in the next year).   

Neutral conditions in the NINO3.4 region are predicted for 2020 (Figure 5). The five-year average 
prediction shows a continuation of the slight warming trend seen since the 1970s. Skill is moderate 
but significant, giving low to medium confidence in this forecast. 

 

 

Figure 5: Multi-annual predictions of Nino3.4 defined as the average over 5°S-5°N, 170°W-120°W. See Figure 4 for an 
explanation of the panels. 
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Regional Predictions for 2020 
Temperatures in 2020 are predicted to be higher than the 1981-2010 average in almost all regions 
except parts of the Southern Ocean and south-east Pacific (Figure 6). Skill is reasonably high in most 
regions giving high to medium confidence (Figure 7).  

 

Figure 6: Annual mean anomaly predictions for 2020 relative to 1981-2010. Ensemble mean (left column) and probability of 
above average (right column). As this is a two-category forecast, the probability for below average is one minus the 
probability shown in the right column. 
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Sea-level pressure forecasts suggest anomalous low pressure over the north pole consistent with a 
positive Arctic Oscillation (AO, see the appendix for a plot of the index). The skill plots show 
moderate but significant correlations, giving medium confidence in this prediction. The forecast also 
suggests high pressure anomalies are likely over the tropical east Pacific and Atlantic (medium 
confidence). 

Precipitation patterns suggest an increased chance of drier conditions over northern South America, 
northern Australia, southern Africa and wetter conditions in northern Europe and Alaska. Correlation 
skill is moderate though significant in these regions, giving low to medium confidence in the 
forecast. 

 

Figure 7: Prediction skill of annual mean hindcasts evaluated using CMIP5 experiments. Correlation (left) and ROC score for 
predictions of above average conditions (right). For correlation stippling shows where skill is not significant (at the 5% 
level). 
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Regional Predictions for 2020-2024 
Predicted temperature patterns for 2020-2024 show a high probability for temperatures above the 
1981-2010 average almost everywhere, with enhanced warming at high northern latitudes and over 
land compared to ocean (Figure 8). The Arctic (north of 60°N) anomaly is more than twice as large as 
the global mean anomaly. Skill is high in all regions apart from the eastern Pacific and Southern 
Ocean (Figure 9).  

Figure 8: Predictions for 2020-2024 anomalies relative to 1981-2010. Ensemble mean (left column) and probability of above 
average (right column). As this is a two-category forecast, the probability for below average is one minus the probability 
shown in the right column. 
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Sea-level pressure maps for 2020-2024 show increased probabilities for low pressure over both 
poles compared to the 1981-2010 reference period, consistent with positive Arctic Oscillation (AO) 
and Antarctic Oscillation (AAO) indices (see appendix), and for high pressure over most ocean 
regions. The subtropical North Atlantic, however, shows an increased chance of low pressure which, 
combined with higher temperatures, suggests an increased chance of tropical cyclones in this basin. 
The increased north-south pressure gradient in the northern North Atlantic may also be indicative of 
stormier conditions over western Europe compared to 1981-2010. Skill is moderate and significant 
over these regions giving medium confidence in the forecast.  

 

Figure 9: Prediction skill of five-year means evaluated using CMIP5 experiments. Correlation (left) and ROC score for 
predictions of above average conditions (right). For correlation stippling shows where skill is not significantly positive (at the 
5% level). 

 

298298



10 
 

Precipitation predictions for 2020-2024 favour wetter than average conditions at high latitudes in 
both hemispheres, but confidence is low because observations are insufficient for assessing skill 
except over land. Overall the pattern of increased precipitation in the tropics and midlatitudes and 
reduced precipitation in the subtropics compared to the 1981-2010 reference period is consistent 
with an increased hydrological cycle expected as the climate warms. There is moderate but 
significant correlation skill over the Sahel, parts of South America and across northern Europe and 
Eurasia, giving medium confidence in the forecast for an increased chance of precipitation in these 
regions. 

 

Evaluation of Previous Forecasts 
This section assesses the most recent one year and five-year mean forecasts that were made in real 
time for which observations are available. The forecast for 2019 surface temperatures, which was 
run at the end of 2018 (Figure 10) is in very good agreement with the observed pattern including 
very warm conditions over the Arctic and Eurasia, and relatively cool conditions in the Southern 
Ocean, northern North Atlantic and tropical Pacific. Observed cooler conditions in parts of North 
America and a warm western Indian Ocean were not well predicted. 

Sea-level pressure patterns agree reasonably well with the observations, with high pressure over the 
north pole, Australia and the eastern Indian Ocean and generally low pressure over northern Eurasia 
and the Antarctic. However, the predicted anomalies are small and the ensemble spread does not 
encompass the observed magnitude in many regions.  

The ensemble mean predictions of precipitation captured the correct sign of anomalies in several 
regions including wetter conditions across the Sahel and central Africa, and drier conditions in 
Australia and southern Africa. Despite this, the ensemble spread did not encompass the observed 
values in some regions including northern Europe, SE USA, most of Australia and the Middle East. 
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Figure 10: Verification of the one-year forecast for 2019 relative to 1971-2000. Ensemble mean forecast (left) and observed 
anomalies (right). Stippling shows where the observations fall outside of the 90% range of the forecast ensemble. 

 

 

Forecast temperature anomalies for the mean of the last five years 2015-2019, which was run at the 
end of 2014 (Figure 11) generally agree well with observations of very warm conditions over the 
Arctic and Eurasia, and enhanced warming over the land compared to the ocean. Cooler than 
average conditions in the Southern Ocean and northern Atlantic are not seen in the ensemble mean 
but are mostly within the forecast range and the ensemble mean shows less warming in these 
regions.  
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Sea-level pressure patterns show some agreement with the observations, with low pressure over the 
Antarctic and high pressure over most ocean regions. However, as with the one-year prediction 
evaluated above, the forecast anomalies are small and the observations are outside the forecast 
range in many regions even when the ensemble mean shows the correct sign. Regions of high 
pressure over the North Atlantic and Eurasia were not captured by the ensemble. 

Precipitation patterns show reasonable agreement with observations, including wetter conditions 
across much of Eurasia and central Africa, and drier conditions in SW USA, north-east Brazil, 
southern Africa and north-eastern Australia. Dry conditions in western Canada and Europe were not 
predicted. 

 

Figure 11: Evaluation of the five-year forecast for 2015-2019 relative to 1971-2000. Ensemble mean forecast (left) and 
observed anomalies (right). Stippling shows where the observations fall outside of the 90% range of the forecast ensemble. 
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Appendix – predictions for the AMOC and other indices 
Predictions of Atlantic Meridional Overturning Circulation (AMOC) show reduced overturning in the 
mid-latitudes for 2020 (Figure 12, top row), but skill cannot be evaluated due to insufficient 
observations. 

The AMOC prediction for 2020-2024 (Figure 12, bottom row) shows lower than average values in the 
ensemble mean throughout the Atlantic basin, particularly in the northern hemisphere mid-
latitudes. There is large variability in the ensemble and most models predict stronger overturning as 
can be seen by the probability for above average in the North Atlantic. Confidence is low as skill for 
this circulation is not known. 

 

Figure 12: Atlantic Meridional Overturning Circulation (AMOC) forecast for 2020 (first row) and 2020-2024 (second row) 
relative to 1981-2010. The left column shows the ensemble mean prediction and the right column shows the probability of a 
stronger than average AMOC. 

 

The AMOC close to 30°N is predicted to be close to, or slightly below recent values (Figure 13). The 
strong decline observed during the 2000s is not predicted to continue, in line with the recent 
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recovery. However, confidence in this forecast is low because there are insufficient past 
observations to evaluate skill. 

 

Figure 13: Atlantic Meridional Overturning Circulation at about 30°N and 1100m as in Roberts et al (2013). RAPID 
observations (26°N) in black (anomalies relative to its full time series 2005-2018) and model forecast in blue. 

 

Pacific Decadal Variability (PDV) is predicted to be negative during 2020 with a 79% probability for 
below average (100% minus the 21% in brackets in Figure 14). Beyond two years there is no 
significant skill.  

 

Figure 14: As Figure 4, but for Pacific Decadal Variability (PDV) defined as the difference in SST between the eastern tropical 
Pacific (10°S-6°N, 110°W-160°W) and the North Pacific (30°N-45°N, 145°W-180°W) as in Dong et al (2014). 

The recent strong Antarctic Oscillation (AAO) is predicted to weaken, but stay above average (Figure 
15). Although skill is significant for individual years and for the next five years, the hindcast (green) 
starting in 2005 did not capture the strengthening of the AAO and the forecast (blue) is much lower 
than recent observations. Confidence is therefore low to medium for this forecast. 

303303



15 
 

 

Figure 15: As Figure 4, but for the Antarctic Oscillation (AAO) defined as the difference in zonal mean sea-level pressure 
between 65°S and 40°S as in Dong & Wang (1999). 

The Arctic Oscillation averaged over the next five years is likely to be above normal (Figure 16). 
Hindcasts show modest but significant correlation but probabilistic skill is low, so there is low to 
medium confidence in this prediction.  

Figure 16: As Figure 4, but for Arctic Oscillation defined as the difference in zonal mean sea-level pressure between 80°N 
and 45°N, similar to Dong & Wang (1999), but for the Northern Hemisphere. 
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Summit shows new surge in action and ambition on road to 
Glasgow Climate Conference 

Concrete plans and new pledges from 75 countries, businesses, sectors, cities 
bring Paris Agreement goals a step closer, highlight work ahead 

New York, London, Paris, 12 December — Global climate leaders took a major 
stride towards a resilient, net zero emissions future today, presenting ambitious new 
commitments, urgent actions and concrete plans to confront the climate crisis. 

Co-convened by the United Nations, the UK and France, in partnership with Italy and 
Chile, on the 5th anniversary of the Paris Agreement, today’s Climate Ambition 
Summit marked a major milestone on the road to the crucial UN climate conference 
COP26 in Glasgow next November. 

75 leaders from all continents outlined new commitments at the Summit. This is a 
clear signal that the Paris Agreement - more than ever before the compass of 
international action - is working to steeply increase climate action and ambition.  

The Summit showed clearly that climate change is at the top of the global agenda 
despite our shared challenges of COVID-19, and that there is mutual understanding 
that the science is clear. Climate destruction is accelerating, and there remains much 
more to do as a global community to keep the global temperature rise to 1.5C. 

However today’s Summit showed beyond doubt that climate action and ambition are 
on the rise. The announcements at or just before the Summit, together with those 
expected early next year, mean that countries representing around 65% of global 
CO2 emissions, and around 70% of the world’s economy, will have committed to 
reaching net zero emissions or carbon neutrality by early next year.  

These commitments must now be backed up with concrete plans and actions, 
starting now, to achieve these goals, and today’s Summit delivered a surge in 
progress on this front.   

Leading the way to Glasgow with strengthened national climate plans (NDCs) 

• The number of countries coming forward with strengthened national climate
plans (NDCs) grew significantly today, with commitments covering 71
countries (all EU member states are included in the new EU NDC) on display.
As well as the EU NDC, a further 27 of these new and enhanced NDCs were
announced at or shortly before the Summit.
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• A growing number of countries (15) shifted gears from incremental to major 
increases. Countries committing to much stronger NDCs at the Summit, 
included Argentina, Barbados, Canada, Colombia, Iceland, and Peru. 

 
• The leadership and strengthened NDCs delivered at the Summit mean we are 

now on track to have more than 50 NDCs officially submitted by the end of 
2020, boosting momentum and forging a pathway forward for others to follow 
in the months ahead. 

 
• Today’s announcements, together with recent commitments, send us into 

2021 and the road to the Glasgow COP26 with much greater momentum. The 
Summit showcased leading examples of enhanced NDCs that can help 
encourage other countries to follow suit - particularly G20 countries. 

  
Another stride towards a resilient, net-zero emissions future 
 

• Following today’s Summit, 24 countries have now announced new 
commitments, strategies or plans to reach net zero or carbon neutrality. 
Recent commitments from China, Japan, South Korea, the EU and today 
Argentina have established a clear benchmark for other G20 countries. A 
number of countries at the Summit set out how they are going even further, 
with ambitious dates to reach net zero emissions: Finland (2035); Austria 
(2040) and Sweden (2045). 

 
• Climate vulnerable countries are at the forefront of action and 

ambition.  Barbados and the Maldives have set a highly ambitious target for 
achieving carbon neutrality by 2030, with the right support. Fiji, Malawi, Nauru 
and Nepal indicated that they are aiming for the 2050 goal. 

 
• At the Summit, adaptation and resilience moved to centre stage. 20 countries 

indicated new or forthcoming commitments to protect people and nature from 
climate impacts. Countries, such as Ethiopia, said they were taking a whole-
of-economy approach that protects people and nature, while Suriname said it 
is stepping up its implementation of its National Adaptation Plan.  Developed 
countries, including the UK, Portugal and Spain, announced they were 
stepping up their adaptation efforts.  A major new global campaign - the Race 
to Resilience - was also launched today, setting a goal of safeguarding 4 
billion people vulnerable to climate risks by 2030 (more details below). 

  
Speeding up the shift from grey to green economies 
 

• Several countries set out concrete policies to implement their economy-wide 
targets at the Summit. Pakistan announced no new coal plants, while Israel 
said it was joining the growing list of countries stepping away from coal. 15 
countries provided details on how they will speed up their transitions to 
renewable energy by 2030, including Barbados (aiming for fossil-fuel free), 
Vanuatu (100% renewables), and Slovakia (decarbonised power). Denmark 
announced it will end oil and gas exploration. India announced a new target of 
450GW installed capacity of renewable energy by 2030. China committed to 
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increasing the share of non-fossil fuel in primary energy consumption to 
around 25% by 2030. 

 
• In line with this momentum, the UK, France and Sweden set out plans to end 

international financial support for fossil fuels, while Canada announced it will 
ramp up its price on carbon to C$170 per tonne by 2030.  

  
Working with nature, not against it 
 

• The Summit showed dedication to protecting nature with 12 leaders 
highlighting their existing plans to increase the use of nature-based solutions 
to combat climate change. As we approach the UN Biodiversity Conference in 
2021, the Summit highlighted the need for more integrated solutions to 
confront both the climate and biodiversity crises, and speeding up progress 
right across the Sustainable Development Goals. 

 
• 12 donor countries highlighted their commitments to support developing 

countries, including just under €500m in additional investment from Germany, 
an additional €1bn per year from France from its previous target, as well as a 
World Bank commitment to ensure that 35% of their portfolio includes climate 
co-benefits, and EIB commitment to ensure that 50% includes climate co-
benefits, as well as 100% alignment of EIB’s activities on Paris agreement. 
  

• However, the Summit also demonstrated there is much more to do to ensure 
that no one is left behind. With COVID-19 impacting international climate 
finance flows this year, 2021 will be critical to show that finance is flowing and 
to meet and surpass the $100bn goal. 

  
From momentum to a truly global movement: cities, business and financiers 
stepping up ambition at scale 
  

• Race to Resilience (Global) – a campaign launched today which brings 
together initiatives involving mayors, community leaders, businesses and 
insurance companies, among others, who commit to building resilience 
actions to safeguard by 2030 the lives and livelihoods of 4 billion people from 
groups and communities vulnerable to climate risks. Examples of actions and 
initiatives include the following:  

o Zurich Insurance (Switzerland) announced that the Zurich Flood 
Resilience Alliance will triple funding by 2025 and expand its reach 
from 11 to 21 countries. 

o Mayor of Freetown (Sierra Leone) committed to planting 1 million trees 
between 2020 and 2021.  

 
• Net Zero Asset Managers Initiative (Global) - representing US$9 trillion of 

assets under management has seen each of the 30 founding members 
unequivocally commit to achieving net zero emissions by 2050. This includes 
setting individual portfolio targets, as well as engaging companies in each 
member’s portfolio to set decarbonization goals in line with limiting global 
temperature rise to 1.5C. 
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• C40 Cities (Global) – reinforced the commitment and action by cities to 
implement the Paris agreement by announcing the launch of the Cities Race 
to Zero campaign and that 70 cities have joined in the first month. 

 
• Godrej & Boyce (India)—a manufacturing company, announced commitments 

to key global initiatives including the Business Ambition for 1.5C, setting 
science-based targets, and advancing energy efficiency, through the EP100 
initiative for energy-smart companies, in line with their overall ambition to 
achieve carbon neutrality by 2050. 

       
• International Airlines Group (Spain/UK) — are the first airline group worldwide 

to commit to achieving net zero emissions by 2050. The Oneworld Alliance of 
13 airlines representing 20% of global aviation, is investing US$400m in 
sustainable aviation fuels (over the next 20 years) to achieve net zero carbon 
emissions by 2050. 

 
• Dalmia Cement (India) – 40 of the world's leading producers of cement as part 

of the Global Concrete and Cement Association have issued a industry 
commitment to deliver carbon-neutral concrete by 2050. The Indian cement 
company has gone further and established a roadmap to become carbon 
negative by 2040 and is working globally to meet its 100% renewable energy 
objectives.  

 
• Movida-Rent-a-Car (Brazil) – presented the actions that will underpin their 

pledge of net-zero emissions by 2030 and becoming carbon positive by 2040. 
Movida is reducing emissions across its operations, offsetting the carbon 
footprint of the company and its customers by planting trees, as well as 
adapting to impacts of climate change and undertaking risk analysis using 
methodologies of the Task Force on Climate-related Financial Disclosures. 

 
• Apple (United States) – pledged carbon neutrality for its supply chain and 

products by 2030 and announced new progress that 95 of its suppliers have 
committed to moving to 100% renewable energy. 

 
• Artistic Milliners (Pakistan) -- a textile company announced joining the UN 

Fashion Industry Charter for Climate Action and shared their actions on the 
circular economy to reduce their carbon footprint and provide zero emissions 
energy to thousands of homes. 

 
United Nations Secretary-General António Guterres said: 
 
“The Summit has now sent strong signals that more countries and more businesses 
are ready to take the bold climate action on which our future security and prosperity 
depend.  
 
“Today was an important step forward, but it's not yet enough. Let's not forget that 
we are still on track to an increase of temperature of 3 degrees at least in the end of 
the century, which would be catastrophic.  
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“The recovery from COVID-19 presents an opportunity to set our economies and 
societies on a green path in line with the 2030 Agenda for Sustainable Development. 
 
“As we look ahead, the central objective of the United Nations for 2021 is to build a 
truly Global Coalition for Carbon Neutrality.” 
 

Prime Minister Boris Johnson said: 
  
“Today we have seen what can be achieved if nations pull together and demonstrate 
real leadership and ambition in the fight to save our planet. 
  
“The UK has led the way with a commitment to cut emissions by at least 68 percent 
by 2030 and to end support for the fossil fuel sector overseas as soon as possible, 
and it’s fantastic to see new pledges from around the world that put us on the path to 
success ahead of COP26 in Glasgow. 
  
“There is no doubt that we are coming to the end of a dark and difficult year, but 
scientific innovation has proved to be our salvation as the vaccine is rolled out. We 
must use that same ingenuity and spirit of collective endeavour to tackle the climate 
crisis, create the jobs of the future and build back better.” 
  
President Macron said:  
 
“Despite the global pandemic and one of the worst economic crises of our time, we 
have shown today that climate action remains at the top of the international agenda. 
The crisis gives us the opportunity to accelerate our ecological transition and I 
welcome the announcements made today by more than 70 heads of State and 
government. This summit has confirmed that the Paris agreement struck under the 
French COP Presidency five years ago remains, more than ever, the compass of 
international climate action.  
 
"The EU is a leader in this global fight, with our new target of reducing greenhouse 
gas emissions by at least 55% by 2030 – which is a fundamental milestone on the 
way to carbon neutrality. The EU and France will continue to promote ambitious 
levels of climate finance. We look forward to working with the United Nations, the UK 
COP Presidency and all parties to the Paris Agreement to keep raising ambition, and 
deliver on it through concrete action, in the year ahead.”  
 
For further information, contact 

UK: cop26media@cabinetoffice.gov.uk 

UN: matthew.coghlan@un.org; shepard@un.org 

France: organisationpresse@elysee.fr 
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US climate envoy John Kerry warns UK government coal has ‘no future’ amid growing concern over Cumbria mine | The Independent

https://www.independent.co.uk/climate-change/news/john-kerry-cop26-cumbria-mine-coal-b1814428.html

Climate > News

US climate envoy John Kerry warns UK
government coal has ‘no future’ amid
growing concern over Cumbria mine
Mr Kerry warns UK ministers coal is ‘dirtiest fuel in the world’ amid international concern
over Cumbrian mine

Harry Cockburn | |  4 commentsTuesday 09 March 2021 12:25

John Kerry has warned the world’s worst polluters they need to rapidly curb emissions (AFP via Getty 
Images)

Coal has “no future”, US climate envoy John Kerry has warned UK
ministers amid growing international concern over plans for a major new
coal mine in Cumbria.
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US climate envoy John Kerry warns UK government coal has ‘no future’ amid growing concern over Cumbria mine | The Independent

https://www.independent.co.uk/climate-change/news/john-kerry-cop26-cumbria-mine-coal-b1814428.html

Following meetings on the climate crisis with government ministers, Mr
Kerry described coal as the “dirtiest fuel in the world”, and urged action
from the world’s biggest polluters, including the UK, to rapidly cut
emissions.

He added: “All over the world people have made a decision to move to
cleaner fuel than coal, which is the dirtiest fuel in the world. In America
and elsewhere … most banks will tell you ‘we’re not going to fund a new
coal plant’.”

Critics have warned the government’s failure to call in the planning
decision on the project undermines its authority as it prepares to host the
UN’s Cop26 climate summit in Glasgow in November.

While in London, Mr Kerry held meetings with senior members of the
UK government including Boris Johnson, Chancellor Rishi Sunak, the
foreign secretary Dominic Raab and president of Cop26 Alok Sharma, as
he seeks to build international momentum on taking collective action to
mitigate the impacts of the climate crisis.

Mr Kerry said the 20 top polluting countries create 81 per cent of all our
planet’s emissions and urged the UK as well as other large economies to
prioritise decarbonisation programmes and deliver emissions cuts.

“China, the US, Russia, India, the EU, Korea, Japan and others all have to
be part of this effort,” he said.

“Twenty countries. Eighty one percent of the emissions.”

The visit to the UK ahead of the international summit is the latest sign of
a major push by Joe Biden’s government to deal with the climate crisis
following the inactivity and stripping of environmental protections seen
under Donald Trump’s administration.

Mr Kerry is on a tour of European capital cities in an effort to make
contact with governments and build greater levels of ambition before the
summit. His trip will also see him meet EU leaders in Brussels, and
Emmanuel Macron’s government in Paris.
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US climate envoy John Kerry warns UK government coal has ‘no future’ amid growing concern over Cumbria mine | The Independent

https://www.independent.co.uk/climate-change/news/john-kerry-cop26-cumbria-mine-coal-b1814428.html

In April Mr Biden will also host a “leaders summit” on the climate crisis.

Following his meetings in London on Monday, Mr Kerry and Mr Sharma
issued a joint statement.

They said: “We resolved today to work closely together to reduce our 
own emissions and to rally all countries, and most especially the world’s 
major economies, to strengthen their climate ambition.

“President Biden’s upcoming Leaders Summit on Climate and the G7
leaders meeting to be hosted by the UK are both critical opportunities to
build momentum on the way to Cop26 in Glasgow.

“Our countries are fully committed to achieving net zero greenhouse gas
emissions no later than 2050. We urge all countries to take the steps
needed to keep a 1.5C temperature limit within reach, including through
ambitious nationally determined contributions and long-term strategies
to cut emissions and reach net zero.

“We also resolved to work with other countries to help the world’s most
vulnerable adapt and respond to climate impacts and to scale up finance
and private investment for both mitigation and adaptation.

Recommended
UK accused of ‘rank hypocrisy’ over Cumbria mine as it hosts coal phase-out summit

Coal mine sends ‘mixed message’ on UK climate plans, minister admits

“We also look forward to working with all countries to finalise the Paris 
Rulebook and successfully advance wider negotiations issues. Strong 
progress on all of these fronts is critical to ensuring the success we need 
in Glasgow.”
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CARBIS BAY G7 SUMMIT COMMUNIQUÉ

Our Shared Agenda for Global Action to Build Back Better

We, the leaders of the Group of Seven, met in Cornwall on 11-13 June 2021 determined to beat
COVID-19 and build back better. We remembered everyone who has been lost to the pandemic
and paid tribute to those still striving to overcome it. Inspired by their example of collaboration
and determination, we gathered united by the principle that brought us together originally, that
shared beliefs and shared responsibilities are the bedrock of leadership and prosperity. Guided
by this, our enduring ideals as free open societies and democracies, and by our commitment to
multilateralism, we have agreed a shared G7 agenda for global action to:

● End the pandemic and prepare for the future by driving an intensified international effort,
starting immediately, to vaccinate the world by getting as many safe vaccines to as many
people as possible as fast as possible. Total G7 commitments since the start of the pandemic
provide for a total of over two billion vaccine doses, with the commitments since we last
met in February 2021, including here in Carbis Bay, providing for one billion doses over the
next year. At the same time we will create the appropriate frameworks to strengthen our
collective defences against threats to global health by: increasing and coordinating on global
manufacturing capacity on all continents; improving early warning systems; and support
science in a mission to shorten the cycle for the development of safe and effective vaccines,
treatments and tests from 300 to 100 days.

● Reinvigorate our economies by advancing recovery plans that build on the $12 trillion of
support we have put in place during the pandemic. We will continue to support our
economies for as long as is necessary, shifting the focus of our support from crisis response
to promoting growth into the future, with plans that create jobs, invest in infrastructure,
drive innovation, support people, and level up so that no place or person, irrespective of
age, ethnicity or gender is left behind. This has not been the case with past global crises,
and we are determined that this time it will be different.

● Secure our future prosperity by championing freer, fairer trade within a reformed trading
system, a more resilient global economy, and a fairer global tax system that reverses the
race to the bottom. We will collaborate to ensure future frontiers of the global economy and
society, from cyber space to outer space, increase the prosperity and wellbeing of all people
while upholding our values as open societies. We are convinced of the potential of
technological transformation for the common good in accordance with our shared values.

● Protect our planet by supporting a green revolution that creates jobs, cuts emissions and
seeks to limit the rise in global temperatures to 1.5 degrees. We commit to net zero no later
than 2050, halving our collective emissions over the two decades to 2030, increasing and
improving climate finance to 2025; and to conserve or protect at least 30 percent of our
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land and oceans by 2030. We acknowledge our duty to safeguard the planet for future
generations. 

● Strengthen our partnerships with others around the world. We will develop a new
partnership to build back better for the world, through a step change in our approach to
investment for infrastructure, including through an initiative for clean and green growth. We
are resolved to deepen our current partnership to a new deal with Africa, including by
magnifying support from the International Monetary Fund for countries most in need to
support our aim to reach a total global ambition of $100 billion.

● Embrace our values as an enduring foundation for success in an ever changing world. We
will harness the power of democracy, freedom, equality, the rule of law and respect for
human rights to answer the biggest questions and overcome the greatest challenges. We
will do this in a way that values the individual and promotes equality, especially gender
equality, including by supporting a target to get 40 million more girls into education and
with at least $2¾ billion for the Global Partnership for Education.

We shall seek to advance this open agenda in collaboration with other countries and within the
multilateral rules-based system. In particular, we look forward to working alongside our G20
partners and with all relevant International Organisations to secure a cleaner, greener, freer,
fairer and safer future for our people and planet.
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INTRODUCTION

1. We, the Leaders of the Group of Seven, met together in Cornwall, United Kingdom on 11-13
June 2021 at a critical juncture for our people and planet.

2. We acknowledge the ongoing impacts of COVID-19 in our own societies and around the
world, and that those impacts have not been felt evenly. We remember all those who have died
as a result of the pandemic and pay tribute to all those continuing to work to overcome the
virus.

3. United as open societies and economies and guided by our shared values of democracy,
freedom, equality, the rule of law and respect for human rights, we commit to beating COVID-19
everywhere and building back better for all. We are firmly convinced that these values remain
the best foundation for the social and economic advancement of all humanity. We affirm that by
investing in our people, tackling inequalities, including gender inequality, promoting dignity and
championing freedoms, we will release innovation capable of tackling the great challenges of
our time.

4. Our agenda for global action is built on our commitment to international cooperation,
multilateralism and an open, resilient, rules-based world order. As democratic societies we
support global institutions in their efforts to protect human rights, respect the rule of law,
advance gender equality, manage tensions between states, address conflict, instability and
climate change, and share prosperity through trade and investment. That open and resilient
international order is in turn the best guarantor of security and prosperity for our own citizens.

5. We were joined in Cornwall by the Leaders of Australia, India, the Republic of Korea and South
Africa, with whom we have agreed a shared statement on the value and role of open societies.
We will continue to work together with these and all our partners in tackling global challenges.
We reaffirm our commitment to multilateralism and to working with the G20, UN and wider
multilateral system to deliver a strong, sustainable, resilient and inclusive recovery.

HEALTH

6. Our immediate focus is beating COVID-19 and we set a collective goal of ending the pandemic
in 2022. The COVID-19 pandemic is not under control anywhere until it is under control
everywhere. In an interconnected world global health and health security threats respect no
borders. We therefore commit both to strengthen global action now to fight COVID-19, and to
take further tangible steps to improve our collective defences against future threats and to
bolster global health and health security. This includes strengthening the World Health
Organization (WHO) and supporting it in its leading and coordinating role in the global health
system.

7. We recognise that the pandemic has left no one untouched, impacting not only physical
health but also mental health and social wellbeing. We pay tribute to the extraordinary efforts of
first responders, health workers, paid and unpaid care workers, scientists, and manufacturers
who have developed and deployed COVID-19 medical tools at a pace few thought possible,
opening up a path out of the pandemic. At the same time, we recognise that we have a long way

3

316316



to go to achieve global equitable access to these medical tools, and to manage the risks from
new COVID-19 variants which have the potential to reverse our progress.

8. Recognising that ending the pandemic in 2022 will require vaccinating at least 60 per cent of
the global population, we will intensify our action to save lives. Our international priority is to
accelerate the rollout of safe and effective, accessible and affordable vaccines for the poorest
countries, noting the role of extensive immunisation as a global public good. We reiterate our
endorsement of the G20 Rome Declaration and the statement agreed by our Foreign and
Development Ministers on equitable access. We will work together and with others, leveraging
the full spectrum of the capability and capacity we can each deploy to support the global
vaccination effort, through finance for and sharing of doses, science, ensuring accessibility
through voluntary licensing, manufacturing and ensuring availability through exports, opening
supply chains, and supporting final mile delivery.

9. We reaffirm our support for the ACT-A and its COVAX Facility as the primary route for
providing vaccines to the poorest countries. Since the start of the pandemic, we have committed
$8.6 billion to the vaccines pillar of ACT-A to finance the procurement of vaccines, including $1.9
billion since we last met in February. This provides for the equivalent of over one billion doses.
We welcome the recent successful COVAX Summit co-hosted by Japan and Gavi which mobilised
financing pledges exceeding the COVAX AMC target. Recognising the urgent need to speed up
delivery of doses, we are committing to share at least 870 million doses directly over the next
year. We will make these doses available as soon as possible and aim to deliver at least half by
the end of 2021 primarily channelled through COVAX towards those in greatest need. Taken
together, the dose equivalent of our financial contributions and our direct dose sharing mean
that the G7’s commitments since the start of the pandemic provide for a total of over two billion
vaccine doses. The commitments since we last met in February 2021 including here in Carbis Bay
provide for one billion doses over the next year. We will work together with the private sector,
the G20 and other countries to increase this contribution over the months to come.

10. These commitments build on our wider contributions to the global vaccination effort. These
include exports from domestic production, with at least 700 million doses exported or to be
exported this year, of which almost half have gone or will go to non-G7 countries, with a
commitment to continue exporting in significant proportions; and the promotion of voluntary
licensing and not-for-profit global production, which has so far accounted for over 95 per cent of
the COVAX supply.

11. We reaffirm our support for all pillars of the ACT-A across, treatments, tests and
strengthening public health systems as well as vaccines. As the G7, since our meeting in
February, we have committed over $2 billion in total to the ACT-Accelerator (including vaccines),
taking our collective commitment since the start of the pandemic to over $10 billion. We
support discussions regarding the extension of the ACT-A mandate into 2022, noting the planned
comprehensive review to optimise its effectiveness and accountability. Efforts on this scale
require close monitoring of progress made by ACT-A with reliable, transparent, up-to-date and
clear information on procurement and delivery to both donor and recipient countries in close
partnership with regional organisations. Progress should be reported to the G20 in Rome.

12. In support of achieving our goal, we commit to an end-to-end approach to boost supply of
COVID-19 tools, including vaccines, raw materials, tests, therapeutics, and personal protective
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equipment (PPE), through more production in more places to sustain a global supply network
for this pandemic and the next. This will be based on the principles of open trade and
transparency, including through terminating unnecessary trade restrictive measures and
supporting open, diversified, secure and resilient supply chains. It will be backed up by a
practical and pragmatic approach to breaking down bottlenecks that are holding back the
efficient use of current production capacity, as well as promoting partnerships to increase
capacity further. To this end, we will support the ACT-A Facilitation Council Working Group
together with the World Health Organisation (WHO), the World Trade Organisation (WTO),
Coalition for Epidemic Preparedness Innovations (CEPI), Gavi, UNICEF and other partners such as
the Medicines Patent Pool and the private sector, to coordinate a global vaccine supply network
to optimise manufacturing capacities for safe and effective vaccines and other pandemic tools,
and to share information about supply chains. Emphasising the need for equitable access to
COVID-19 vaccines, we will support manufacturing in low income countries and, noting the
importance of intellectual property in this regard, we will engage constructively with discussions
at the WTO on the role of intellectual property, including by working consistently within the
TRIPS agreement and the 2001 Doha Declaration on the TRIPS agreement and Public Health. We
note the positive impact that voluntary licensing and technology transfer on mutually agreed
terms have already made to increasing global supply. We note the positive impact that voluntary
licensing and technology transfer on mutually agreed terms have already made to increasing
global supply. We will explore all options to ensure affordable and accessible COVID-19 tools for
the poorest countries, including non-profit production, tiered and transparent pricing, and
sharing by manufacturers of a proportion of production with COVAX, noting the previous
precedent of the 10 per cent target in relation to influenza. We support efforts to accelerate
manufacturing capacities of COVID-19 tools on all continents, encouraging new partnerships
based on voluntary licensing and technology transfer on mutually agreed terms and in particular
will strive to support African efforts to establish regional manufacturing hubs. We will continue
to work with partners, regional organisations and recipient countries, including through COVAX,
to boost country-readiness, and will maintain our efforts to support vaccine confidence.

13. To get and stay ahead of the virus, we commit to continue our investment in cutting edge
research and innovation, seeking to ensure that global vaccines remain effective against variants
of concern, and that effective tests and treatments are available. To this end, we will boost
global surveillance and genomic sequencing and swift information sharing needed to enable the
rapid detection to combat the virus and its emerging variants. G7 countries should extend every
effort to achieve, wherever possible, a level of genomic sequencing of at least 10 per cent of all
new positive COVID-19 samples during the pandemic phase and share genomic sequencing
information with existing global databases.

14. Alongside the above, we will continue and enhance our commitments to support fragile
countries in dealing with the pandemic and other health challenges. This includes supporting
ACT-A partners such as The Global Fund and Unitaid which have played a crucial role in
delivering lifesaving medical and other supplies, including oxygen, tests, therapeutics and PPE,
and assisting countries together with WHO to strengthen their health systems, build capacity,
manage outbreaks and prevent disease spread. We call on the World Bank Group and the other
Multilateral Development Banks (MDBs) to increase the speed of their financial support, and will
continue to support ACT-A in this regard.
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15. Alongside responding to the current pandemic, we must act now to strengthen the global
health and health security system to be better prepared for future pandemics and to tackle long
standing global health threats, including Antimicrobial Resistance. We welcome the Rome
Declaration, the measures set out within the ‘Strengthening WHO preparedness for and
response to health emergencies’ Resolution as adopted at the 74th World Health Assembly,
acknowledge the bold recommendations of the Independent Panel for Pandemic Preparedness
and Response (IPPPR), and the work of the International Health Regulations Review Committee
(IHR Review Committee) and Independent Oversight and Advisory Committee (IOAC). We look
forward to continuing to work with the G20, UN, WHO, WTO and other relevant international
organisations, in accordance with their mandates and rules for decision making, to make
progress in the swift implementation of recommendations, and to seek the necessary
multilateral action, including exploring the potential value of a treaty. We look forward to the
special session on pandemic preparedness in the Autumn, as agreed at the World Health
Assembly.

16. As G7 countries, we acknowledge our particular role and responsibilities in international
efforts to strengthen the global health system, and commit to harnessing our unique strengths
to support this. We endorse the G7 Carbis Bay Health Declaration and the G7 Health Ministers’
Communique, and the concrete actions outlined to ensure all countries are better equipped to
prevent, detect, respond to and recover from health crises including in alignment with the
International Health Regulations (IHR). We place particular emphasis on:

● Improving integration, by strengthening a “One Health” approach across all aspects
of pandemic prevention and preparedness, recognising the critical links between
human and animal health and the environment.

● Strengthening transparency and accountability, including reiterating our commitment
to the full implementation of, and improved compliance with, the International
Health Regulations 2005. This includes investigating, reporting and responding to
outbreaks of unknown origin. We also call for a timely, transparent, expert-led, and
science-based WHO-convened Phase 2 COVID-19 Origins study including, as
recommended by the experts’ report, in China.

● Improving the speed of response by developing global protocols which trigger
collective action in the event of a future pandemic.

● Ensuring fairness, inclusion and equity, including the empowerment and leadership
of women and minorities in the health and care sectors, and addressing the links
between health crises and wider social determinants of health such as poverty and
structural inequalities, and leaving no one behind by advancing the achievement of
Universal Health Coverage.

● Increasing the resilience of global health systems to deal with outbreaks of emerging
and enduring pathogens, including by investing in the health and care workforce
worldwide to build capacity and keep health care workers safe.

● Strengthening financing models to support longer-term preparedness, sustainable
global health and health security, in particular but not limited to the WHO. We will
explore options for building consensus this year, around sustainable global health and
health security financing, supported by robust financial reporting, increased and
defined accountability, and oversight. We ask our Finance Ministers to work with
others, the G20 and its High Level Independent Panel (HLIP) to make progress in this
regard. We will explore options to strengthen global accountability, tracking and
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allocation of global health security financing, including the IPPPR recommendation
toward a Global Health Threats Council.

17. The G7 has a leading role to play in deploying our collective scientific capabilities as part of
an enhanced global health response. Data can play a transformative role in supporting effective
early warning and rapid response to health crises. We therefore need to improve the quality and
coverage of international, regional and national pathogen surveillance to enable us to gather,
share and analyse data to identify new variants in our fight against the current pandemic, and to
detect and monitor future pathogens with pandemic potential. We support the establishment of
the international pathogen surveillance network - a global pandemic radar - and welcome the
WHO’s commitment to work with experts and countries to help achieve this, based on a
common framework, including standards and rules for sharing data, that builds on existing
detection systems such as the influenza and polio programmes but with greater capacity for
genomic sequencing and broader in coverage. We note the report to the Presidency on
pathogen surveillance by Sir Jeremy Farrar. To this end we welcome the WHO’s Global Hub for
Pandemic and Epidemic Intelligence, as well as additional centres as part of this network. This
will also need to be supported by capability building at the regional level, thereby increasing
global sequencing and pathogen surveillance capacities across the world. We ask that the WHO
reports back to Leaders on the progress of the network by the end of this year as part of the G20
process.

18. It is essential that we maintain and build upon the extraordinary innovation, scientific power,
and collaboration that we have seen in the response to this pandemic, including the
development of COVID-19 vaccines in just over 300 days. As G7 members we have a particular
role to play in seeking to make safe and effective diagnostics, therapeutics and vaccines even
more quickly available in the future. Recognising the unpredictable nature of future health
emergencies, in the event of a future pandemic we will seek to create an adequate framework
to have safe and effective vaccines, therapeutics and diagnostics available within 100 days,
consistent with our core principles around trade and transparency of equitable access, and high
regulatory standards. We thank the UK’s Chief Scientific Adviser and his G7 counterparts, the
international organisations, industry representatives and expert advisers involved in the
partnership on pandemic preparedness convened by the UK Presidency and note their practical
proposals. We welcome the 100 Days Mission, and recognise that this will require continued,
concerted collaboration between the public and private sectors, and the leadership of
international health organisations, to make what has been exceptional during this crisis become
routine in the future. We invite G7 Chief Scientific Advisers or equivalents to review progress
and report to Leaders before the end of the year.

ECONOMIC RECOVERY AND JOBS

19. Our plans for the recovery from COVID-19 need to put us on a path to strong, sustainable,
balanced, inclusive and resilient growth by not only addressing the immediate challenges arising
from the pandemic, but also the long-term shifts in the global economy and society, including
demographic, technological, and environmental trends, and inequalities between and within
countries, many of which have been magnified by the COVID-19 pandemic. Recognising the
interconnected nature of these global challenges, we are taking an integrated approach to our
shared commitments.
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20. To mitigate the impact of the pandemic, we have provided unprecedented support to
citizens and businesses, including to retain jobs and support incomes and keep businesses afloat,
totalling over $12 trillion including fiscal support and liquidity measures. We will continue to
support our economies for as long as is necessary, shifting the focus of our support from crisis
response to promoting strong, resilient, sustainable, balanced and inclusive growth into the
future. Once the recovery is firmly established, we need to ensure the long-term sustainability of
public finances to enable us to respond to future crises and address longer-term structural
challenges, including for the benefit of future generations.

21. We share key priorities including protecting, supporting and creating decent jobs, and
investing in quality infrastructure, innovation, training and skills and addressing inequalities. We
will continue to exchange ideas and share best practices to ensure we learn from each other and
update our approaches through different phases of the recovery. We thank Lord Nick Stern for
his paper on “G7 leadership for sustainable, resilient and inclusive economic recovery and
growth” as commissioned by the UK G7 Presidency. At the heart of our agenda for economic
growth and recovery is a green and digital transformation that will increase productivity, create
new decent and quality jobs, cut greenhouse gas emissions, improve our resilience, and protect
people and the planet as we aim for net zero by 2050.

22. We need a tax system that is fair across the world. We endorse the historic commitment
made by the G7 on 5 June. We will now continue the discussion to reach consensus on a global
agreement on an equitable solution on the allocation of taxing rights and an ambitious global
minimum tax of at least 15 per cent on a country-by-country basis, through the G20/OECD
inclusive framework and look forward to reaching an agreement at the July meeting of G20
Finance Ministers and Central Bank Governors. With this, we have taken a significant step
towards creating a fairer tax system fit for the 21st century, and reversing a 40-year race to the
bottom. Our collaboration will create a stronger level playing field, and it will help raise more tax
revenue to support investment and it will crack down on tax avoidance.

23. We recognise the importance to the global economy of safely restarting international travel,
by land, air and sea, and multilateral efforts to achieve this, including new public health
guidance on international travel by the WHO, International Civil Aviation Organisation and
International Maritime Organisation. We recognise that this will need a set of common
standards for travel including interoperability and mutual recognition of digital applications,
testing requirements, recognition of vaccination status including exemptions and comparable
criteria for when responsive measures may be required. We welcome G7 Transport and Health
Ministers’ ongoing discussions and ask them to deepen cooperation to support a safe reopening.

24. As leaders accountable to all our citizens, we are determined to ensure our plans for
recovery build back better for all including by strengthening education and upskilling, and
facilitating labour market participation and transitions to ‘level up’ our economies so that no
geographic region or person, irrespective of their gender, age, disability, ethnicity, sexual
orientation or economic status, is left behind. We recognise this has not always been the case
with recoveries from previous global crises, and are together united in our resolve that this time
our response should continue to be different.

25. While our support during the pandemic has helped to keep millions of people in
employment, the crisis has meant that many have still lost their jobs, and the impact has not
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been felt equally, including with respect to young people, women and disadvantaged groups, as
well as atypical and low-skilled workers. The crisis has also shown the importance of social
protection systems and the critical role and incredible contribution of caregivers in our societies,
often unpaid and often disproportionately women, and the importance of improving decent
working conditions for these caregivers as part of our recovery plans. At the same time,
technological change is profoundly changing our labour markets. We welcome the contributions
of the G7 Employment Taskforce on building back better, greener and more inclusively, including
their discussions with social partners and G7 Engagement Groups, including Labour 7, Youth 7,
Women 7 and Business 7 covering how we can prepare our labour markets for the future. One
of the highest priorities for our ongoing cooperation will be ensuring our labour markets
continue to evolve to respond to these changes and deliver decent jobs and equal opportunities
for everyone, while fully respecting the ILO Fundamental Principles and Rights at Work, and
taking into account relevant international labour standards.

26. The COVID-19 pandemic has illustrated the risk to economic resilience posed by global crises
and shocks. These can manifest from acute shocks, for example as a result of pandemics, and
chronically, from challenges such as market imbalances and distortions. Our recoveries must
ensure we build back more resilient. As we recover, these risks need addressing in a more
coordinated way. We will collaborate more strongly between us and with allies on a new
approach to economic resilience. We recognise climate change and growing inequalities as key
risks for the global economy. We will consider mechanisms and share best practices to address
risks to the resilience of the critical global supply chains, in areas such as critical minerals and
semiconductors, reflecting on models used elsewhere such as stress-testing. We will also
enhance our cooperation on investment security within our G7 Investment Screening Expert
Group, to ensure we are resilient in our openness to all, able to tackle risks in keeping with our
shared principles of open markets, transparency and competition. Our solutions will be built on
our shared principles of openness, sustainability, inclusion, innovation and competition will help
retain and reinforce the benefits of open markets; without them, we risk a future of normalised
volatility and fragmentation in the global economy. To this end we appreciate the work by the
G7 Panel on Economic Resilience, and thank the OECD for its work in support, and we will
continue to work on the issues highlighted by the Panel.

FREE AND FAIR TRADE

27. We stand united in our commitment to free and fair trade as foundational principles and
objectives of the rules-based multilateral system. We agree on the need for the world’s leading
democratic nations to unite behind a shared vision to ensure the multilateral trading system is
reformed, with a modernised rulebook and a reformed World Trade Organization (WTO) at its
centre, to be free and fair for all, more sustainable, resilient and responsive to the needs of
global citizens. We will maintain a particular focus on ensuring that the prosperity trade can
bring is felt in all parts of our countries and by all peoples across the globe, especially the poor.

28. We support multilateral and plurilateral agendas to address issues in the global trading
system itself and shared global challenges. We support G7 Trade Ministers’ efforts in this regard,
and look forward to further work in the G20. Looking ahead to the 12th WTO Ministerial
Conference (MC12) in November, we will work with other WTO members to make progress on
immediate issues, including reaching a meaningful conclusion to the multilateral negotiation on
fisheries subsidies and advancing negotiations on e-commerce. We also welcome the work
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undertaken towards the conclusion of the negotiations under the Joint Statement Initiative on
Services Domestic Regulation by its participants. We support G7 Trade Ministers' commitments
to review our trade policy to ensure it supports women’s economic empowerment, and
recognise the importance of developing a strong evidence base of gender-disaggregated data
and analysis. We invite Trade Ministers to support the wider WTO membership to deliver an
ambitious outcome at MC12 to bolster women's participation in trade and economic
empowerment. We endorse the conclusions of G7 Trade Ministers on promoting the transition
to sustainable supply chains, and acknowledge the risk of carbon leakage, and will work
collaboratively to address this risk and to align our trading practices with our commitments
under the Paris agreement. We also welcome G7 Trade Ministers’ call to work in the WTO to
formulate pragmatic, effective and holistic solutions to support trade in health, as well as their
support for open, diversified, secure, and resilient supply chains in the manufacture of COVID-19
critical goods and vaccines and their components.

29. We are concerned by the use of all forms of forced labour in global supply chains, including
state-sponsored forced labour of vulnerable groups and minorities, including in the agricultural,
solar, and garment sectors. We agree on the importance of upholding human rights and of
international labour standards, including those deriving from International Labour Organisation
membership, throughout global supply chains and tackling instances of forced labour. We
commit to continue to work together including through our own available domestic means and
multilateral institutions to protect individuals from forced labour and to ensure that global
supply chains are free from the use of forced labour. We therefore task G7 Trade Ministers to
identify areas for strengthened cooperation and collective efforts towards eradicating the use of
all forms of forced labour in global supply chains, ahead of the G7 Trade Ministers' meeting in
October 2021.

30. We will provide the sustained effort and momentum necessary to ensure progress is made in
the modernisation of the WTO to promote fair competition and help secure shared prosperity
for all. We will work together at the WTO and with the wider WTO membership ahead of MC12
to advance the following points:

● modernisation of the global trade rulebook so that it both better reflects, with new rules,
the transformations underway in the global economy, such as digitalisation and the
green transition; and strengthens rules to protect against unfair practices, such as forced
technology transfer, intellectual property theft, lowering of labour and environmental
standards to gain competitive advantage, market-distorting actions of state owned
enterprises, and harmful industrial subsidies, including those that lead to excess capacity;

● stronger adherence to the existing and modernised rulebook, including through greater
respect for and compliance with transparency obligations, and a strengthened WTO
monitoring and deliberating function;

● a fairer approach to countries’ different responsibilities under the rulebook, including
through addressing the arrangements for special and differential treatment so they
reflect developments in the global economy but continue to account for the special
needs of the least developed and low-income developing countries;

● proper functioning of the WTO’s negotiating function and dispute settlement system,
requiring addressing long-standing issues; and,

● support for the interests of the least developed and low-income developing countries,
including in the full implementation of WTO rules to integrate into the world trading
system, so that any modernisation of the global trading system supports the social and
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economic growth and development of these countries.

FUTURE FRONTIERS

31. Future frontiers of the global economy and society - from cyber space to outer space - will
determine the future prosperity and wellbeing of people all over the world in the decades
ahead. As we are witnessing an increasing divergence of models, this transformation raises
important questions about the interaction between economic opportunity, security, ethics, and
human rights, and the balance between the role of the state, businesses and individuals.

32. We will work together as part of an ongoing agenda towards a trusted, values-driven digital
ecosystem for the common good that enhances prosperity in a way that is sustainable, inclusive,
transparent and human-centric. In doing so we will make it a sustained strategic priority to
update our regulatory frameworks and work together with other relevant stakeholders,
including young people, to ensure digital ecosystems evolve in a way that reflects our shared
values. We commit to preserve an open, interoperable, reliable and secure internet, one that is
unfragmented, supports freedom, innovation and trust which empowers people. If used
properly, technologies can help us strengthen health capacities, tackle environmental threats,
widen access to education and open new economic opportunities. We will leverage these
technologies to advance tech for the common good and promote digital literacy worldwide. We
will strengthen coordination on and support for the implementation and development of global
norms and standards to ensure that the use and evolution of new technologies reflects our
shared democratic values and commitment to open and competitive markets, strong safeguards
including for human rights and fundamental freedoms. We also affirm our opposition to
measures which may undermine these democratic values, such as government-imposed internet
shutdowns and network restrictions. We support the development of harmonised principles of
data collection which encourage public and private organisations to act to address bias in their
own systems, noting new forms of decision-making have surfaced examples where algorithms
have entrenched or amplified historic biases, or even created new forms of bias or unfairness.

33. We call on the private sector to join us in our efforts and reaffirm our support for
industry-led inclusive multi-stakeholder approaches to standard setting, in line with our values
and principles which underpin these standards. As such, we welcome the Presidency's initiative
of a ‘Future Tech Forum’ in September 2021 with the support of the OECD. The Forum will
convene like-minded democratic partners to discuss the role of technology in supporting open
societies and tackling global challenges. The Forum will support efforts to mitigate the risk of
regulatory fragmentation and to facilitate coherency of our emerging technology ecosystems,
and it will invite proposals for Leaders to consider in appropriate global fora. We support the aim
to facilitate dialogue between governments, industry, academia, civil society and other key
stakeholders. As such we will continue to take bold action to build more transparency in our
technologies, building on the Open Government Partnership. Building on the work of the Global
Partnership for Artificial Intelligence (GPAI) advanced by the Canadian and French G7
Presidencies in 2018 and 2019, we will aim to rally all partners around our open and human
centric approach to artificial intelligence looking forward to the GPAI Summit in Paris in
November 2021. To support effective standard-setting that reflects our core values and
principles, we will strengthen our coordination, including by consulting with industry, with
regards to engagement with and appointments to Standard Developing Organisations, where
appropriate. We commit to better sharing of information and best practice, including between
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our national standards bodies, enhanced capacity building and support for multi-stakeholder
participation in standard-setting. To this end, we endorse the Framework for G7 Collaboration
on Digital Technical Standards.

34. We will support cooperation on specific areas in relation to the evolution of future frontiers.
Based on the work of our Digital and Technology Ministers, we agree the focus of our
cooperation for this year will be a structured dialogue around specific areas:

● Championing data free flow with trust, to better leverage the potential of valuable
data-driven technologies while continuing to address challenges related to data
protection. To that end we endorse our Digital Ministers’ Roadmap for Cooperation on
Data Free Flow with Trust.

● Enabling businesses to use electronic transferable records in order to generate
efficiencies and economic savings to support the global economic recovery. In support of
this aim we endorse the Framework for G7 Collaboration on Electronic Transferable
Records.

● Taking further steps to improve internet safety and counter hate speech, while protecting
human rights and fundamental freedoms, including free expression. We will protect our
citizens online and offline, including children and vulnerable at-risk groups, and
especially women and girls. We therefore endorse our Digital Ministers’ Internet Safety
Principles which aim to set out common approaches to improving online safety. We
invite Interior Ministers to work on a G7 agreement on sharing of information and best
practice on tackling existing and emerging online forms of gender-based violence,
including forms of online abuse. We affirm our support of the Christchurch Call,
emphasising the need for respecting freedoms of speech and peoples’ reasonable
expectation of privacy and further invite G7 Interior Ministers to continue work on
preventing and countering Violent Extremist and Terrorist Use of the Internet begun in
Ischia in 2017 and continued in Toronto in 2018 and Paris in 2019. We commit to work
together to further a common understanding of how existing international law applies to
cyberspace and welcome the work of our Foreign Ministers to promote this approach at
the UN and other international fora. We also commit to work together to urgently
address the escalating shared threat from criminal ransomware networks. We call on all
states to urgently identify and disrupt ransomware criminal networks operating from
within their borders, and hold those networks accountable for their actions.

● Securing supply chains. Recognising the foundational role that telecommunications
infrastructure, including 5G and future communication technologies, plays and will play
in underpinning our wider digital and ICT infrastructure we will promote secure, resilient,
competitive, transparent and sustainable and diverse digital, telecoms, and ICT
infrastructure supply chains.

● Deepening cooperation on Digital Competition in order to drive innovation across the
global economy, enhancing consumer choice. We recognise that there is increasing
international consensus that participants with significant market power can exploit their
power to hold back digital markets and the wider economy. Therefore, building on the
2019 French G7 Presidency’s common understanding on ‘Competition and the Digital
Economy’, we will work together through existing international and multilateral fora to
find a coherent way to encourage competition and support innovation in digital markets.

35. Beyond these priorities, we will review whether other areas of collaboration with respect to
future frontiers are appropriate. We are committed to the safe and sustainable use of space to
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support humanity’s ambition now and in the future. We recognise the importance of developing
common standards, best practices and guidelines related to sustainable space operations
alongside the need for a collaborative approach for space traffic management and coordination.
We call on all nations to work together, through groups like the United Nations Committee on
the Peaceful Uses of Outer Space, the International Organization for Standardization and the
Inter-Agency Space Debris Coordination Committee, to preserve the space environment for
future generations.

36. Underpinning all of these future frontiers, and wider challenges of the coming century, is the
importance of scientific discovery and its deployment. We will therefore work together to
promote stronger collaboration on research and development, and promote principles of
research security and integrity and open science building off the historical levels of collaboration
seen in the past year to internationally beneficial results. Central to this should be building a
diverse and resilient science and research community, inclusive for all groups including women.
Domestically we will seek to redress the imbalance in women’s and girls’ under-representation
in science, technology, engineering and mathematics (STEM) which acts as a barrier to access to
these growing industries. We will explore how existing and potential new mechanisms and
initiatives can support risk reduction, prevention and response to future systemic crises, natural
disasters and pace of technological change. As such we endorse the G7 Compact on Research
Collaboration and its commitment to: support policies, legal frameworks and programmes to
promote research collaboration; promote sharing of research data; explore enhancements to
research assessment and rewards for collaboration and knowledge sharing; and develop a
common set of principles which will help protect the research and innovation ecosystem across
the G7 from risks to open and reciprocal research collaboration.

CLIMATE AND ENVIRONMENT

37. The unprecedented and interdependent crises of climate change and biodiversity loss pose
an existential threat to people, prosperity, security, and nature. Through global action and
concerted leadership, 2021 should be a turning point for our planet as we commit to a green
transition that cuts emissions, increases adaptation action worldwide, halts and reverses
biodiversity loss, and, through policy and technological transformation, creates new high quality
jobs and increases prosperity and wellbeing. Ahead of the 15th Conference of the Parties of the
Convention on Biological Diversity (CBD COP15), the 26th UN Climate Change Conference of the
Parties (UNFCCC COP26) and the fifteenth session of the Conference of the Parties to the UN
Convention to Combat Desertification (CCD COP15), we commit to accelerating efforts to cut
greenhouse gas emissions and keep the 1.5°C global warming threshold within reach,
strengthening adaptation and resilience to protect people from the impacts of climate change,
halting and reversing biodiversity loss, mobilising finance and leveraging innovation to reach
these goals. We welcome and encourage business, civil society and regional commitments to
global climate and biodiversity ambition through science based targets, including the Race to
Resilience and Race to Zero campaigns. Together we welcome the active role and participation
of vulnerable communities, underrepresented groups and will work towards achieving equality,
including gender equality, in the climate and environment sector. We will continue our efforts to
progress the Equal by 30 Campaign for gender equality in the energy sector.

38. As G7 members, we all reaffirm our commitment to the Paris Agreement and to
strengthening and accelerating its implementation through robust national policies and
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measures and scaled up international cooperation. To this end we collectively commit to
ambitious and accelerated efforts to achieve net zero greenhouse gas emissions as soon as
possible and by 2050 at the latest, recognising the importance of significant action this decade.
In line with this goal, we have each committed to increased 2030 targets and, where not done
already, commit to submit aligned Nationally Determined Contributions (NDCs) as soon as
possible ahead of COP26, which will cut our collective emissions by around half compared to
2010 or over half compared to 2005. We also commit to submit 2050 Long Term Strategies (LTSs)
by COP26 and to regularly update these as needed in line with the Paris agreement to reflect the
latest science, technological advances and market developments. Recognising the importance of
adaptation in our own national planning, we also commit to submitting adaptation
communications as soon as possible, and if feasible by COP26. In fulfilling these commitments
we will continue to increase our efforts to keep a limit of 1.5°C temperature rise within reach
and chart a G7 pathway towards Net Zero economies. We call on all countries, in particular
major emitting economies, to join us in these goals as part of a global effort, stepping up their
commitments to reflect the highest possible ambition and transparency on implementation
under the Paris Agreement. We also note the value of supporting international initiatives such as
the OECD’s International Programme for Action on Climate Mechanism (IPAC).

39. To be credible, ambitions need to be supported by tangible actions in all sectors of our
economies and societies. We will lead a technology-driven transition to Net Zero, supported by
relevant policies, noting the clear roadmap provided by the International Energy Agency and
prioritising the most urgent and polluting sectors and activities:

● In our energy sectors, we will increase energy efficiency, accelerate renewable and other
zero emissions energy deployment, reduce wasteful consumption, leverage innovation all
whilst maintaining energy security. Domestically, we commit to achieve an
overwhelmingly decarbonised power system in the 2030s and to actions to accelerate
this. Internationally, we commit to aligning official international financing with the global
achievement of net zero GHG emissions no later than 2050 and for deep emissions
reductions in the 2020s. We will phase out new direct government support for
international carbon-intensive fossil fuel energy as soon as possible, with limited
exceptions consistent with an ambitious climate neutrality pathway, the Paris
Agreement, 1.5°C goal and best available science. To be credible, ambitions need to be
supported by tangible actions in all sectors of our economies and societies. We will lead
a technology-driven transition to Net Zero, noting the clear roadmap provided by the
International Energy Agency and prioritising the most urgent and polluting sectors and
activities.

● Recognising that coal power generation is the single biggest cause of greenhouse gas
emissions, and consistent with this overall approach and our strengthened NDCs,
domestically we have committed to rapidly scale-up technologies and policies that
further accelerate the transition away from unabated coal capacity, consistent with our
2030 NDCs and net zero commitments. This transition must go hand in hand with policies
and support for a just transition for affected workers, and sectors so that no person,
group or geographic region is left behind. To accelerate the international transition away
from coal, recognising that continued global investment in unabated coal power
generation is incompatible with keeping 1.5°C within reach we stress that international
investments in unabated coal must stop now and we commit now to an end to new
direct government support for unabated international thermal coal power generation by
the end of 2021, including through Official Development Assistance, export finance,
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investment, and financial and trade promotion support. This transition must also be
complemented by support to deliver this, including coordinating through the Energy
Transition Council. We welcome the work by the Climate Investment Funds (CIFs) and
donors plan to commit up to $2 billion in the coming year to its Accelerating the Coal
Transition and Integrating Renewable Energy programs. These concessional resources are
expected to mobilize up to $10 billion in co-financing, including from the private sector,
to support renewable energy deployment in developing and emerging economies. We
call on other major economies to adopt such commitments and join us in phasing out the
most polluting energy sources, and scaling up investment in the technology and
infrastructure to facilitate the clean, green transition. More broadly, we reaffirm our
existing commitment to eliminating inefficient fossil fuel subsidies by 2025, and call on all
countries to join us, recognising the substantial financial resource this could unlock
globally to support the transition and the need to commit to a clear timeline.

● In our transport sectors, we commit to sustainable, decarbonised mobility and to scaling
up zero emission vehicle technologies, including buses, trains, shipping and aviation. We
recognise that this will require dramatically increasing the pace of the global
decarbonisation of the road transport sector throughout the 2020s, and beyond. This
includes support for accelerating the roll out of necessary infrastructure, such as
charging and fueling infrastructure and enhancing the offer of more sustainable
transport modes, including public transport, shared mobility, cycling and walking. We
commit to accelerate the transition away from new sales of diesel and petrol cars to
promote the uptake of zero emission vehicles.

● In our industrial and innovation sectors we will take action to decarbonise areas such as
iron and steel, cement, chemicals, and petrochemicals, in order to reach net zero
emissions across the whole economy. To this end, we will harness our collective strengths
in science, technological innovation, policy design, financing, and regulation including
through our launch of the G7 Industrial Decarbonisation Agenda to complement, support
and amplify ambition of existing initiatives. This includes further action on public
procurement, standards and industrial efforts to define and stimulate demand for green
products and enhance energy and resource efficiency in industry. We will focus on
accelerating progress on electrification and batteries, hydrogen, carbon capture, usage
and storage, zero emission aviation and shipping, and for those countries that opt to use
it, nuclear power. We therefore fully support launching Mission Innovation phase two
and the Clean Energy Ministerial third phase.

● In our homes and buildings, and also industry, we recognise the need for an urgent step
change in the deployment of renewable heating and cooling and reduction in energy
demand. This complements required shifts in building design, sustainable materials and
retrofits. We therefore welcome the Super-Efficient Equipment and Appliance
Deployment (SEAD) initiative’s goal of doubling the efficiency of lighting, cooling,
refrigeration and motor systems sold globally by 2030.

● In our agricultural, forestry and other land use sectors, we commit to ensuring our
policies encourage sustainable production, the protection, conservation, and
regeneration of ecosystems, and the sequestration of carbon. We welcome the
opportunity to discuss these issues at the COP26 Transition to Sustainable Agriculture
Policy Dialogue and UN Food Systems Summit in September.

40. Achieving our collective ambitions of a global green and resilient recovery offers the greatest
economic opportunity of our time to boost income, innovation, jobs, productivity and growth
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while also accelerating action to tackle the existential threat of climate change and
environmental degradation. To close the gap between the funds needed and actual finance
flows requires mobilising and aligning finance and investment at scale towards the technologies,
infrastructure, ecosystems, businesses, jobs and economies that will underpin a net-zero
emissions resilient future that leaves no one behind. This includes the deployment and
alignment of all sources of finance: public and private, national and multilateral. We recognise
the particular challenges of financing the transition to net zero economies poses for developing
countries and stand by our bilateral and multilateral commitments to support these partners, in
the context of meaningful and transparent decarbonisation efforts. We reaffirm the collective
developed country goal to jointly mobilise $100 billion per year from public and private sources,
through to 2025 in the context of meaningful mitigation actions and transparency on
implementation. Towards this end, we commit to each increase and improve our overall
international public climate finance contributions for this period and call on other developed
countries to join and enhance their contributions to this effort. We welcome the commitments
already made by some of the G7 to increase climate finance and look forward to new
commitments from others well ahead of COP26 in Glasgow. This increase in quantity and
predictability is complemented by improved effectiveness and accessibility, and includes more
finance contributing to adaptation and resilience, disaster risk and insurance, as well as support
for nature and nature-based solutions. We are committed to further enhance synergies between
finance for climate and biodiversity and to promote funding that has co-benefits for climate and
nature and are working intensively towards increasing the quantity of finance to nature and
nature-based solutions. We welcome efforts of the MDBs to scale up their climate and nature
finance, urge them to mobilise increased finance including from the private sector, and call on
them, Development Finance Institutions (DFIs), multilateral funds, public banks and relevant
agencies to publish before COP26 a high-level plan and date by which all their operations will be
fully aligned with and support the objectives of the Paris Agreement and the multilateral
environmental agreements we support.

41. We also support the transformation underway to mobilise further private capital towards
these objectives in particular to support developing countries and emerging markets in making
the most of the opportunities in the transition; whilst mitigating and adapting to climate change.
We call upon the MDBs and our DFIs to prioritise capital mobilization strategies, initiatives and
incentives within their operations. The G7 commits to leverage different types of blended
finance vehicles including through our greater strategic approach to development finance,
greater collaboration between our DFIs and billions worth of planned commitments towards CIF
and Green Climate Fund, all of which will mobilise billions more in private finance. We also
encourage further development of disaster risk finance markets. Towards this, G7 members have
committed hundreds of millions worth of new financing for early action, disaster risk and
insurance in line with the InsuResilience Global Partnership and Risk-Informed Early Action
Partnership (REAP). We commit to establishing the necessary market infrastructure for private
finance to support and incentivise the net zero transition. Developing the global green finance
market will help mobilise private sector finance, and reinforce government policy to meet our
net zero commitments. We support the recently launched Glasgow Finance Alliance for Net
Zero, and call on swift, robust delivery of their commitments to reduce real economy emissions.
We emphasise the need to green the global financial system so that financial decisions take
climate considerations into account. We support moving towards mandatory climate-related
financial disclosures that provide consistent and decision-useful information for market
participants and that are based on the Task Force on Climate-related Financial Disclosures (TCFD)
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framework, in line with domestic regulatory frameworks. We also look forward to the
establishment of the Taskforce on Nature-related Financial Disclosures and its
recommendations. These initiatives will help mobilise the trillions of dollars of private sector
finance needed, and reinforce government policy to meet our net zero commitments. We
recognise the potential of high integrity carbon markets and carbon pricing to foster
cost-efficient reductions in emission levels, drive innovation and enable a transformation to net
zero, through the optimal use of a range of policy levers to price carbon. We underline their
importance towards the establishment of a fair and efficient carbon pricing trajectory to
accelerate the decarbonisation of our economies, to achieve a net zero global emissions
pathway. In all this, we will develop gender-responsive approaches to climate and nature
financing, investment and policies, so that women and girls can participate fully in the future
green economy.

42. Biodiversity loss is an intrinsically linked, mutually reinforcing, and equally important
existential threat to our planet and our people alongside climate change. In this context, we
acknowledge as the G7 our contribution to the decline of biodiversity and pledge to play our
part in its restoration and conservation. We support an ambitious post-2020 global biodiversity
framework to be adopted by parties at CBD COP15 which sets ambitious goals, strengthens
implementation, and enhances regular reporting and review. We acknowledge our responsibility
to support the world in reversing the trajectory of the loss of biodiversity and the natural
environments that support it, alongside ensuring that the impact on nature is fully taken into
account in our policy decision making.

43. In support of strong outcomes for nature at the Convention on Biological Diversity COP-15 in
Kunming and COP26 this year, and noting the Leaders’ Pledge for Nature launched at the 75th
session of the UN General Assembly 2020, we adopt the G7 2030 Nature Compact in support of
the global mission to halt and reverse biodiversity loss by 2030. The Nature Compact commits us
to take action across four key pillars:

● First, we commit to champion ambitious and effective global biodiversity targets,
including conserving or protecting at least 30 per cent of global land and at least 30 per
cent of the global ocean by 2030. We will contribute by conserving or protecting at least
30 per cent of our own land, including terrestrial and inland waters, and coastal and
marine areas by 2030 according to national circumstances and approaches. These actions
will help stem the extinction crisis, safeguard water and food supplies, absorb carbon
pollution, and reduce the risks of future pandemics. We also fully support the
commitment of the Commission for the Conservation of Antarctic Marine Living
Resources (CCAMLR) to develop a representative system of Marine Protected Areas
(MPAs) in the Convention area in the Southern Ocean based on the best available
scientific evidence.

● Second, we will support the transition to sustainable management and use of natural
resources, and use appropriate levers to address unsustainable and illegal activities
negatively impacting nature, and therefore livelihoods. This includes stepping up action
to tackle increasing levels of plastic pollution in the ocean, including working through the
UN Environment Assembly (UNEA) on options including strengthening existing
instruments and a potential new agreement or other instrument to address marine
plastic litter, including at UNEA-5.2.

● Third, we will work intensively towards increasing investment in the protection,
conservation and restoration of nature, including committing to increase finance for
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nature based solutions through to 2025, maximising synergies of climate and biodiversity
finance, and ensuring prominence of nature in both policy and economic
decision-making.

● Finally, we will prioritise strengthened accountability and implementation mechanisms of
Multilateral Environmental Agreements to which we are parties. We will implement the
Compact and review our progress against it regularly through existing G7 mechanisms,
including at the G7 Leaders’ Summit in five years when we will review options to ratchet
up our action and ambition, as needed, to ensure delivery of our 2030 vision. Those G7
members party to the CBD will also champion successful implementation of the
post-2020 global biodiversity framework to be agreed at COP15.

GENDER EQUALITY

44. Gender equality is at the heart of an open, inclusive, and just society. Persistent gaps in
gender equality affect access to basic services as well as decent work, equal pay, social
protection, education, technology and many other areas. Unequal division of unpaid care
responsibilities in the home and low pay for paid care work also limits women’s empowerment,
social and economic participation and leadership. Gender equality intersects with other
characteristics and our actions need to take account of these intersections in a meaningful way,
including tackling racism in all forms and violence and discrimination against LGBQTI+
populations. We recognise the devastating and disproportionate impact of COVID-19 on women
and girls, which risks reversing hard-won gains especially with regards to gender-based violence,
sexual and reproductive health and rights, education and jobs.

45. The advancement of gender equity and equality are a central pillar of our plans and policies
to build back better, informed by three key priorities: educating girls, empowering women and
ending violence against women and girls. Achieving gender equality needs to be underpinned by
the full, equal and meaningful participation of women in all aspects of decision-making. We are
committed to close alignment with the Generation Equality Forum (GEF) and commend the
organisation of the first G20 Ministerial Conference on women’s empowerment. We thank the
Gender Equality Advisory Council (GEAC) for its work and recommendations, and look forward to
receiving the GEAC’s full report in the Autumn. We agree to a consistent and sustained focus on
gender equality to project our global leadership on this issue, and intend to convene the GEAC
as a standing feature of all G7 Presidencies. We know that we cannot make true progress
towards gender equality without robust data and a way to track it over time. We invite the GEAC
to work with existing accountability mechanisms such as the Accountability Working Group and
the Taormina Roadmap to monitor G7 commitments to achieve gender equality on an annual
basis.

46. We reaffirm our full commitment to promote and protect the sexual and reproductive health
and rights (SRHR) of all individuals, and recognise the essential and transformative role they play
in gender equality and women’s and girls’ empowerment, and in supporting diversity, including
of sexual orientations and gender identities. We commit to working together to prevent and
address the negative impacts on access to SRHR from the COVID-19 pandemic, with specific
attention to the most at risk, marginalised and inadequately served groups. In recognition of
increased violence against women and girls during the COVID-19 crisis, we commit to
preventing, responding to and eliminating all forms of sexual and gender-based violence (GBV).
We will achieve this through women’s empowerment and by scaling-up implementation of

18

331331



evidence-based, accessible survivor and victim-centred policies, prevention and support
programmes, including through our pandemic response and recovery at home, in partner
countries and in conflict zones. We acknowledge our collective responsibility to beneficiaries
and partners, their communities, and survivors to do more to address sexual exploitation and
abuse in international aid. We condemn GBV against women and girls and denounce the use of
sexual violence in conflict situations and underscore that such acts may constitute crimes against
humanity or war crimes. We note the varied legal and institutional frameworks which currently
address conflict and invite Foreign and Development Ministers to consider how best to
strengthen international architecture around conflict-related sexual violence.

47. COVID-19 has exacerbated underlying inequalities, leading to one of the worst education
crises in history for children around the world, but especially for the most marginalised and at
risk girls. Around 11 million girls from pre-primary to secondary school are at risk of not
returning to school. We commit to two new global SDG4 milestone girls’ education targets: 40
million more girls in education by 2026 in low and lower-middle income countries; and 20
million more girls reading by age 10 or the end of primary school by 2026, in low and
lower-middle income countries. We endorse the G7 Foreign and Development Ministers’ Girls
Education Declaration. These targets should be underpinned by sustainable financing and so
today G7 members commit to a combined total pledge of at least $2¾ billion funding over the
next 5 years for the Global Partnership for Education (GPE) ahead of its replenishment in July.
We call on others to join with the G7 and make ambitious pledges to a fully funded GPE.

GLOBAL RESPONSIBILITY AND INTERNATIONAL ACTION

48. We will work together to promote our shared values as open societies in the international
system, as reflected in the Statement on Open Societies signed with the Leaders of countries
from the Indo-Pacific region and Africa, who have joined us at Carbis Bay, namely, Australia,
India, South Africa and the Republic of Korea. Further to this, we commit to: increase
cooperation on supporting democracy, including through strengthening the G7 Rapid Response
Mechanism to counter foreign threats to democracy including disinformation; strengthen media
freedom and ensure the protection of journalists; support freedom of religion or belief;
condemn racism in all its forms; address human rights abuses, including the failure to protect
civilians in conflict; oppose the practice of arbitrary detention, including by amplifying the
Declaration Against Arbitrary Detention in State-to-State Relations and welcoming its
Partnership Action Plan; and recognise the need for action on corruption, including by sharing
information on illicit financial activities, tackling the misuse of shell companies, and curtailing
the ability of illicit actors to hide wealth, including in real estate. We support the growth of
peaceful, just and inclusive societies by ensuring safe and vibrant civic spaces. For our own part,
our discussions have benefited from input from the perspectives and expertise of external
engagement groups representing all sectors of society, including the Business 7, Civil Society 7,
Labour 7, Science 7, Women 7 and Youth 7. We thank them for their consideration and
recommendations across the breadth of our policy priorities.

49. We recognise the particular responsibility of the largest countries and economies in
upholding the rules-based international system and international law. We commit to play our
role in this, working with all partners and as members of the G20, UN and wider international
community, and encourage others to do the same. We will do this based on our shared agenda
and democratic values. With regard to China, and competition in the global economy, we will
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continue to consult on collective approaches to challenging non-market policies and practices
which undermine the fair and transparent operation of the global economy. In the context of our
respective responsibilities in the multilateral system, we will cooperate where it is in our mutual
interest on shared global challenges, in particular addressing climate change and biodiversity
loss in the context of COP26 and other multilateral discussions. At the same time and in so
doing, we will promote our values, including by calling on China to respect human rights and
fundamental freedoms, especially in relation to Xinjiang and those rights, freedoms and high
degree of autonomy for Hong Kong enshrined in the Sino-British Joint Declaration and the Basic
Law.

50. We endorse the statement made by our Foreign and Development Ministers in May. Building
on this, in particular to reflect recent developments, we have reviewed the following live issues.

51. We reiterate our interest in stable and predictable relations with Russia, and will continue to
engage where there are areas of mutual interest. We reaffirm our call on Russia to stop its
destabilising behaviour and malign activities, including its interference in other countries’
democratic systems, and to fulfil its international human rights obligations and commitments. In
particular, we call on Russia to urgently investigate and credibly explain the use of a chemical
weapon on its soil, to end its systematic crackdown on independent civil society and media, and
to identify, disrupt, and hold to account those within its borders who conduct ransomware
attacks, abuse virtual currency to launder ransoms, and other cybercrimes.

52. We reiterate our support for the independence, sovereignty and territorial integrity of
Ukraine within its internationally recognised borders. We call on Russia to alleviate tensions and
act in accordance with its international obligations, and to withdraw the Russian military troops
and materiel at the eastern border of Ukraine and on the Crimean peninsula. We remain firmly
of the view that Russia is a party to the conflict in Eastern Ukraine, not a mediator. We affirm our
support for the Normandy Process to secure the implementation of the Minsk agreements, and
call on Russia and the armed formations it backs to engage constructively and recommit to the
ceasefire. We reaffirm our efforts to strengthen Ukraine’s democracy and institutions,
encouraging further progress on reform.

53. We are deeply concerned by the Belarusian authorities' continuing attacks on human rights,
fundamental freedoms and international law, as exemplified by the forced landing of flight
FR4978 and the arrest of an independent journalist and his partner. We will work together to
hold those responsible to account, including through imposing sanctions, and to continue to
support civil society, independent media and human rights in Belarus. We call on the regime to:
change course and implement all the recommendations of the independent expert mission
under the Organization for Security and Co-operation in Europe’s (OSCE) Moscow Mechanism;
enter into meaningful dialogue with all sectors of society; and hold new free and fair elections.

54. We are deeply concerned by the ongoing conflict in Ethiopia’s Tigray region and reports of an
unfolding major humanitarian tragedy, including potentially hundreds of thousands in famine
conditions. We condemn ongoing atrocities, including widespread sexual violence, and we
welcome the ongoing Office of the United Nations High Commissioner for Human Rights
(OHCHR) investigations and call for full accountability for reported human rights violations in
Tigray and for the perpetrators to be brought to justice. We call for an immediate cessation of
hostilities, unimpeded humanitarian access to all areas and the immediate withdrawal of
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Eritrean forces. We urge all parties to pursue a credible political process, which is the only
solution to the crisis. We further call upon Ethiopia’s leaders to advance a broader inclusive
political process to foster national reconciliation and consensus toward a future based on
respect for the human and political rights of all Ethiopians.

55. While acknowledging the increased international mobilisation and the progress in the fight
against terrorism in the Sahel, we express our concern about the continuing attacks targeting
civilian populations, and the deepening humanitarian crisis. We urge all actors to respect human
rights and international humanitarian law. We will deliver on our commitments to renew efforts
to address drivers of instability, with a focus on political and civilian dimensions of the “civil
surge” agreed upon by the governments of the G5 Sahel and their partners, gathered in the
Sahel coalition, at the N’Djamena summit in February 2021. We support the efforts of the
African Union and Economic Economic Community of West African States (ECOWAS) in response
to recent events in Chad and Mali. We reiterate the necessity to create the conditions for timely
civilian-led transitions to democratic, constitutional rule in both countries.

56. We confirm our full support for the interim executive authority as it pursues Libyan-led and
Libyan-owned stabilisation, facilitated by the UN in the framework of the Berlin Process. We
reaffirm the importance of free, fair and inclusive elections to be held on 24 December. We
reiterate the urgent need to implement in full the 23 October ceasefire agreement, including
through the withdrawal of all foreign fighters and mercenaries from Libya. All states must
comply with UN Security Council Resolutions 2570 and 2571.

57. We call on all Afghan parties to reduce violence and agree on steps that enable the
successful implementation of a permanent and comprehensive ceasefire and to engage fully
with the peace process. In Afghanistan, a sustainable, inclusive political settlement is the only
way to achieve a just and durable peace that benefits all Afghans. We are determined to
maintain our support for the Afghan government to address the country's urgent security and
humanitarian needs, and to help the people of Afghanistan, including women, young people and
minority groups, as they seek to preserve hard-won rights and freedoms.

58. We call for the complete denuclearisation of the Korean peninsula and the verifiable and
irreversible abandonment of the Democratic People’s Republic of Korea’s (DPRK) unlawful
weapons of mass destruction and ballistic missile programmes in accordance with all relevant
UN Security Council resolutions. We call on all states to fully implement these resolutions and
their associated sanctions. We welcome the readiness of the United States to continue its
diplomatic efforts in coordination with all relevant partners and call on the DPRK to engage and
resume dialogue. We once again call on DPRK to respect human rights for all and to resolve the
issue of abductions immediately.

59. We condemn in the strongest terms the military coup in Myanmar, and the violence
committed by Myanmar’s security forces, and we call for the immediate release of those
detained arbitrarily. We pledge our support to those advocating peacefully for a stable and
inclusive democracy. Recalling ASEAN's central role, we welcome its Five Point Consensus and
urge swift implementation. We reiterate our commitment to ensuring that neither development
assistance nor the sale of arms will benefit the military, and urge businesses to exercise due
diligence in their trade and investment in the same vein. We reaffirm G7 unity on pursuing
additional measures should they prove necessary. We are also deeply concerned by the
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humanitarian situation, call for unfettered humanitarian access to vulnerable and displaced
populations, support the Humanitarian Response Plan, and encourage others to contribute.

60. We reiterate the importance of maintaining a free and open Indo Pacific, which is inclusive
and based on the rule of law. We underscore the importance of peace and stability across the
Taiwan Strait, and encourage the peaceful resolution of cross-Strait issues. We remain seriously
concerned about the situation in the East and South China Seas and strongly oppose any
unilateral attempts to change the status quo and increase tensions.

61. We are committed to ensuring that Iran will never develop a nuclear weapon. We welcome
the substantive discussions between Joint Comprehensive Plan of Action (JCPoA) participants,
and separately with the United States, to accomplish a return of the United States and Iran to
their JCPoA commitments. We support the goal of restoring the nonproliferation benefits of the
JCPoA and of ensuring the exclusively peaceful nature of Iran’s nuclear programme. We urge Iran
to stop and reverse all measures that reduce transparency and to ensure full and timely
cooperation with the International Atomic Energy Agency. A restored and fully-implemented
JCPoA could also pave the way to further address regional and security concerns. We condemn
Iran’s support to proxy forces and non-state armed actors, including through financing, training
and the proliferation of missile technology and weapons. We call on Iran to stop all ballistic
missile activities and proliferation inconsistent with UNSCR 2231 and other relevant resolutions,
refrain from destabilising actions and play a constructive role in fostering regional stability and
peace. We support efforts to pursue transparency, accountability and justice for the victims of
Ukraine International Airlines Flight 752, shot down by Iran in January 2020. We reiterate our
deep concern over the continued human rights violations and abuses in Iran.

62. We commend the Iraqi Security Forces, including the Kurdish Peshmerga, and Government
of Iraq in their success against ISIS and affirm continuing support for those efforts, including
stabilisation in liberated areas. We also affirm our support for Iraq’s sovereignty, independence,
and territorial integrity. We fully endorse UNSCR 2576 and its call for election monitors to help
ensure free and fair elections in October, and encourage all Iraqis to participate in those
elections. Finally, we welcome the efforts of the Government of Iraq to hold illegal armed groups
accountable for attacks against Iraqi citizens and Coalition personnel who are in Iraq at its
invitation solely to train and advise Iraqi forces in their fight against ISIS.

63. We acknowledge the far-reaching impacts of COVID-19 on the poorest countries who already
were grappling with the effects of conflict, climate change, socio-economic shocks and a chronic
lack of resources and infrastructure. As we advance recovery plans to support our economies
and build back better, in line with the 2030 Agenda for Sustainable Development, including
through innovative measures and massive budgetary support, developing partner countries,
especially in Africa, cannot be left behind. We are deeply concerned that the pandemic has set
back progress towards the Sustainable Development Goals and continues to exacerbate global
inequalities, and therefore recommit to enhance our efforts to achieve the SDGs by 2030,
including by supporting the Addis Ababa Action Agenda (AAAA) and aligning financial flows with
the SDGs. We take note of the policy options developed through the Financing for Development
in the Era of COVID-19 and Beyond Initiative.

64. The IMF estimates that, between now and 2025, low income countries will need around
$200 billion to respond to the pandemic and $250 billion in investment spending for

22

335335



convergence with advanced economies. We reiterate our commitment to implement the G20
and Paris Club Common Framework for Debt Treatments beyond the Debt Service Suspension
Initiative. We support fair and open lending practices, and call on all creditors to adhere to
these. We underline the importance of information sharing, and reiterate the need for
comparability of treatment for private and other official bilateral creditors in debt treatments.
We urge the MDBs to explore all options to unlock additional financing for developing countries,
including more efficient and effective use of their resources, further work on balance sheet
optimisation and further analysis of their capital adequacy frameworks.

65. We welcome the agreement by G7 Finance Ministers and Central Bank Governors to support
a new $650 billion allocation of IMF Special Drawing Rights, urging implementation by the end of
August 2021 accompanied by transparency and accountability measures. We encourage the IMF
to work quickly with all relevant stakeholders to explore a menu of options for channelling SDRs
to further support health needs, including vaccinations, and to help enable greener, more robust
recoveries in the most affected countries, supporting the poorest and most vulnerable countries
in tackling these urgent challenges. G7 countries are actively considering options that we can
take as part of a global effort to magnify the impact of this general allocation for countries most
in need, especially in Africa, including through voluntarily channelling SDRs and/or budget loans,
in line with national circumstances and legal requirements. This includes scaling up financing to
the IMF's Poverty Reduction and Growth Trust and the IMF’s review of concessional financing
and policies to strengthen its capacity to support low income countries. To support our aim to
reach a total global ambition of $100 billion, we call for contributions from other countries able
to do so, alongside the G7. We task G7 Finance Ministers and Central Bank Governors to urgently
consider the detail of this, including by working with the G20 and other stakeholders.

66. We note with grave concern that the world faces an unprecedented humanitarian crisis as
the UN reports that over 34 million people are already facing emergency levels of food insecurity
and are one step from catastrophe or famine. In this light, we endorse the G7 Famine Prevention
and Humanitarian Crises Compact committed to by G7 Foreign and Development Ministers. We
reaffirm our commitment to provide $7 billion in humanitarian assistance, take diplomatic
action to promote humanitarian access and the protection of civilians, including women and
girls, and strengthen anticipatory and early action in partnership with the UN and World Bank
Group. We call attention to the rise in poverty, hunger and malnutrition globally, noting the
exacerbating role of the COVID-19 pandemic, climate change, economic shocks, biodiversity loss
and increased conflict, and agree further action is needed to reverse these trends and
strengthen global food systems. We reaffirm our commitment to the Broad Food Security and
Nutrition Development Approach made at Elmau in 2015, and note that responsible investments
in food security, food systems, and nutrition are essential to support SDG2 and World Health
Assembly nutrition targets. We further encourage strong commitments in these areas to be
announced at the G20, the UN Food Systems Summit, COP26 and the Tokyo Nutrition for
Growth Summit later this year.

67. We recognise the significant infrastructure needs across low and middle income countries,
which have been exacerbated by the COVID-19 pandemic. Reflecting our shared values and
shared vision, we will aim for a step change in our approach to infrastructure financing, notably
on quality infrastructure and investment, to strengthen partnerships with developing countries
and help meet their infrastructure needs. Working together and with others, and by building on
and going beyond our existing action, we will develop a partnership to build back better for the
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world with the aim of maximising impact on the ground to meet the needs of our partners, and
to ensure our collective effort is greater than the sum of its parts. This partnership will orient
development finance tools toward the range of challenges faced by developing countries,
including in resilient infrastructure and technologies to address the impacts of climate change;
health systems and security; developing digital solutions; and advancing gender equality and
education. A particular priority will be an initiative for clean and green growth to drive a
sustainable and green transition in line with the Paris Agreement and Agenda 2030.
Underpinning our approach will be the following key principles:

● values-driven vision: we believe that infrastructure development, implementation and
maintenance - carried out in a transparent and financially, environmentally, and socially
sustainable manner - will lead to beneficial outcomes for recipient countries and
communities.

● intensive collaboration: we will each pursue the necessary actions through our own DFIs,
and other relevant bodies, while strengthening collaboration to determine how we can
increase the scale and scope of our collective offer to developing partner countries.

● market-led: we believe current funding and financing approaches are not adequate to
address the infrastructure financing gap and are committed to enhancing the
development finance tools at our disposal, including by mobilising private sector capital
and expertise, through a strengthened and more integrated approach across the public
and private sector, to reduce risk, strengthen local capacities, and support and catalyse a
significant increase in responsible and market-based private capital in sectors with
anticipated returns, and to strengthen local capacities, in a sustainable manner, in line
with the Addis Ababa Action Agenda on Financing for Development.

● strong standards: to ensure our approach and values are upheld, and to drive a race to
the top, we will make high standards - across environmental, social, financial, labour,
governance and transparency - a central plank of our approach, including by building on
multilateral agreed standards on quality infrastructure such as the G20 Principles for
Quality Infrastructure Investment. This will help to provide citizens of recipient
communities with the long-run benefits they expect and deserve. We emphasise the
importance of transparent, open, economically efficient, fair and competitive standards
for lending and procurement, also in line with debt sustainability, and the adherence of
international rules and standards for major creditor countries.

● enhanced multilateral finance: we recognise that many MDBs and other International
Financial Institutions (IFIs) have evolved to embody the highest standards for project
planning, implementation, social and environmental safeguards, and analytical capability.
We will work with the IFIs to enhance their catalytic impact and increase the mobilisation
of capital needed for impactful and sustainable infrastructure investment, and ensure
that the pace of project development and disbursement meets the needs of partner
countries.

● strategic partnerships: we will ground this initiative in strategic and substantial
partnerships between countries, to support innovation and technological development,
focused on the most pressing needs.

We will work together to take forward an agenda based on these principles and work closely
with others, including developing country partners, to ensure that it is developed in an open and
collaborative way. We will establish a taskforce to develop practical proposals and report back to
us in the Autumn.
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68. A central focus of our new strategic approach will be supporting sustainable growth in Africa.
Building on the conclusions of the Summit on Financing African Economies that was held in Paris
on 18 May 2021 and on the needs expressed by our African partners, we are resolved to deepen
our current partnership to a new deal with the African continent, with African states, institutions
and expertise at its core. In line with these ambitions, our DFIs and multilateral partners intend
to invest at least $80 billion into the private sector in Africa over the next five years to support
sustainable economic recovery and growth in line with the AAAA. This builds on the 2X
Challenge partnership between G7 DFIs launched in 2018 and the target of an additional $15
billion of new funding for this as announced by G7 Foreign and Development Ministers in May
2021 to help address the disproportionate barriers that women face to access capital, leadership
roles, quality employment and affordable care. We welcome the Alliance for entrepreneurship in
Africa that was launched on May 18 and look forward to its first meeting by the end of the year,
under the auspices of the International Financing Corporation and in full partnership with all
public and private partners willing to invest more in Africa’s future and to leverage its growth
opportunities. We ask the MDBs and especially the World Bank to mobilise more private
financing into Africa by developing and reinforcing the relevant risk sharing instruments for the
benefit of African small and medium-sized enterprises (SMEs). We reiterate our support to the
G20 Compact with Africa as a key framework to enhance the business environment in Africa and
call on reform orientated partners to join and strengthen this initiative. We invite G7 Foreign and
Development ministers to continue to work with developing country partners and DFIs at the
second Foreign and Development Ministers meeting.

69. As open societies we are committed to accountability and transparency, and to upholding
the promises we have made. In this spirit, we endorse the 2021 Carbis Bay Progress Report from
the G7 Accountability Working Group, reporting on G7 commitments to strengthen health
systems to advance universal health coverage and global health. We look forward to the next
Comprehensive Progress Report from the G7 Accountability working group in 2022.

CONCLUSION

70. In Cornwall we have revitalised our G7 partnership. Our Shared Agenda for Global Action is a
statement of our shared vision and ambition as we continue to collaborate this year and under
future Presidencies. As we do so we look forward to joining with others to ensure we build back
better, in particular at the G20 Summit, COP26, and CBD15 and the UN General Assembly, and
reiterate our support for the holding of the Olympic and Paralympic Games Tokyo 2020 in a safe
and secure manner as a symbol of global unity in overcoming COVID-19.
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I’d like to begin by thanking President Biden very much for bringing us together today in the
way that he has and for setting out the problem in the eloquent way that he did at the
beginning, and of course for returning the United States to the front rank of the fight against
climate change.

I’m really thrilled by the game-changing announcement that Joe Biden has just made. And
I’m proud that the UK is doing the same.

We were first country to pass legislation for net zero. We have the biggest offshore wind
capacity of any country in the world, the Saudi Arabia of wind as I never tire of saying.
We’re halfway to net zero.

We have carbon emissions lower than at any point since the 19th century, we’re ending
support for fossil fuels overseas and doubling our international climate finance.

We’re actually speeding up because we see the obligations for developed countries to do
more, we’re legislating to deliver 78% of the reductions needed to reach that goal by 2035.

As host of COP26, we want to see similar ambitions around the world and we’re working
with everybody, from the smallest nations to the biggest emitters to secure commitments
that will keep change to within 1.5 degrees.

And I think we can do it. And to do it we need the scientists and all of our countries to work
together to produce the technological solutions that humanity is going to need. Whether it’s
carbon capture and storage or solving the problems of cheap hydrogen delivery or getting
to jet zero flying, getting to net zero flying, making sure that we can roll out EVs properly,
making sure that our homes stop emitting such prodigious quantities of CO2, moving to
sustainable domestic living.

We can do this together across the world. It’s going to mean the richest nations coming
together and exceeding the $100 billion commitment that they already made in 2009 and I
stress how important that is.

Plus, I think what President Xi had to say about the harmony with nature was absolutely
vital. If we’re going to tackle climate change sustainably, we have to deal with the disaster
of habitat loss and species loss across our planet and we want to see even more examples
of government and private industry working hand in hand as with the newly launched LEAF
Coalition to reduce deforestation and the multi-trillion dollar Glasgow Financial Alliance for
Net Zero.

To do these things we’ve got to be constantly original and optimistic about new technology
and new solutions whether that’s crops that are super-resistant to drought or more
accurate weather forecasts like those we hope to see from the UK’s new Met Office 1.2bn
supercomputer that we’re investing in.

I’m not saying any of this is going to be easy. There is obviously going to be a political
challenge. It’s important to go back to the original words of President Biden, it’s vital for all
of us to show that this is not all about some expensive politically correct green act of ‘bunny
hugging’ or however you want to put it. Nothing wrong with ‘bunny hugging’ but you know
what I’m driving at.
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This is about growth and jobs and the President was absolutely right to stress that. I want
to leave you with the thought that we can build back better from this pandemic by building
back greener.

Don’t forget that the UK has been able to cut our own CO2 emissions by about 42% on
1990 levels and we’ve seen our economy grow by 73%, you can do both at once. Cake
have eat is my message to you.

Let’s work together on this. Let’s go to Kunming in October and Glasgow in November
armed with ambitious targets and the plans required to reach them.

And let’s use this extraordinary moment and the incredible technology that we’re working
on to make this decade the moment of decisive change in the fight against climate change
and let’s do it together.

Published 22 April 2021
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1 INTRODUCTION 

 

1.1. My name is Professor Stuart Haszeldine. Since 1999 I have been employed at the 

University of Edinburgh as a research leader and teacher of geology. Since 2003 I have 

been the world's first Professor of carbon capture and storage, specialising in 

decreasing emissions from fossil fuel use by the capture, transport, and deep burial 

geological storage of carbon dioxide, instead of venting to atmosphere and increasing 

global climate change.   

1.2. As part of my research investigations for the degree of PhD at the University of 

Strathclyde, I studied the geology of coal deposits in the UK and North America, with 

a particular focus on rocks of Northumberland and Durham. These are very similar to 

the coalfield rocks of west Cumbria. The research in my PhD led to several 

publications on coal geology in respected and prestigious academic journals.  

1.3. After completion of that research topic, I was employed in the British National Oil 

Corporation for three years, receiving an excellent insight into the priorities and 

complexities of business developments based on geology. 

1.4. I left the oil industry and returned to university work, with a priority to undertake 

innovative research on sedimentary rocks on around the UK, and particularly in the 

subsurface fossil fuel exploitation and extraction of coal, oil, and gas. I have also 

undertaken innovative work on fracking, and research to appraise the possibility of 

radioactive waste disposal in deep geological storage sites around the UK. 

1.5. I am the author or co-author of many tens of peer-reviewed academic articles which 

describe research findings. Many of these projects have been in collaboration with, and 

partly funded by, extractive industries such as coal, oil and gas, or environmental 

geoscience organisations.  I have frequently worked in collaboration with university 

partners and partners in commercial exploitation of geological deposits.   

1.6. Since 2004 I have progressively focused on mitigating the emissions of carbon dioxide 

from fossil fuel use. I have become a leading exponent and global expert in the science 

of carbon capture and storage. The research group I have built and maintained at 

Edinburgh has undertaken much of the fundamental work to understand CO2 storage 

capacity beneath and around the UK, methods of safe and secure appraisal and 
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development, and methods to monitor and verify secure site performance.  

1.7. I have frequent interactions with, and provide advisory services to, UK government 

Department of Business, Energy and Industrial Strategy (‘BEIS’), and to Scottish 

government Directorates of Energy and Climate Change, and Marine Scotland. I also 

served as part of the science advisory group to the UK Secretary of State for Energy 

and Climate Change. During the past 20 years I have provided written and verbal 

scientific evidence to multiple Parliamentary committees, formal consultations, and 

NGOs and civil society associations. I've also been sought by news organisations and 

broadcast media to provide simple explanations and expert interpretation of climate 

change, UK energy policy, and the pathways towards a net zero sustainable carbon 

emissions balance. 

1.8. I have been formally recognised several times with honours by my scientific peers. In 

1999 I was awarded the Royal Society of Edinburgh science prize for my work on 

radioactive waste disposal. In 2003 I was elected a fellow of the Royal Society of 

Edinburgh. In 2011 I was awarded the global William Smith medal of the geological 

Society of London, recognising global excellence in applied geology. In 2012 I was 

appointed OBE for services to climate change. In 2021 I have been presented with 

honorary membership of the Royal Geographical Society. Also in 2021 I have been 

lead author on the Royal Society of London scientific briefing on carbon capture and 

storage, in advance of the global assembly CoP26 in Glasgow during November 2021. 

I have been a chartered geologist for several decades, as a recognition of professional 

competence. 

1.9. I provide evidence to this enquiry at the request of the Cumbria local group SLACC 

(South Lakes Action on Climate Change). This builds on my long-standing research 

interest in coal geology, and a recent student project where we examined the 

distribution of sulphur in particular coal seams of Northern England.  

1.10. I provide this evidence as an independent expert, to whom no payment has been made. 

This proof of evidence is true to the best of my knowledge, and the professional 

interpretation and opinions are mine, founded on the factual evidence which has been 

gathered in connection with this appeal.  
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2 SUMMARY OF EVIDENCE 

2.1. This Proof of Evidence draws on a report (‘The Edinburgh Report’) (Appendix 1) 

recently produced by the University of Edinburgh at the request of South Lakes Action 

on Climate Change (SLACC), and also considers a report1 produced by Wardell 

Armstrong (‘WA’) in September 2020 for Cumbria County Council. This Proof aims 

to offer useful information on the suitability of the coal to be produced by West 

Cumbria Mining (‘WCM’) for UK and European markets, with special reference to 

the sulphur levels in the coal and any potential harms from the proposed, but not yet 

detailed, changes in coal processing on the site.  

2.2. WCM may have acquired purportedly useful information from their laboratory results 

from testing of core samples2, “feasibility studies in relation to the quality of the coal”3, 

and chemical assessments or “refinements to the treatment process”4. However, these 

have not been published as part of the planning application nor, it would appear, shared 

with Cumbria County Council or their consultant WA5. SLACC has asked WCM to 

supply such information, but this had not happened at the time the attached Report or 

Proof of Evidence were prepared. 

2.3. In order to provide this Inquiry with more certainty this evidence also examines: 

a. WCM’s Statement of Case - what does it claim with respect to the coal and its 

quality? 

b. Documents published on Cumbria County Councils website on the 21st and 23rd 

September 2020, and what they tell us about the coal processing proposed by 

WCM. 

c. Letters between Richard Buxton Solicitors and Ward Hadaway Solicitors, with 

respect to potential planning conditions relevant to coal quality. 

2.4. This evidence then draws conclusions on the suitability of the coal for UK and 

European markets that, I believe, casts serious doubts on the key benefits that are 

 
1 CD9.12 
2 CD15.1, §6  
3 CD15.1, §46  
4 CD15.1, §46  
5 CD9.12, §4.3.1  
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claimed by the Applicant, and indeed by the County Council in their October 2020 

Officers Report6, and listed in the Draft Statement of Common Ground dated 12 May 

2020. Namely, there is serious doubt that:  

a. WCM coal would have a competitive advantage over US coking coal in the 

European Market;7  

b. It is highly likely that this coal will substitute coal that is currently imported from 

the US;8 and 

c. The WCM coal would represent a secure indigenous coking supply for the UK 

steel industry which provides considerable national benefits.9 

  

 
6 CD4.5 
7 CD4.5, §7.86  
8 CD4.5, § 7.90  
9 CD4.5, §7.248  
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3  SPECIFICATION OF THE COAL FROM THE DEVELOPMENT 

3.1. WCM originally proposed to extract 2.43 Mtpa (Million tonnes per year) of what they 

called “metallurgical coal”, with a by-product of lower quality coal that they called 

“middlings coal”.10 However, following a Judicial Review relating to that aspect of the 

development, WCM wrote to the Council in March 2020 saying that: “work on its 

feasibility study…..having regard to market demands, the results of additional onsite 

tests and the latest technology that is available” meant that they could “adjust the 

processing of the mined coal so that 100% of the processed coal exported from the site 

will now be metallurgical coal”11 

3.2. In May 2020 WCM submitted an Amended Application that no longer proposed to 

extract or sell “middlings coal”.12 WCM indicated it would make changes to the 

processing of the coal, together with some amended plans, and asked that the planning 

condition which gave an upper limit of 1.25% limit on sulphur content and 8% ash 

content be changed to 2.0% maximum sulphur content and 9% ash content.13 The 

reason given was that the “original maxima as stated do not reflect the product which 

will be produced by Woodhouse Colliery.”14  

3.3. Instead, after some research and the report by WA mentioned above, the County 

Council proposed conditions that would impose a maximum ash content of 8% and a 

maximum sulphur content of 1.6% and an average (mean) sulphur content of no more 

than 1.4%.15  

3.4. Since the planning application, WCM’s solicitors have written to say “WCM has yet 

to be persuaded that the requirement is necessary and will make further submissions 

on the point in response to the Inspector’s request for a review of the conditions, and 

then again during the course of the inquiry”. (WCM Letter of 25 June 2021, Appendix 

2, page 39) 

3.5. The WCM Statement of Case makes claims about the coal resource, the coal 

metallurgical quality, and the coal extracted, with no reference at all to its sulphur 

 
10 Summarised at CD4.1, §4.4-§4.5 
11 CD14.7, Letter from WCM to Cumbria County Council dated 10th March 2020. 
12 CD1.58, CD1.59, p.6, §S.2 
13 CD1.59 page 51. 
14 CD1.59 page 51. 
15  CD4.5, Appendix 1, Conditions 1 and 4.  
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content.16 

3.6. More recently, on 30 July 2021, WCM’s solicitors wrote attaching a purported 

specification for coal to be produced (after processing) by the mine, but they declined 

to provide any information on the composition of the coal to be extracted prior to 

processing (i.e. the “Run of Mine” coal) despite the reasons for the relevance of this 

information having been previously explained.  Further, WCM stated that its position 

is now that it does “not consider that there is any planning reason for the precise 

chemical and physical composition of the coal to be fixed by way of planning 

condition.”  (Appendix 2, page 51, para 7; WCM letter of 30 July 2021)  No further 

information was provided on the methods for processing the coal, despite the requests 

by SLACC’s representatives.  (Appendix 2, pages 38 & 46; SLACC letters of 10 June 

(para 6) and 24 July (para 2(b)(iv)) 

3.7. It is therefore not clear what the proposal is, or what the final quality of the coal will 

be. Without any planning conditions specifying limits on sulphur content, the evidence 

indicates that the coal is unlikely to be suitable for use by the UK or EU steel industries. 

The natural range of sulphur content, and the average “Run of Mine” value of sulphur 

in the seams specified by WCM, is very significantly greater than marketable premium 

metallurgical coal in international trading. This “Run of Mine” coal extracted directly 

from the mine contains coal, middlings, sulphur contamination and rock debris. 

Considerable processing of RoM coal is necessary – such as crushing, sieving, water 

washing and centrifuging, to remove waste rock, sulphur and contaminated middlings, 

before specification is good enough to transport off-site to potential customers.  

However, it remains unclear how any processing of the coal will occur and the 

evidence indicates that the achievable sulphur content is highly unlikely to be 

decreased to the level which would mean that the coal is marketable as premium High 

Vol A, as WCM have claimed.   

 

  

 
16 CD15.1, §112 
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4 THE COAL RESOURCE – AS NOW CLAIMED BY WCM 

 

4.1. The Applicant’s Statement of Case (CD15.1) includes claims about the nature and 

quality of the coal in the following paragraphs: 

“6 Since October 2014, WCM has undertaken extensive exploratory 

drilling within the Licensed Area, with a large number of core 

samples from target coal seams recovered and submitted for 

laboratory testing.  Based on this exploratory work, it is estimated that 

there are over 750 million tonnes of excellent quality metallurgical 

coal across the Licensed Area  

[…] 

8. Metallurgical coal, also known as “coking coal”, is a particularly rare 

type of coal that is defined by its specific physical and chemical 

characteristics.   

[…] 

10. There are currently very few sources of metallurgical coal in the 

world.   

[…] 

12(d) 100% of the coal extracted at the Colliery would be premium 

metallurgical coal. 

[…] 

49. all the coal that WCM proposed to mine would be metallurgical coal 

(although this paragraph also appears to have some words missing).”  

4.2. The WCM SoC refers to the specification of the coal to be extracted as follows: 

“112. The core samples WCM have obtained confirm that the coal that 

will be extracted by the Proposed Development is premium-grade 

High Volatile Hard Coking Coal (“HV HCC”) with ultra-low traces 

of ash (less than 4%), extremely- low traces of phosphorous (less than 

0.001%) and excellent ‘caking’ characteristics (fluidity and dilation) 

that are at the highest end of the known comparable range.  This 

means the coal is a premium High Volatile ‘A’ product, a high grade 

of metallurgical coal, with very desirable performance characteristics.  
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It is also very rare; metallurgical coal of this quality is only found in 

certain regions of the UK and Central and Eastern USA.” 

4.3. Note that WCM SOC paragraph 112 concludes the coal is a premium High Volatile 

‘A’ product without referring to its sulphur content or suggesting that sulphur is a 

factor in the identification of high-quality metallurgical coal. 

4.4. Paragraph 14 of the WCM SoC17 does point out that only using metallurgical coal 

would produce coke that is strong, porous and low in sulphur, phosphorus and ash, but 

does not infer that the sulphur content of the coking coal itself has any impact on that 

outcome.  

4.5. Paragraph 12(d)18 does refer to a “minor adjustment to the original internal design of 

the processing facility” but does not say how that would make the coal produced and 

sold “premium metallurgical coal”.  

 

  

 
17 CD15.1, §14(a)(iii) 
18 CD15.1, §12(d) 
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5 COAL SULPHUR CONTENT AND POTENTIAL LIMITS 

5.1. As noted above, the County Council commissioned Wardell Armstrong to produce a 

report on the use of coking coal in the UK and the suitability of WCM coal for the steel 

industry.  This was published by the County Council as a ‘background paper’ to the 

County Council’s October 2020 Committee Report.  In their report, WA firstly state 

their view that: “there is no specific classification of ‘premium’ coking coal”19 which 

WCM had used to infer a higher price; and that the term “metallurgical coal” wasn’t 

really useful to distinguish the “better coal” from the “middlings coal” because it was 

all High Volatility metallurgical (coking) coal20 because of characteristics such as 

‘caking’ (fluidity and dilation).  

5.2. However, WA were also clear that sulphur content is an important factor in identifying 

high quality marketable metallurgical coal21, i.e. High Vol A (HVA) coal. WA’s 

recommendation (based on one contributor to the Council’s research with potential 

customers) was that coals with over 1.7% sulphur would not be categorised as HVA 

coking coal.  

5.3. The Edinburgh Report (Fig 4, Fig 5, Fig 6], Appendix 1,) confirmed that 1.0-1.1% 

sulphur content is at the uppermost end of an accepted range typical of US HVA coal. 

Pages 18-23 of the Edinburgh Report show numerous tables which are summarised 

below. 

YEAR 
SOURCE 

Sulphur 

% 

1997 Baruya and Mc Conville 0.6 – 1% 

May 

2021 

Fig 3. S&P Platts Specifications Guide: Global Metallurgical Coal 0.95% 

Feb 

2021 

Fig 4. HIS Markit’s Coking Coal Marker Price Methodology and 

Specifications  (US HVA coking coal export market 

1% max 

May 

2021 

Fig 5. Argus Ferrous Markets Guide Methodology and 

Specifications Guide. (and no coking coal globally was 

associated with a higher figure) 

Up to 

1.1% 

2002 Fig 6. 3 Coal seams in the Appalachian Region ( Ruppert, Tewalt 

and Bragg) 

.99% 

1.05% 

0.66% 

 
19 CD9.12, §3.1.8 
20 CD9.12, §4.1.3  
21 CD9.12, §5.1.9 
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2012 Fig 9. Source: (Gulyaev, Barskii and Rudnitskii,  < 0.7 

2018 Figure 1 Specifications for ‘Premium Hard Coking Coal’. (Metal 

Bulletin,) 

Base 0.5, 

max 

1.1% 

2021 Platts coal quality data display tree: iron ore and metallurgical coal, 

with >0.8% defined as very high sulphur 

0.7 to 

1.0% 

 

5.4. The table below (from Fig 7, p.19 of the Edinburgh Report, Appendix 1) shows that a 

sulphur content over 1.3% would be considered “poor to marginal” in the US. 

 

5.5. It is hard to understand why WA recommended to the County Council that a condition 

limiting the sulphur content of the WCM coal to 1.4% average and 1.6% maximum 

would result in a High Vol A metallurgical coal. It seems clear that it would not 

compare favourably with the US metallurgical coals currently use in the UK and 

Europe, and would not substitute for those coals, or be marketable. Furthermore, it 

would not fit the HVA metallurgical coal premium classification, because of its high 

sulphur content. 

5.6. The Edinburgh Report did confirm that small amounts of coking coals of slightly 

higher sulphur could sometimes be used as domestic supply blending to a coking mix, 

 
Figure 7 General quality ratings for washed, high-volatile, bituminous U.S. coking coal. Source: summary 
table from (Trippi et al., 2021), originally compiled by (DeVanney and Mitchell, 2015) 
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which is perhaps reflected in WCM’s prediction that it would sell 360,000 tpa to steel 

plants in the UK22 (180,000 tonnes each to Scunthorpe and Port Talbot). The potential 

purchase of WCM coal by British Steel Scunthorpe was heavily caveated by that 

organisation, because of the problems with high sulphur content, even if blended. So 

at maximum, UK sales represent only 6 - 13% of the proposed total output by WCM 

of 2.78 Mtpa23, and also only 13% of the UK’s imports of coking coal (which WCM 

SoC quotes as 2.69Mtpa).24 

5.7. This cannot be fairly represented as a “supply of indigenous metallurgical coal to 

support the UK steel industry” of any significance.25  

5.8. It is also likely that similar limitations would apply to blast furnaces in the EU. The 

Edinburgh Report (Appendix 1, Fig. 8) indicates that the range of sulphur content in 

blast furnace coke in Europe is 0.5% to 0.9%. Sulphur content in blast furnace coke 

relates directly to the sulphur content of feedstock metallurgical coal. Data specifying 

sulphur content of metallurgical coals sold into Europe via international markets 

mirrors global sulphur limits. Metallurgical marketable coals are uniformly cited to 

have mean values of 0.4-1.1% sulphur. These apply to High Vol A premium coal, or 

PCI metallurgical coal (Appendix 1, Figs. 8 and 9, Platts metallurgical tree 2021 as 

summarised in the table above). 

 

  

 
22 CD4.1, §6.412; CD1.145, §7.1. 
23 CD15.1, §6 
24 CD15.1, §11 
25 CD4.5, §7.328. 
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6 SULPHUR IN WEST CUMBRIA COALS 

6.1. Section 5 discussed whether the sulphur limits proposed under conditions (first in the 

March 2019 OR26, and then higher limits in the October 2020 OR27) would result in an 

HVA coking coal being produced by the Whitehaven mine. 

6.2. The Edinburgh Report also looked at the natural sulphur range of the targeted coal 

(referred in section 3 above) to see whether the coal as extracted would be HVA coal 

(as WCM claim in their SoC)28. WCM did not include the name of their target coal 

seams in the main body of any of their submissions, but Appendix B to ES Chapter 5 

was a Subsidence Briefing Note and included the following figure.29 

 

 

6.3. This figure indicates that WCM intend to target the Main Band and Bannock Band 

Coal seams. This concurs with page 25, 28 of the Edinburgh Report (Appendix 1) 

finding that the Main Band and Bannock Band are historically the most widely 

 
26 CD4.1, Appendix 1, “Definition of Terms”, “Metallurgical Coal” 
27 CD4.5, §4.8, §7.88-90, Appendix 1, “Definition of Terms”, “High Vol A Coking Coal”, Appendix 1, 
§77 
28 CD15.1, §112 
29 CD1.83, §51 
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exploited of the region, and the Main Band is considered to be the primary economic 

seam worked in the district (per Young and Boland, Appendix 3). As a result of both 

sources, the Edinburgh Report went on to establish the sulphur characteristics of each 

seam, which are shown in Figures 19 and 20 on pages 29-30 of the Edinburgh Report 

(Appendix 1). Both are bar charts displaying a compilation of data describing the 

sulphur content of the coal seam drawing on the following data: A & B – National Coal 

Board, 1949 (its Appendix 1, pp.12-13); and C&D: Minchener, 1999 (p.162).  

6.4. The Main Band exhibits an average sulphur content of 1.9%, from the data presented. 

The sulphur content ranges from 1.16% to 2.97% with clusters around 1.1-1.5% and 

2.5-3%. The analysis of sulphur content for the Bannock Band draws upon a smaller 

data set, however no data was found to suggest a sulphur content of less than ~2.0%. 

The mean (average) for Main Band is 1.9% and 2.6% for Bannock Band. These 

conclusions are reinforced by detailed analysis of the Main Band coal, showing 

detailed interlayering of very high and high sulphur beds within the coal with beds 

ranging from 0.7 – 15.1% sulphur content (Edinburgh Report Fig 21). 

6.5. As outlined above, poor to marginal quality High Vol A metallurgical/coking coal may 

rarely have a maximum sulphur content of 1.3%, but the vast majority of sources 

indicate a specification for premium marketable metallurgical coal of 0.5% to 1.1% 

sulphur. The above data suggests that the coal seams targeted by WCM (Main Band 

and Bannock Band) are not appropriate for sale as premium or high volatile A 

metallurgical coal, on the basis of the sulphur content, even after beneficiation to 

decrease ash and sulphur (See section 7, below). 

6.6. This finding is supported by section 2 of the Edinburgh Report (Appendix 1) which 

looks at the history of sulphuric acid production from iron pyrites found in Whitehaven 

coal measures, and historical accounts of high sulphur within the coal: 

“British coal has stated that coking coal is not available in commercial 

quantities in West Cumbria today to meet the high specifications of 

British steel.” (Cumbria County Council, 1991. In Cumbria Coal Local 

Plan, Written Statement.) 

“The choice of Cumberland coals for coking is somewhat restricted 

owing to the rather high sulphur content of some of the seams.” 
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(Ministry of Fuel and Power, 1945. Northumberland and Cumberland 

Coalfields, Regional Survey Report (Northern “A” Region). Page 29, 

Paragraph 146). 

6.7. If WCM attempt to mine other seams in the region, then it is clear from historical 

records that these are likely to contain even greater sulphur content than the two seams 

identified. The west Cumbria coals have been recognised for many decades as being 

unsuitable for iron and steel making because of their high sulphur content (Appendix 

1, §7), and are recognised historically as being amongst the most sulphur rich in the 

UK (Appendix 1, Fig 17). 
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7 BENEFICIATION – DECREASE OF ASH AND SULPHUR THROUGH 

PROCESSING 

7.1. Section 3 of the Edinburgh Report (Appendix 1) is an examination of the original Coal 

Handling and Processing Plant (‘CHPP’), the Process Change Application, the 

occurrence of sulphur in coals, and the difficulties in removing it. The original WCM 

proposal claimed that coal product for sale could be produced with an average sulphur 

content between 1.3% and 1.4%30, while also producing a by-product (middlings coal) 

with much higher sulphur. Wardell Armstrong indicated that the revised process WCM 

intended to utilise will produce coals of between 1.5% – 1.8%.31   

 

7.2. WA acknowledges that even in the revised process some coal with higher sulphur and 

ash than the cut off can/will have to be disposed of with the reject material in the mine 

voidspace.32 WCM is assuming, or claiming, that the washing/ cyclone process will 

increase the yield from 69 to 79%.33 Thus approximately 20% of extracted material 

will be replaced below ground.  

7.3. WCMs Briefing note on CHPP quotes – as if it was an approved planning condition, 

the version they requested in May 2020 – “‘Metallurgical Coal’ shall be defined as 

having a maximum ash content of 9% and a maximum sulphur content of 2%”.34 This 

statement also contains a number of other anomalies that are worth highlighting: 

a. The extracted coal and rock would be crushed to a maximum size of 6mm, 

rather than 3mm as in the original design35, although the Edinburgh research 

showed that a crushing to a smaller topsize improved the ability to remove 

sulphur (Appendix 1, pages 6-8.), 

b. A quote from a Wood Mackenzie Report is included.  However this report is 

not available and the quotation is not contained in the only Wood Mackenzie 

Report published on the Cumbria CC website. The accompanying graph 

(titled ‘Comparison of WCM coal with global and US HV HCC’)  shows 

WCM coal with an average sulphur content of approximately 1%, and a range 

 
30 CD9.12, §4.2.4. 
31 CD9.12, §4.2.4 
32 CD9.12, §4.2.6 
33 CD2.68, p. 1 (WCM CHPP Briefing Note). 
34 CD2.68, p. 2. 
35 CD2.68, p. 1. 
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of approximately 0.1 – 2.0%.36 That is stated to be compiled from information 

provided by WCM. However, it is not clear how this graph fits with the claims 

by WCM that extracted coals are expected to average more than 1.3% sulphur. 

And it is not clear how these numbers quoted by Wood Mackenzie fit with 

data on sulphur content (Edinburgh Report, at Appendix 1, Figs. 19, 20, and 

21) which shows Main Band average of 1.9% and a Bannock Band average 

of 2.6%. 

c. A letter from Parnaby Cyclones is included37, referring to their initial thoughts 

on designing a suitable plant to achieve a High Vol A Metallurgical coal. 

However, the Edinburgh research shows (Appendix 1, page 13) that Parnaby 

Cyclones do not guarantee any reduction of sulphur content in coals washed 

using their equipment, stating with much less certainty on their website that 

the end product (after coal washing using Parnaby systems) would have 

“potentially lower sulphur content” (Appendix 4) 

d. Although the WCM CHPP Briefing Note is referring to the new process, it 

includes the description of the original process from ES Chapter 5, with an 

argument that the change in process is not material.38 

7.4. It may also be noted that the Technical Director of WA who prepared the WA Report 

indicated his opinion that he could “not see how a yearly average of 1.4% [sulphur] is 

achievable” by WCM based on the information he had seen. (Appendix 5) 

7.5. WCM’s recent correspondence now indicates that the coal produced will have an 

average sulphur content of 1.4% and that “the highest limit on the sulphur content has 

been designed into the CPP and capped at 1.6%” (Appendix 2, pags 42-43; WCM 

Letter of 12 July (para 9)). However, it is not clear how the cap will be designed into 

the process or whether the process is the same as that proposed at the time of the 

October 2020 Committee meeting, which Wardell Armstrong indicated would produce 

coals between 1.5 – 1.8% sulphur.  To the extent that any further information is 

disclosed by WCM in relation to the CHPP, this will be addressed at a later time. 

7.6. The material and potentially adverse impacts of the change in process – which is I 

 
36 CD2.68, p.2  
37 CD2.68, p.4 
38 CD2.68, p.3 
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presume, part of the proposal to be examined discussed and determined in this Inquiry, 

is the final issue I wish to raise.  
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8 NEED FOR THE NEW PROCESS TO BE SUBJECT TO EIA  

8.1. If the revised process proposed by WCM with cyclones does succeed it may remove 

some of the pyritic sulphur from the coal. There may be sulphur contents in some coal 

seam layers as high as 4% to 15% (Appendix 1, Fig. 21). There is assumed to be 0.5% 

organic sulphur which is not removable and that will continue through to sale. But how 

do WCM intend to dispose of the high sulphur “tailings” and reject coal which has 

been separated? 

8.2. The Edinburgh Report considers the risk of oxidation of sulphide minerals (pyrite) on 

exposure to water and oxygen (§Page 14, Appendix 1). The consequence of such 

oxidation is well known in the UK as Acid Mine Drainage. That creates sulphuric acid 

run off, which can dissolve heavy metals such as lead, copper and mercury, and pollute 

both groundwater and surface water (as has happened on the Marchon site before).39 

Remobilising contaminated groundwater from the adjacent Marchon site does not 

seem to have been considered by WCM. 

8.3. The reactivity of pyrite depends on a number of factors, and although the use of cement 

paste to backfill all the wastes can be beneficial, that cement purchase can introduce a 

major additional cost, and there are risks, and probably an increase in the water used 

in the plant as summarised below.  

8.4. The numbers presented by WCM as mass-balance flows through the washing, and 

pasting, and coal export system are very incomplete and do not allow a full or detailed 

analysis to be made of primary water consumption nor waste disposal (§3.3, Appendix 

1).  

8.5. For washing and cleaning 2,780,000 tonnes of metallurgical coal, a tonnage of coal 

plus rock can be estimated as 2,930,000 tonnes/yr RoM. We assume the CHPP will be 

running 7 days/week for a minimum of 2 shifts: 5,860 hours/year and possibly 3 shifts: 

8,000 hours/year40. With a water consumption 87m3/hr for the coal cleaning plant 

quoted by WCM (WCM 2018 Env Statement Table 5.6) I calculate that requires a 

minimum 509,820m3
 water each year for 2 shifts, and 696,000m3 water each year for 

 
39 CD1.123, Appendix 13.4, page 123. 
40 CD1.83, Table 5.7. 
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3 shifts (Page 9, Appendix 1).41 That is an exceptionally small water use. I calculate 

that is the equivalent of ~0.2m3 water /tonne coal while published work suggests at 

least ~5m3 water/tonne coal – 25 times greater than WCM’s estimate (§3.3, Appendix 

1). If water is recycled that requires exceptional 96% recovery, to lose just 0.2m3 from 

5m3 per tonne coal produced.  

8.6 Not all the washing water can be recycled and recovered. Some water will leave the 

 plant as dampness in the crushed and washed clean coal. Under the assumption that 

 10wt% moisture content is contained within the quoted tonnage (e.g., 2,780,000 

 tonnes = met coal + 10% water), then water lost to product moisture within the 

 cleaned metallurgical coal exported by railway wagons would amount to 278,000 

 tonnes/year (§ 3.3, Appendix 1). 

 

8.7  Significant volumes of water are also expected to be lost annually to paste tailings

 requiring significant input of fresh water. Assuming 150,000 tonnes mass of rejected 

coal and rock and assuming a cementitious additive at 3% by weight to form a cohesive 

binding paste with the rock debris with 10% of water (§3.3, Appendix 1) that is 

~105,200 t/yr water required. Using the WCM statement of a paste plant operating at 

124m3/hr water,42 continual operation could demand as much as 992,000 t/yr. As 1 

tonne water is approximately 1m3, this is 992,000m3. 

 

8.8  Recycling of washing and cleaning water is expected to be included in this plant 

 design. Assuming a 90% recycle rate, and subtracting estimates of single-pass water 

 lost to export and water lost to paste making, then a minimum of 85,146m3 (85 million 

 litres) of wastewater will be produced each year (§3.3, Appendix 1). No information 

 is provided by WCM on the treatment or fate of this wastewater. 

 

8.9. I consider it an error to claim, as WCM have, that water demand, recycling, export 

 and waste disposal is not material to the planning application and does not have to 

 be revisited in the ES. This is particularly true when mobilisation of pre-existing 

 groundwater contaminants and release to controlled waters (the Irish Sea and Marine 

 Conservation Zone) is an acknowledged risk of this development. 

 

 
41 CD1.83, Tables 5.6 & 5.7 
42 CD1.83, Table 5.6. 
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9 CONCLUSIONS  

9.1. Although some attributes of metallurgical coal relate to the physical properties of 

rigidity and coking ability, all the evidence I have reviewed is consistent in indicating 

that there are tightly specified limits on the content of ash, phosphorous, and especially 

sulphur, and that these contents of coking coals are all highly relevant to the extent to 

which the coal is suitable for use in the UK and EU steel industries. It is clearly 

understood and well known that sulphur content greater than 0.6% is a disadvantage 

in market sales, and that a sulphur content greater than 1.1% will prevent sales into the 

European or global markets. WCM have omitted to present any analysis of the 

commercial sales effects of high sulphur content in these coals, an adverse feature 

which has been known and published for 60 years. 

9.2. WCM claim in their Statement of Case that the coal to be extracted from the coal 

measures will be premium High Vol A coking coal.43 It will not. The maximum 

average sulphur content identified globally in traded HVA coals is 1.1% (pp.18-23, 

Appendix 1, summarised in table form above), and the “Run of Mine” coal mean 

(average) sulphur for Main Band is 1.9% and 2.6% for Bannock Band (per paragraphs 

6.2-6.4 above). 

9.3. If WCM seek to use other coal seams in the area, historical data shows that these are 

likely to contain similar or even greater percentages of sulphur (Appendix 1 Table 5, 

Fig 18), and so will not be accepted as premium metallurgical coals by the national 

and international markets. 

9.4. WCM and Cumbria CC have stated in their draft SoCG that the coal produced from 

the mine, after the washing and processing, will be High Vol A coking coal.  It will 

not be, even with the conditions proposed in the October 2020 OR.44 This evidence 

shows that the cut-off proposed by WA for HVA Coking Coal of 1.7% is unreliable, 

and depends largely on the evidence of one respondent.45 My evidence shows that the 

remainder of the Report, and ample publicly available information shows that the 

maximum reasonable cut-off is an average of 1.1%. 

 
43 CD15.1, §112 
44 CD4.5, Appendix 1, Conditions 1 and 4 
45 CD9.12, §5.1.9-10, §9.1.4 



 
 

   24 

9.5. The key claimed benefits listed in paragraph 2.4 above therefore “fall” as well. The 

mine would not provide an indigenous source of high-quality coal for the UK iron and 

steel industry. Most of the coal will not find a metallurgical market in Europe, even in 

the short term.  

9.6.  WCM have failed to release their data on Run of Mine coal quality, and especially on 

sulphur and ash content. Often, a suite of maps would be provided in a development 

application, to contour the interpreted values of coal, sulphur, ash and enable all parties 

to agree on the quality of evidence and its implications. Not only have WCM declined 

to provide this data, they have indicated that they are not convinced that planning 

conditions with limits on sulphur and ash content are necessary.  

9.7. It also remains unclear how the mining, washing, sulphur removal, and paste backfill 

operations will be supplied with water. How much water will be lost each year, how 

much will be recycled, and where is the annual tonnage of contaminated water to be 

disposed? How will the separated pyrite, sulphur rich coal, and ash be reliably 

disposed, whilst avoiding any risk of oxidising pyrite to sulphuric acid, and creating 

acid mine drainage or further groundwater contamination? 

9.8. Because no data have been disclosed for the “Run of Mine” coal quality, it is also not 

possible to consider claims that have been made in relation to the coal to be produced 

by the mine or to properly consider the environmental impacts the mine will cause. 

However, it is unlikely that coal can be sufficiently improved by washing using 

flotation or a CHPP/cyclone system to the point where this will constitute the High 

Vol A coal that WCM claims it will produce. In consequence, the claims of market 

demand from UK industries and European purchasers are unfounded.    

 

Declaration 
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1 Problem Statement 

 
In June 2014, West Cumbria Mining (referred to as WCM) announced plans for the 
development of an extensive underground metallurgical coal mine, with the intention of 
supplying both the UK and Europe with ‘High Volatile A Coking Coal’ for use in the steel-
making industry. The production of domestic metallurgical coal would seek to replace that 
currently imported from overseas (e.g., from Australia, Russia, US), primarily being a 
substitute for coal stated to be imported from the East Coast of the United States. WCM claim 
they have proven the presence of high quality coal with attractive properties such as low ash 
and phosphorous content, suitable for use in steel-making 
(https://www.westcumbriamining.com/what-is-the-plan/what-is-coking-coal/).  
 
The West Cumbria Metallurgical Coal Project (referred to as the Woodhouse Colliery) aims to 
work and process coal extracted from sub-sea working, from seams around the St Bees 
coastline, recovering coal both on- and offshore for a period of many years (Revised 
Environmental Statement, 2020. Planning Statement). WCM aim to produce premium 
metallurgical coal for consumption domestically within the UK and expect to find a market in 
Europe for the remaining coal. 
 
After submitting an initial planning application in 2017, and being considered three times by 
the Cumbria County Council planning committee, a resolution to approve the application was 
made in Oct 2020.  However in March 2021, the Secretary of State for Housing, Communities 
and Local Government made the decision to intervene and ‘call in’ the WCM planning 
application for a public inquiry (as summarised in the ‘Notification for Call in by Secretary of 
State’, 2021). This  was done on the basis that the WCM planning application has raised issues 
of more than local importance. The Secretary of State has outlined the matters of importance 
which should be discussed in the inquiry to be: 
 

a) The extent to which the proposed development is consistent with Government 
policies for meeting the challenge of climate change, flooding and coastal change in 
the NPPF (NPPF Chapter 14);  

b) The extent to which the proposed development is consistent with Government 
policies for facilitating the sustainable use of minerals in the NPPF (NPPF Chapter 17);  

c) The extent to which the proposed development is consistent with the development 
plan for the area; and  

d) Any other matters the Inspector considers relevant.  
 
The following report will discuss the proposals made by WCM in relation to the expected 
sulphur content of the produced coals, the coal processing and handling/washing techniques 
and the expected markets for metallurgical coal in Europe and beyond. 
 

2 History 
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Some of the earliest coal mining records in the Cumberland coalfield date back to the 1500s. 
Since the early 17th century, over 70 pits were sunk in and around the Whitehaven region 
(Whitehaven History, 2020). This history of coal mining extended through to 1986 when the 
Haig Pit – Cumbria’s last deep coal mine – ceased production. Throughout the history of 
mining in west Cumbria – particularly in the Whitehaven area – drastic problems were 
encountered due to firedamp (CH4). Accumulations of methane gas resulted in fatal 
explosions.  
 
A history also exists of sulphuric acid production in west Cumbria. Prior to the use of anhydrite 
rock for sulphuric acid production, sulphuric acid was produced from pyrite found in the coal 
measures at Whitehaven (Baker, 2014). This manufacturing technique played a key role in the 
chemicals industry from the 17th century and especially in the 18th to mid-19th century. R. R. 
Angerstein’s travel diary, dated 1753-1755 (Angerstein, 1755), comments on the “vitriol 
works at Whitehaven”:  
 
“The iron pyrites, which is found in the coal here, is sold to the vitriol works near Whitehaven. 
[...] The pyrites is laid out in rows on a piece of ground that has been walled in. The vitriol is 
leached out gradually, depending how much rain falls and is led to a cistern. [...]”. 
 
The collected vitriol would be boiled and cooled, and scrap iron would be added to control 
the strength. Crystals of copperas (green vitriol) formed and were separated for use in dyes 
and inks. The remaining ‘liquor’ would be heated to produce ‘oil of vitriol’; i.e. concentrated 
sulphuric acid. The establishment of an early chemicals industry based on the availability of 
pyrite in local coal measures, indicates that these coal seams likely contain significant 
amounts of sulphur. 
 
Despite the claims made by WCM regarding the excellent proven quality of coals in the 
Cumberland coalfield, coals from west Cumbria have historically been recognised as falling 
short of the market quality required for metallurgical coking coal: 
 

 “British coal has stated that coking coal is not available in commercial quantities in 
West Cumbria today to meet the high specifications of British steel.” (Cumbria County 
Council, 1991. In Cumbria Coal Local Plan, Written Statement.) 

 
 “The choice of Cumberland coals for coking is somewhat restricted owing to the rather 

high sulphur content of some of the seams.” (Ministry of Fuel and Power, 1945. 
Northumberland and Cumberland Coalfields, Regional Survey Report (Northern “A” 
Region). Page 29, Paragraph 146). 

 
 “The Scottish coalfields and South Wales provide the largest tonnages of low-sulphur 

coals, while in Lancashire, North Staffordshire and Cumberland, seams of appreciably 
higher than average sulphur content are worked. [...] The difficulties of sulphur 
removal are now well known and it is not generally practicable or economic to 
produce saleable coal with appreciably less average sulphur content than the seam of 
origin. High volatile coking coals (rank codes 400, 500 and 600) have a marked 
tendency towards higher than average sulphur contents.” (Wandless, 1957. British 
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coal seams: A review of their properties with suggestions for research. The Journal of 
the Institute of Fuel, vol. 30, page 541.) 

 
A brief look at the industrial history of west Cumbria therefore establishes the argument that 
the coals in this region are very likely to contain significant amounts of sulphur. Those coals 
may be capable of performing a coking function, but historically have persistently had a less 
than premium market value because of their associated sulphur content. 
 

3 WCM Proposals: Coal Handling and Processing 
 

3.1 Original Proposal for Coal Handling and Processing 
The function of coal handling and processing plants (CHPP) in the mining industry is to remove 
unwanted material from Run-of-Mine (ROM) coal, including sulphur and ash. There are 
several methodologies employed to achieve this, most commonly ‘wet’ processing methods 
which rely on the density difference between the coal and unwanted mineral matter. Gravity 
separation processes are proposed for use in the Woodhouse Colliery project, namely the use 
of Dense Media Cyclones and Froth Flotation cells. 
 
The original proposed methodology is as follows (WCM Environmental Statement, Chapter 5: 
Project Description): 

- The ROM coal will be fed to the coal preparation plant at a maximum rate of 500 
tonnes per hour. (Page 36, paragraph 5.4.54)  

- The first stage in the process constitutes comminution (crushing, grinding) and sizing, 
to create two coal size fractions: <0.15mm and 3.5-0.15mm. Methane released during 
this stage will be captured. (Page 36, paragraph 5.4.54). Even if that methane is 
combusted for mine use, there will still be a consequential carbon dioxide emission. 

- The two different size fractions will be washed. The <0.15mm size fraction will be 
washed in froth flotation cells, whilst the 3.5-0.15mm fraction will be washed in Dense 
Media Cyclones. The clean coal will then be dried in centrifuge driers and 
subsequently transported to a clean coal storage area. (Page 36, paragraph 5.4.54, 
5.4.55) 

- The original project description details a further separation step to recover ‘middling 
coal’ from the reject material in a second stage cyclone. The middling coal would then 
be transported to a middlings Drain and Rinse Vibrating Screen to drain the middlings 
coal and rinse off the dense medium before being dewatered in a centrifugal dryer 
and transported to the middlings coal stockpile. (Page 36, paragraph 5.4.56)  

- The reject material would then be fed into a thickener and the thickener underflow 
would be transported to a mixer as part of the paste disposal and backfill process. 
Prior to feeding the thickener underflow to the mixer, the coarser reject material 
would be ground down to ensure the paste requirements are met (approx. 15-25% 

constituting 20m). The ground reject material is then fed into the mixer alongside 
water and a binding agent to achieve a solids content of 60-65 wt% solids. This paste 
is then fed, via a hopper, to the paste pump. The paste is then fed via pipeline and 
distributed underground. (Environmental Statement, Chapter 5, Appendix D: Paste 
Plant Process, Page 88) 
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3.2 Process Change Application 
In April 2020, WCM applied for a process change to the above outlined processing method. 
The following text is quoted from the document “Woodhouse Colliery. Planning Application 
4/17/9007. Environmental Statement. Application for Process Change. April 2020.” (Page 3, 
Preamble):  
 
“In the refined process design, which is aimed at reducing sulphur in the coal, all of the coal 
will be crushed to 6mm topsize before being passed through a similar series of cyclones, 
sieves and screens, however there will be an additional process to enhance the separation 
and removal of pyritic sulphur matter, in order to ensure that all the coal achieved from the 
processed ROM material meets the desired specification for premium metallurgical coal 
without the need to separate out higher sulphur material.”  
 
However, in the document “Briefing note on Coal Handling and Processing Plant (CHPP)” 
(Page 1, Summary), the following quote is obtained:  
 
“In the revised process design, all of the coal will be crushed to 6mm topsize before being 
passed through a similar series of cyclones, sieves and screens. Essentially the processing is 
no different to before, other than to change the cut-off point on the yield vs sulphur curve 
and therefore remove a proportion of this being a secondary middling product instead of 
simply one product and the rest as waste.”  
 
The Process Change Application (as quoted above) states that to maximise recovery of 
metallurgical coal the ‘middlings coal’ originally intended to be separated and sold as an 
individual commodity would now be incorporated into the metallurgical coal production. As 
stated in the Environmental Statement (Chapter 5: Project description. Page 6, Section 5.1.4) 
“[...] during the washing, a certain proportion of the coal would be rejected as being outside 
of the main required specification, but still has good properties for use in specific industrial 
processes. The by-product coal material is called middlings coal.”   
 
The excerpt from the Process Change Application (above) indicates that there will be an 
‘additional process to enhance the separation and removal of pyritic sulphur’ due to the 
poorer quality of the middlings coal. However, the Briefing Note indicates that the only 
change to the process would be to crush the coal to a larger topsize (6mm vs 3.5mm), 
‘Essentially the processing is no different than before[...]’. As opposed to committing to 
removing the extra sulphur from the new product as indicated in the Process Change 
Application, WCM instead make a request to increase the sulphur limits imposed on their 
operations:  
 
“The original plant design had a cut-off of 1.4% sulphur, which resulted in a yield of 69% of 
the raw coal. A further 11% was then available as the secondary product. 
 
The revised plant design proposes to lift the sulphur cut-off to a maximum of 1.8%, which 
allows the yield to also move up the curve, to a maximum level of 79%. However, in the early 
years if operation before full production is achieved, the yield has been capped at 69%.”  
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Despite WCM having acknowledged the requirement to reduce the sulphur content of the 
middlings coal in order to incorporate this material into the metallurgical coal product (as 
detailed in the original Process Change Document), they have instead requested an increase 
in the maximum allowable sulphur limit with no change to the sulphur removal process, 
simply incorporating the middlings coal which was described by themselves as ‘outside of 
the main required specification’ for metallurgical coal. Alongside this proposed process 
change, WCM have also provided an updated definition of metallurgical coal, as outlined in 
the following section (4. WCM Proposals: Sulphur Content), to have a maximum limit of 2% 
sulphur. Although there are several categories of metallurgical coal including hard coking 
coal, semi-hard coking-coal, semi-soft coking coal and pulverized coal for injection (PCI), we 
do not know of any accepted definition of marketable metallurgical coal with 2% sulphur. 
(see further discussion below on market value in section 6). 
 
In the original process, WCM expected the coal handling and processing plant to produce 
coals containing 1.3-1.4% sulphur. As a result of this proposed process change (e.g., the 
incorporation of middlings coal into the overall production of metallurgical coal) WCM expect 
the coal handling and processing plant to produce coals containing 1.5-1.8% sulphur (as 
quoted by WCM in “BACKGROUND PAPERS – WCM Briefing Note on Coal Handling and 
Processing Plant”, dated on CCC Planning Portal as 23/09/2020. Page 5, Section: ‘Economics’). 
 
It is unclear what extra steps WCM intend to implement to ensure the removal of extra 
sulphur introduced by incorporating the middlings. If no extra precautions are taken and the 
solution provided by WCM is to simply increase the maximum sulphur limit and re-define the 
sulphur content which dictates ‘metallurgical coal’, subsequent chapters will provide 
evidence to conclude that coals containing this level of sulphur cannot be classed as 
metallurgical coal.  
 

3.3 CHPP Water Consumption 
The primary water consumption demands, and sources, as detailed by WCM in the 
Environmental Statement (Chapter 5, Page 35, Section 5.3, Table 5.6) are outlined in Table 1.  
 

Water Usage m3/h 

Underground Equipment 50 

Coal Prep Plant 87 

Paste Plant 124 

 261 
 

 

Table 1 Summary of water sources and uses in proposed Woodhouse Colliery. Source: West Cumbria Mining. Environmental 
Statement. Chapter 5, Page 35, Section 5.3, Table 5.6. 

The aim of the following section is to determine the amount of water expected to be lost to 
the tailings paste and that unable to be recovered from the washed coal, as well as the volume 
of wastewater likely to be produced. 
 
A value of 10% was assigned to the expected final product moisture content of the washed 
(and dewatered) coal (based on Mohanty, 2007; Seehra, Kalra and Manivannan, 2007; 

Water Source m3/h 

Byerstead Fault Water Ingress (historic documents) 136 

Coal Mine Water Ingress 12 

Rainfall (Met Office for St Bees Head) 8 

Inherent Moisture in the coal 8 

Recycled from Coal Prep Plant etc 98 

 262 
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Bickert, 2013; Kumar and Kumar, 2018; Yan et al., 2020). A calculation was performed to 
determine the amount of water ‘trapped’ in 2,780,000 tonnes of cleaned metallurgical coal 
(figure as quoted in Environmental Statement, Application for Process Change, April 2020. 
Page 23, Table 5.3). This value is here taken under the assumption that the 10% moisture 
content is contained within the quoted tonnage (e.g., 2,780,000 tonnes = met coal + 10% 
water), however it is not clear whether the weight of the water introduced by washing has 
been taken into consideration in the WCM figure. However, based on this assumption, water 
lost to product moisture within the cleaned metallurgical coal amounts to 278,000 
tonnes/year. 
 
As outlined in Environmental Statement, Appendix D: 
 
“Once the plant reject material is ground to the required size and fed into the mixer, water 
and a binding agent (if found to be required for strength purposes) will be added based on 
solids weight ratios to achieve the target solids content of 60-65 wt% solids.”  
 
In the following calculation, 3 wt% was assigned to a binder, thus 57 wt% is represented by 
the reject material (totalling 60 wt% solids), calculating for a 40% moisture content (3wt% 
based on Fall and Benzaazoua, 2005). It was assumed that the quoted 150,000 tonnes of 
reject material (Application for Process Change, Page 23, Table 5.3) represents 100 wt% 
solids. Therefore, the creation of a tailings paste containing the entire volume of reject 
material with a moisture content of 40%, would result in a water loss of 105,263 tonnes/year.   
 
Thus, the total amount of water lost to cleaned coal and paste tailings is calculated to be 
approximately 385,000 tonnes/yr. 
 
Based on the figure quoted in Environmental Statement (Section 5.3, Table 5.6, Page 35), 
87m3/h will be required by the coal handling and processing plant (CHPP). In order to wash 
2,930,000 tonnes ROM coal annually, with a maximum feed of 500 tonnes per hour, the CHPP 
will be running for a minimum of 5860 hours, requiring 509,820m3

 water each year. This is 
equivalent to ~0.2m3 water for each tonne of coal. This figure appears to be relatively low 
compared to figures found in literature which quote wet coal washing processes to require 
~5m3 water for each tonne of coal washed (Ma et al., 2012; Litvinenko, 2016).  
 
Based on the above calculations, 385,000 tonnes of water each year can be expected to be 
lost to clean coal and paste backfill disposal. However, it is unclear how much of the recovered 
water may be recycled and used again in the coal processing circuit. Figure 1 highlights the 
detrimental effect of a high solids content on the efficiency of coal washing, thus methods 
must be employed to remove solids from recovered water, or more fresh water must be 
consumed to replaced that which cannot be used after coal washing.  
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Figure 1 Relationship between solids content in washery 
water and plant efficiency for separation of unwanted 
materials. Source: (Kumar and Kumar, 2018a) 

 

 

(Bournival et al., 2019) suggests a recycling rate of 90% for water consumption in a coal 
preparation plant. Assuming the paste plant operates for the same number of hours as the 
coal prep plant, then based on a consumption of 124m3/h, the paste plant will consume 
726,640m3 each year. Therefore, if 1,236,460m3 are consumed annually (by CHPP and paste 
plant), of which 385,000m3 are lost to clean coal and tailings paste, a maximum of 851,460m3 
may be recycled. Assuming a 90% recycling rate, 85,146m3 wastewater will be produced each 
year. 
 
To summarise section 3.3: 

• Significant volumes of water are expected to be lost to paste tailings and cleaned coal 
annually (~385000 t/yr), requiring significant input of fresh water, however, it is 
thought that this figure is underestimated as, 

• The water consumption for the coal prep plant quoted by WCM appears to be quite 
low (WCM quote the equivalent of ~0.2m3 water /tonne coal while research suggests 
a figure of ~5m3 water/tonne coal – 25 times greater than WCM’s estimate)  

• Assuming 90% of the water consumed (excluding that lost to tailings or clean coal) is 
recycled, this implies ~85,150m3 (i.e. ~85 million litres) of wastewater is produced 
annually – no information is provided by WCM on the fate and treatment of this 
wastewater.   

 

3.4 The occurrence of sulphur in coal  
To consider the ‘washability’ of coal, it is important to define the forms of sulphur in coal. The 
primary forms of sulphur in coal are pyritic, organic and sulfate sulphur. Sulfate generally 
accounts for a minor component of sulphur in coals, whilst pyritic and organic dominate the 
sulphur composition. In British coals, the sulphur content attributed to sulphates is 
considered to be unimportant as the amount reportedly rarely exceeds 0.03%, excluding 
highly weathered or oxidised samples. The origin of these forms of sulphur in coal is widely 
debated and will not be discussed further in this report. 
 

3.5 Sulphur Removal 
As outlined above, there are three major forms of sulphur in coal, however the sulfate 
component is ignored as it constitutes such a small percent. Organic sulphur (typically 0.5%) 
is chemically bound to coal and cannot be physically removed without breakdown of the coal 
substance, and thus cannot be removed by commercial beneficiation methods.  
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There are various forms of pyritic sulphur in coal seams, Wandless (1955) considers them to 
be:  
 

1. Massive nodules of fairly pure pyrites and large lenticles of highly pyritized rock;  
2. ‘Brassy’ coal heavily contaminated with pyrite; 
3. Disseminated pyrite microcrystals or framboids. 

 
In a review of the occurrence of sulphur in British coal seams, Wandless states that the first 
two forms are easily removed, via gravity separation washing techniques and are easily 
identifiable by the human eye and thus are unlikely to be found in saleable coal. However, 
disseminated pyrite, which is ‘closely associated with the coal’ and ‘not generally confined to 
any particular horizon of the seam’ is much more difficult to remove, with removal often 
being concurrent with uneconomic losses of coal.  
 
Wandless (1955) also comments that whilst some of the sulphurous, pyritic matter can be 
removed in the preparation process, as is non-sulphurous matter, thus the sulphur 
percentage in the ROM coal often closely reflects that of washed and processed coal. 
Commenting on data describing the sulphur content of British coal in 1952, Wandless states 
that “the weighted average sulphur content of the seams contributing to the output of coal 
was 1.5%. Of this 0.8% was organic sulphur, and therefore “fixed”, and 0.7% was pyritic 
sulphur, mainly closely associated with the coal substance and not readily removable.” 
 

3.6 Coal Preparation 
Whilst the washing of coal to remove unwanted material is not an uncommon practise, the 
traditional role of coal cleaning in the UK has been to decrease the overall ash content of the 
coal, not the sulphur content (Rubiera, Ivatt and Miles, 1999).  
 
In contrast to Wandless (1955), (Overton, 2020) states that 30-40% sulphur can be removed 
through washing. How can this be?  One of the main problems encountered when considering 
sulphur removal from coal is the trade-off between crushing the coal (comminution) to 
enhance liberation of pyrite, and the issues introduced with dewatering and transporting fine 
coal. 
 
Rubiera et al., 1996 outline various disadvantages associated with froth flotation as a method 
of coal washing:  
 

1. This method of coal cleaning often uses organic liquids which are considered ‘toxic’ 
and are subject to strict regulations in the UK 

2. The finer size the coal is crushed to, there is an increase in the risk of penetration of 
the organic liquid into the pores of the coal  

3. There is the potential for chemical interaction with some coals 
 
Rubiera et al., 1996 also discuss the effect of comminution on liberation of pyrite from coal 
and evidence that comminution increased pyrite liberation, crushing to a topsize of 2.8 and 
0.2 providing the observation that coal crushed to a smaller topsize facilitate enhanced 
liberation of pyrite from the coal (Table 2). This runs counter to the proposed process change 
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by WCM, which requests an increase in the topsize, potentially reducing the potential for 
pyrite liberation. 
 
 
 
 

 

 

 

 

 

 

 

 

 

Table 2 Results from employing froth flotation as a method for coal washing at different coal sizes. Source: Rubiera et al., 
1996 

A study conducted by Demir, 1998, evaluating the sulphur and ash reduction potential of 
Illinois coals employed froth flotation coal washing (float sink tests) and observed a 
maximum reduction of 42% and a mean reduction of 28% (Table 3). 

 
Table 3 Results from coal washing by froth flotation. Source: Demir, 1998. 
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Pujotomo and Diantari, 2016, undertook a study concerning the use of Dense Medium 
Cyclones as a means of reducing the ash and sulphur content of lignite. This study reports a 
maximum decrease of 32.5% sulphur from the feed coal and a mean reduction of 24.3% (Table 
4).  

Table 4 Sulphur reduction in lignite coals after washing in dense media cyclones. Source: Pujotomo and Diantari, 2016 

It is interesting to note that some sources, including the potential CHPP equipment supplier 
for WCM (Parnaby Cyclones) do not recommend the use of Dense Media Cyclones for coal 
less than 1mm (Bethell and Luttrell, 2004; Parnaby Cyclones, 2015; Kumar and Kumar, 2018a) 
(Figure 2). It is also important to note that Parnaby Cyclones do not guarantee any reduction 
of sulphur content in coals washed using their equipment, stating on their website that the 
end product (after coal washing using Parnaby systems) would have “potentially lower 
sulphur content”. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 Range of optimum efficiencies of various coal washing methods. Source: (Kumar and Kumar, 2018a) 
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3.7 Assessing the Potential for Acid Mine Drainage 
It is important to note that WCM do not address the likelihood or potential impact of Acid 
Mine Drainage in their disposal of high sulphur tailings. The following account is compiled in 
an attempt to assess the potential for acid mine drainage in backfill paste tailings. 
 
Acid Mine Drainage (AMD) describes the process in which sulphide minerals (pyrite) found in 
abundance in mine waste become oxidised upon exposure to water and oxygen. The sulphuric 
acid run-off produced can dissolve heavy metals such as lead, copper and mercury which 
pollute groundwater and surface water. The reactivity of pyrite depends upon grain size and 
shape, determining the available reactive sites on the mineral surface. Under moist mine 
conditions, pyrite can rapidly oxidise (Emerson, 2019). 
 
Leiva et al., 2021 state that paste tailings has an environmental advantage as the retention of 
moisture ensures the tailings remain saturated, reducing the potential for acid mine drainage. 
Qi and Fourie, 2019 report similar findings, stating that the use of cement paste backfill in 
mining operations reduces water infiltration, stabilizes heavy minerals and thus ‘controls the 
formation of acid mine drainage’. Tariq and Nehdi, 2007 further support this idea, stating that 
as the paste backfill is normally in a saturated state, the oxidation of sulphides is expected to 
be negligible. The authors also suggest that the alkaline conditions in the paste backfill inhibit 
the bacterial activity known to enhance tailings oxidation. 
 
However, one of the main disadvantages of using paste mine tailings is the cost; the costs of 
employing this method of tailings management can constitute up to 20% of all mining costs, 
with the largest cost being the cement or binder used (up to 75% of the associated cost) (Tariq 
and Nehdi, 2007). Another important disadvantage to consider is the possibility of (internal) 
sulphate attack as reported by Quellet, Benzaazoua and Servant, 1998, available sulphates in 
the sulphate rich waters of mine tailings can react with free calcium ions from the dissolution 
of unstable portlandite (cement), which can subsequently result in the precipitation of 
gypsum and ettringite. The expansive minerals can create internal stresses of 70-200 MPa as 
a result of crystallisation pressure which can cause severe deterioration of the mechanical 
strength of the paste backfill. Quellet reports that this phenomenon may be more 
pronounced in paste backfill due to the low cement content and high sulphate concentration. 
Benzaazoua et al., 1999, report that this process can occur rapidly during the curing process.   
 
This short investigation suggests, based on published academic articles, that the likelihood 
for AMD in tailings paste is reduced. However, adverse issues are posed due to the cost of 
this tailings management method and the potential for external sulphate attack.  
 
  

4 WCM Proposed Sulphur Content 
 
As outlined in Planning Application 4/17/9007, Application for Process Change April 2020 
(creation date on Cumbria County Council Planning portal: 07/05/2020), the original 
production plan for the proposed metallurgical mine imposed a limit of 1.4% sulphur for 
metallurgical coal produced, whilst concurrently producing middlings coal, as a separate 
commodity, containing sulphur >2%. However, the process change submitted by WCM in 
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April 2020 proposed, as a result of the incorporation of the higher sulphur middlings coal, an 
upper limit of 1.8% sulphur. (CHPP Briefing Note, dated on CCC Planning Portal as 
23/09/2020) WCM claim that increasing this threshold and producing all of the coal as 
metallurgical coal, separating only reject material and not separately producing a middlings 
by-product, will increase the total yield from 69% to 79%. 
 
The Revised Planning Statement: Planning Statement, 2020 (creation date on Cumbria County 
Council Planning Portal: 12/05/2020), Section 6: Conditions, Page 50, contains the following 
condition proposition: 
 

Condition/Reference Change required Reason for change 

Metallurgical Coal (definition) 
Coal with particular physical 
and chemical characteristics 
that makes it suitable for use in 
the production of steel and 
separated from 
industrial/Middlings Coal and 
reject material during 
processing at the Coal Handling 
and Processing Plant. For the 
avoidance of doubt 
‘Metallurgical Coal’ shall be 
defined as having a maximum 
ash content of 8% and a 
maximum sulphur content of 
1.25%. 

Metallurgical Coal (definition) 
Coal with particular physical 
and chemical characteristics 
that makes it suitable for use 
in the production of steel and 
separated from reject 
material during processing at 
the Coal Handling and 
Processing Plant. For the 
avoidance of doubt 
‘Metallurgical Coal’ shall be 
defined as having a maximum 
ash content of 9% and a 
maximum sulphur content of 
2%. 

The original maxima as 
stated do not reflect the 
product which will be 
produced by 
Woodhouse Colliery. 

 
The planning conditions set out in Development Control and Regulation Committee, Report 
by the Executive Director – Economy and Infrastructure, Appendix 1: Proposed Planning 
Conditions, dated 2 October 2020 define the High Vol A Coking Coal proposed to be produced 
by WCM as having “a maximum ash content of 8% and a maximum sulphur content of 1.6% 
and an average (mean) sulphur content of no more than 1.4%.” This is based on the 
expectation that a sulphur content >1.7% will result in a fall in market favourability:  
 
“[...] it should be noted that the classification of WCM coal as a marketable HVA coal is 
sensitive to sulphur. If the typical specification of the final product goes beyond 1.7% sulphur 
(db) then the coal will no longer fall within the HVA category and its market value will fall 
significantly.” (Review of the Use of Coking Coal in the UK, Woodhouse Colliery Project, 
Wardell Armstrong. Section 5, Page 11, Paragraph 5.1.9.) 
 
As stated in the report compiled by Wardell Armstrong, the proposed process change may 
introduce adverse issues for market uptake of the WCM coal in accordance with the above 
quote. In the ‘WCM Briefing Note on Coal Handling & Processing Plant’, whilst the original 
process involved washing the coals to produce a metallurgical coal containing 1.3-1.4% 
sulphur, the proposed process change would produce a coal (after beneficiation) containing 
1.5-1.8% sulphur. As stated by Wardell Armstrong, a simple average would suggest that the 
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average sulphur content of coals produced by WCM would be 1.65% sulphur. Not only does 
this suggest a likely fall in market value, in line with the above quote from a contributor to 
the Wardell Armstrong Report, but also suggests WCM would be unlikely to be able to satisfy 
an annual average of 1.4% sulphur, as set out in the proposed planning conditions. Even 
though the WCM coal and middlings may have metallurgical characteristics of rigidity, 
volatiles, ash, a low market price for metallurgical coal is expected because the sulphur 
content is very significantly above that of internationally traded metallurgical coals – even if 
premium Hard Coking Coal or lower quality PCI (Pulverised Coal Injection) are considered, 
both have values of less than 0.9% and usually below 0.6% sulphur when traded 
internationally. A Platts definition of sulphur for metallurgical PCI has a very high value >0.8% 
sulphur, and a very low value <0.3% - with an average PCI being 0.5% sulphur (Platts 2021) 

5 Potential Market in the UK 
 
In Planning Application 4/17/9007, Environmental Statement, Application for Process Change 
(April 2020) (Part 2, Page 31, Updates to Chapter 8 – Road Transport) WCM claim they will 
produce 360 ktpa of metallurgical coal for consumption within the UK. This coal is expected 
to be equally distributed between Port Talbot Steelworks (operated by Tata Steel) and 
Scunthorpe Steelworks (operated by British Steel). This comprises approximately 13% of the 
total volume of produced metallurgical coal (based on a total production of 2.78Mtpa, quoted 
in Planning Application 4/17/9007, Environmental Statement, Application for Process Change 
(April 2020), Part 2, Page 23, Updates to Chapter 5 – Project Description, Table 5.3), with the 
remaining coal to be transported to the Redcar Bulk Terminal for onward transportation to 
mainland Europe. 
 

British Steel have stated that the sulphur content of the WCM coals is an adverse market 
issue.  In relation to UK steel producers, British Steel have stated that the “coal has a low 
moisture & ash, the Sulphur is however higher in comparison to comparable US coals we 
purchase.” Based on this, British Steel conclude that the “Sulphur content of the coal is an 
issue for British Steel currently due to our operations and blend sulphur limit”.  

British Steel’s concerns regarding the sulphur content of WCM coals, after being provided 
with the proposed limits (an upper limit of 1.8%) indicate that they are unlikely to consider 
the coal produced by WCM as viable for use in their steel production operations. 

Responses sought from Tata Steel do not clearly state either way whether the coal 
produced by WCM is likely to be bought and consumed for use at Port Talbot Steelworks, 
but do acknowledge the necessity for the correct specification of metallurgical coal in steel 
making operations, whilst also acknowledging some potential benefits of UK metallurgical 
coal production.   
 
The above responses suggest that the domestic consumption of WCM HVA metallurgical coal 
within the UK would likely only constitute 6.5% of the total 2.78Mtpa produced. This may be 
considered a ‘best case scenario’ as the considerably vaguer responses obtained from Tata 
Steel do not reveal their intentions for purchasing the coal. Tata may, as British Steel are, be 
limited by the total sulphur content of the coal blend. As British Steel have stated, the sulphur 
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content of the coals to be produced by WCM is indeed higher than that of the historically 
imported US coals.” 

 

6 Market Requirements for Metallurgical Coal 
 
As previously outlined, WCM anticipate the domestic consumption of metallurgical coal to 
constitute approximately 13% of the total production, whilst the remaining coal is to be 
transported to mainland Europe. However, as stated by British Steel, the domestic 
consumption anticipated by Scunthorpe does not match the WCM expectation. The ability of 
any steel mill to accept this metallurgical coal will depend upon the maximum sulphur limit 
they are operating under. Thus, an understanding of the typical sulphur specifications of 
metallurgical coal in the European and global markets is required to establish the potential 
uptake of WCM coal. As previously discussed, WCM define metallurgical coal as having a 
maximum sulphur content of 2% and propose to produce coal with sulphur contents of 1.5 - 
1.8%.  The County Council’s proposed condition would reduce these figures somewhat, as set 
out above, to a maximum sulphur content of 1.6% and an average (mean) sulphur content of 
no more than 1.4%.  We have been informed, however, that WCM have indicated that at 
present they do not accept that such a condition is necessary.  
 
The following section will provide evidence to dispute that premium metallurgical coal can be 
defined as having a sulphur content of up to 1.6% (a conclusion which applies even more to 
a sulphur content of 1.8%, or higher) and outline the argument to suggest that based on the 
anticipated sulphur contents of WCM coal, it is unlikely that a market will be found in Europe. 
Furthermore, evidence is provided to show that, based on the sulphur content of the coals, 
WCM coal is not an appropriate substitute for the currently imported East Coast US coals.  
 
As outlined by Baruya and McConville, 1997, in ‘Coal sulphur content – impact on coal 
markets’, international markets have strict specifications for coal, generally requiring sulphur 
contents of 0.6-1%. Further market specifications are outlined below. 
 

Figure 3 Market specifications for High Vol A Hard Coking Coal. Source: (S&P Global Platts, 2021) 

 
Figure 3 presents a table obtained from the Specifications Guide: Global Metallurgical Coal 
compiled by S&P Global Platts (published May 2021). This document contains specifications 
for various products reflected by Platts assessments. As highlighted by the red outline, the 
quality specification for the sulphur content of US High Vol A Hard Coking Coal is listed as 
0.95% sulphur.  
 
Figure 4 presents the definitions of sulphur content used by Platts (2021) for defining different 
market grades of metallurgical coal 
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Figure 4  Market specifications for sulphur categorisation PCI metallurgical coal (Platts 2021) 

Figure 3 is also found to reflect that of IHS Markit’s1 ‘Coking Coal marker price: Methodology 
and specifications’ (February 2021) which assesses the US high vol A coking coal export 
market, and lists the quality specification for sulphur content to be 1% max (Figure 4). 
 

Figure 5 Market specifications for High Vol A Hard Coking Coal. Source: (S&P Global Platts, 2021) 

Figure 5 presents a table obtained from Argus Ferrous Markets2: Methodology and 
Specifications Guide, compiled by Argus Media (at time of writing this, document was last 
updated May 2021). This document contains assessments of internationally traded bulk 
coking coal prices on the spot market, according to the specifications as detailed in Figure 5.  
 

 
Figure 6 Quality requirements for coking coal. Source: (Argus Media, 2021) 

 

 
1 IHS Markit and S&P Global announced a merger at the end of last year so may have used the same 
data/assessment methodologies etc hence why their numbers are so similar 
2 https://www.argusmedia.com/-/media/Files/methodology/argus-ferrous-markets.ashx 

20



 

 Sulphur, water and markets, West Cumbria coal. S.Haszeldine@ed.ac.uk July2021 

19 

As seen in Fig 5, globally, no marketable coking coal is associated with a sulphur specification 
of greater than 1.1%. More specifically – as highlighted by the red outline – the high vol A 
coking coal derived from the US is described by a maximum sulphur content of 1.1%.  
 
WCM, supported by Dr N. Bristow (H&W Worldwide Consulting) claim that the coal produced 
by WCM at the proposed Woodhouse Colliery would be of sufficient quality to substitute that 
which is currently imported from the US East Coast. However, the above evidence indicates 
that the sulphur content of High Vol A coking coals imported from the US is much lower than 
the proposed sulphur content from the WCM coal. In Appendix 1 of the Revised 
Environmental Statement, Greenhouse Gas Emissions, 2020 (Page 24), Dr Bristow indicates 
that the US coals which may be substituted derive from the Central Appalachian region.  
Figure 6 provides some sulphur values from coals seams in the Central Appalachian region. 
The red outline indicates those seams found in the Central Appalachian region, which 
evidently contain much less sulphur than the WCM coals. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 7 Analysis of coal seams in the Central Appalachian region. Source: (Ruppert, Tewalt and Bragg, 2002) 

Figure 7 further emphasises the low sulphur content of US coals, highlighted by the USGS 
specification of washed, high volatile coals. This would indicate that the WCM coals with a 
sulphur limit of 1.6% and an average of 1.4% would be deemed as ‘poor to marginal’ when 
compared to the quality requirements of US coals. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8 General quality ratings for washed, high-volatile, bituminous U.S. coking coal. Source: summary table from (Trippi 

et al., 2021), originally compiled by (DeVanney and Mitchell, 2015) 
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In Appendix 2 of Rebuttal of Key Issues Raised by Objectors, ‘Response prepared by Dr Neil 
Bristow’, Dr Bristow states that:  
 
“[...] the potential for substitution does not require a like for like replacement of one coking 
coal with another (i.e. with identical chemical properties). Because coking coal is blended, it 
is possible to adjust the blend of different coals to reflect variation in input but still provide a 
consistent coke.” (Paragraph 22, Page 22).  
 
However, for steel production plants operating to a maximum sulphur limit, it is likely to pose 
difficulties adhering to a maximum blend limit considering a switch from the low sulphur US 
coals to the comparatively high sulphur WCM coals. This issue has already been highlighted 
by British Steel as discussed in the previous chapter. 
 
Originally compiled by Leonard et al., 1996, Figure 8 describes the required specifications of 
blast furnace coke. To justify the relevance of coke (vs coal) specifications, a brief overview of 
the blast furnace steel production methodology is provided. Steel is an alloy, of which iron is 
a major component. Thus, iron ore is an essential commodity for steel production; 98% of 
mined iron ore is used for steel production. However, to use naturally occurring (oxidised) 
iron ore in steel making, it must first be reduced, this is done using carbon. In this production 
method, the carbon derives from coke. Coke is produced from coking coal via heating in a 
furnace or oven in the absence of oxygen.  
 

 
 
 

Figure 9 Required chemical properties of blast 
furnace coke. Source: summary table from, (Dıéz, 

Alvarez and Barriocanal, 2002) originally 
compiled by (Leonard et al., 1996) 

 
 

Sulphur content in blast furnace coke relates 
directly to the sulphur content of feedstock 
metallurgical coal. As indicated in Fig 9, coke used 
in blast furnace operations requires specific 
compositions, with narrow ranges and limits for 
the various components, with sulphur here being 
quoted as a max of 0.9%. Similarly, Gulyaev, 
Barskii and Rudnitskii, 2012, in an assessment of 
global coke quality quote the European quality 
requirements for blast furnace coke to include no 
more than 0.7% sulphur (Figure 9).  
 

Figure 10 European quality requirements on blast-furnace coke. Source: (Gulyaev, Barskii and Rudnitskii, 2012) 

 
Fig 10 details quality specifications for ‘Premium Hard Coking Coal’ and describes the 
maximum limit for sulphur content to be 1.1% (Figure 10). 

22



 

 Sulphur, water and markets, West Cumbria coal. S.Haszeldine@ed.ac.uk July2021 

21 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11 Specifications for ‘Premium Hard Coking Coal’. Source: (Metal Bulletin, 2018) 

 
Furthermore, Fig 11 compiled for an authoritative trade publication by an industry 
professional with a wealth of experience in the steel industry quotes the property 
requirements of coking coal to contain no more than 0.6% sulphur:  
 

 
Figure 12 Typical property requirements of coking coals. Source: (Kumar Sarna, 2013) 

 
To complement the research conducted above, correspondence was sought with companies 
with experience and expertise in steel production.  
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Communication with a representative from German steel producer, Rogesa, indicates that 
the overall sulphur balance, interpreted to represent the sulphur content of the final coal 
blend, should be no greater than 1.1% (Figure 12).  
 

 
 

Figure 13 Private communication with representative of German steel producer, Rogesa. 

 
Communication with a representative from thyssenkrupp Steel Europe indicated that the typical 
overall sulphur content for a coal blend should contain no more than 1.3% sulphur (Figure 13).  Thus 
to maintain a 1.3% S in the final blend, you could add in up to 30% WCM coal with 1.8% sulphur if 
the remainder (70%) had an average of 1.1% S.  So WCM coal could be used for blending in this 
limited case, but would need to be lower cost than low sulphur USA coal and have other desirable 
characteristics to be worthwhile.  Further, the sulphur content is dependent on the conditions 
required by a particular metallurgical department, and this is the top of the range, whereas other 
steel makers would expect to use blends with sulphur content as low as 0.7%. 
 

 
 
 
Figure 14 Private 
communication with 
representative of 
ThyssenKrupp Steel 
Europe 
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From the compilation of evidence in this section, it is very clear that metallurgical coal can have a 
range of sulphur content. But it is also very clear that the market for metallurgical coal defines 
acceptable sulphur content very closely, because a blast furnace operation requires a maximum limit 
of sulphur in the coal blend used – as that sulphur introduced by coal passes into coke, and then into 
the final iron product. Sulphur content which is greater than 0.9% in metallurgical coal is regarded as 
very high, and no cases have been identified where a mean of 1.4% sulphur is considered acceptable 
and marketable. It is possible that a few individual iron making sites may be able to blend high 
sulphur metallurgical coal, this will be very limited indeed, and WCM products could form only a 
limited part of such a blend. The market for WCM coal is unproven and unlikely. 
 

7 West Cumbria Coals  
 
The previous section highlighted the strict quality requirements dictating the market for 
metallurgical coking coals. The following discussion will provide evidence to suggest that the 
coal seams targeted by WCM do not meet the high-quality requirements of High Vol A coking 
coals, based on their sulphur content.   
 

7.1 Geological Summary of Coal Measures 
As previously summarised (Section 2: History) west Cumbria has experienced an extensive 
mining history. The following section discusses the geological setting of the coal measures in 
west Cumbria.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15 Map outlining the extent of coal measures in west Cumbria. Source: (DECC, 2013) 

 
In the west Cumbria region, coal workings extend up to 5km offshore from Whitehaven 
(Figure 15). The onshore Coal Measures are of similar lithology to those found in most other 
English coalfields but the sequence of rocks is much thinner (300-400m thick). The coal seams 
constitute only a minor part of the succession; individual seams are understood to range in 
thickness from a few centimetres up to 3m thick, as observed in the Main Band (Akhurst et 
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al., 1997). Coal primarily occurs as single seams lower down in the succession, whereas split 
seams separated by shales or seatearths (fossil soils) are common higher up in the succession. 
The thickening of the measures towards the north-west is understood to be associated with 
the thickening of strata between the split seams (Taylor, 1961). Seatearths, common 
throughout the Coal Measures, can often be thicker than the associated coal seam and 
lithologically range from hard siliceous sandstones to siltstone or claystone. Several of the 
more clay-rich seatearths constitute fireclays and have been worked locally. Pyrite is a 
common contaminant of seams in the Cumberland coalfield (Young et al., 2001).  
 
Historically, difficulties have been encountered working the measures in the Cumberland 
coalfield due to a closely spaced set of NW trending post-Carboniferous faults. These faults 
are usually steeply inclined and often rapidly switch throw along strike, e.g. when moving 
along the fault, the movement may be down on one side, and then up on the same side. A set 
of NE trending low angled, large throw faults are also present, possibly representing a post-
depositional reactivation of an original set of basin-margin growth faults.  
 
 The following text summarised from the Geological Survey and others provides a 

description of the stratigraphical succession of the Cumberland coalfield (Figure 16). The 
Main and Bannock Bands are the coal seams primarily targeted by WCM.  

 
The Lower Coal Measures display a fairly constant thickness across the coalfield. Coarsening-
upward cycles are present, culminating in thick fluvial sandstones. Few coals are present, 
however those which are, appear laterally persistent as either single seams, or in groups of 
two or three, clustered below the base of major sandstone units.  
 The Harrington Four Foot is the lowest seam in the Coal Measures. This coal is recognised 

across the entire coalfield, however is considered thin and somewhat valueless in the 
Whitehaven-Moresby area. Northwards the coal improves and has been worked at the 
Harrington Colliery where a thickness of 4ft is observed and at St Helen’s with a thickness 
of 6ft, however even where the coal is of workable thickness it is not deemed to be of 
good quality (Daysh and Watson, 1951). This coal is overlain by the Harrington Four Foot 
Rock, identified as a 30m- thick sandstone; northwards this sandstone passes laterally into 
a sequence of shales with four marine bands and a set of thinner coals known as the 
Albrighton coals.  

 The Lower and Upper Three Quarters coals are closely spaced and are associated with 
the overlying Threequarters Rock sandstone. Neither the Upper or Lower Three Quarters 
coals are considered to be of high quality.  

 The overlying cycle contains the Sixquarters Coal and associated overlying sandstone. This 
seam is considered to be one of the prime coals in the region both on- and offshore.  

 The overlying sequence of mudstones contains three main coals; the Lickbank, Eighteen 
Inch and Little Main seams. The Little Main seam is one of the most consistent and regular 
seams in the coalfield, considered to be of higher quality than other seams, displaying a 
constant thickness of 2 ft.  

 
The base of the Duckmantian Middle Coal Measures is marked by the Vanderbeckei Marine 
Band, lying approximately 15m above the Little Main seam. 
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Figure 16 Stratigraphy of west Cumbria Coal Measures. Source: (Akhurst et al., 1997) 

Key points of geology 
 The lower ~30m of the Middle Coal Measures are fine-grained and contain several 

‘mussel’ bands (Eastwood et al., 1931) alongside coal seams of low quality with the 
exception of the Yard Band.  

 Above the Yard Band, the coal measures exhibit a more pronounced cyclicity. Thin units 
of mudstone and coal occur between 25 to 35m thick sandstones. The Main Band and 
Bannock Band are contained within this sequence. These seams are historically the most 
widely exploited of the region. Both coals are often observed to split into several leaves 
and have in the past been allocated different names.  

 The Main Band is considered to be the primary economic seam worked in the district 
(Young and Boland, 1992). Northwards, the seam splits into three leaves named the 
Cannel, Metal and Crow   
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 The Main and Bannock Bands are the coal seams primarily targeted by WCM.  
 These coals are overlain by thin-bedded, fine-grained sandstones comprising the Main 

and Bannock Band Rocks. 
 Overlying the Bannock Band Rock is 50 to 70m of strata consisting primarily of mudstones, 

also containing three major coals: the Tenquarters, Slaty, and the White Metal coals. 
These evenly spaced coal seams are distinctly identifiable in borehole records. The 
Tenquarters Rock sandstone, overlying the Tenquarters coal can be observed in outcrop, 
forming cliffs north of Parton.  

 The Countess Pit Sandstone overlies the White Metal Coal, and marks the upper limit of 
workable seams.  

 
Large-scale deep mining ended in the west Cumbria region upon the closure of the Haig 
Colliery at Whitehaven in 1984.  
 

7.2 Sulphur content of west Cumbria coals 
The presence of sulphur in unfavourable concentrations threatens the steel manufacturing 
process. Sulphur can threaten the mechanical properties of steel by causing ‘red-shortness’, 
the phenomenon in which steel becomes brittle when heated (Lu, Devasahayam and 
Sahajwalla, 2013). It is also apparent that when concentrations of sulphur and ash in coal used 
for coke production increases, productivity in blast furnace decreases (Ozbayoglu, 2018).  
 
Historically, the coals in the west Cumbria region have been observed to contain high 
amounts of sulphur, rendering them unviable for use as premium metallurgical coking coals. 
For example, as outlined by the Ministry of Fuel and Power in ‘Northumberland and 
Cumberland Coalfields, Regional Survey Report (Northern “A” Region), 1945: 
 
“The choice of Cumberland coals for coking is somewhat restricted owing to the rather high 
sulphur content of some of the seams.” (p. 29, paragraph 146) 
 
Or similarly, Wandless, 1957 remarks:  
 
“The Scottish coalfields and South Wales provide the largest tonnages of low-sulphur coals, 
while in Lancashire, North Staffordshire and Cumberland, seams of appreciably higher than 
average sulphur content are worked. [...] The difficulties of sulphur removal are now well 
known and it is not generally practicable or economic to produce saleable coal with 
appreciably less average sulphur content than the seam of origin. High volatile caking coals 
(rank codes 400, 500 and 600) have a marked tendency towards higher than average sulphur 
contents.” 
 
 
 
Alongside the above statement from Wandless, 1957, it is useful to note the rank of west 
Cumbrian coals. A compilation of coal output by colliery in Cumberland lists the coal rank of 
seams worked by these collieries; all coals are reported as either rank 501 or 502 (Table 5). 
 

28



 

 Sulphur, water and markets, West Cumbria coal. S.Haszeldine@ed.ac.uk July2021 

27 

Colliery Seams Worked Rank Average S% of 
produced coal 

Harrington Four Foot, Little Main, Main 
Band, Potash, Six Quarters, 
Lickbank 

502 1.5 

Moresby 
(Walkmill) 

Main Band, Six Quarters 502 1.6  

Haig Pit Bannock Band, Main Band, 
Metal Band, Yard Band 

501, 502 1.8 

William Pit Bannock Band, Six Quarters 502 1.9 

Ladysmith Bannock Band, Main Band, 
Metal Band, Yard Band 

501 1.9 

Table 5 Average sulphur content of coals produced from west Cumbrian collieries and the seams worked during the period 
of survey at each colliery. Location of collieries in Fig 16. Source of data: Wandless 1957 

It is therefore clear that coals produced at west Cumbrian collieries are described by those 
coal rank codes observed to be associated with higher-than-average sulphur contents. From 
(Wandless, 1955): 
 
“The incidence of high sulphur is most marked in the important and widely distributed high 
volatile strongly caking coals (coal rank 500), of which over 20% exceeded 2.5% sulphur 
content. [...] This marked tendency of the high volatile caking coals towards higher than 
average sulphur contents is unfortunate and is a factor that has to be taken into account in 
assessing production and reserves of coal suitable for carbonization, and particularly for 
metallurgical-coke making.” 

 
Table 5 also lists the average sulphur 
content of all coal produced from 
each colliery. The above statements 
indicate that the issue of high sulphur 
content of some UK coals has been 
long recognised and problems 
associated with considering the 
production of these coals for 
metallurgical coke has been long 
since identified. 
 
 
Figure 17 Map of west Cumbria, stars indicate the 
location of collieries listed in Table 5. Source: 
modified from (Northern Mine Research Society) 
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Figure 17 exhibits data compiled by Wandless, 1955, describing the sulphur content of 
saleable coal produced across the UK in 1952.  As can be observed in the below table, only 
~11% of all coal produced in Cumberland contained <1% sulphur to meet normal metallurgical 
standards. with 27% of production containing 1.1-1.5% and a very large proportion of 46% 
containing 1.6-2% sulphur – which exceeds normal metallurgical specifications and imported 
coal. 
 
The weighted average sulphur in all Cumberland coals is 1.6%  
And only 38% of coal has less than 1.6% sulphur. 
 

Figure 18 Analysis of 1952 coal output of Great Britain showing sulphur content of seams in situ. Source: (Wandless, 1955) 

It is hard to see how very large percentages of this high sulphur coal output can be described 
as premium metallurgical coal – it will be much lower rated by the market, due to substantial 
competition from global suppliers of low sulphur metallurgical coal, and the poor quality of 
the WCM coal will be reflected in a much lower sale price, and a significant quantity will 
certainly fail to be categorised as metallurgical coal – and maybe sold as lower priced thermal 
coal. 
 
Figures 19 and 20 exhibit a compilation of data describing the sulphur content of the Main 
and Bannock Bands.  These are the primary coal seams in West Cumbria, established through 
centuries of mining.  These data compilations from numerous published sources show a mean 
(average) of 1.9% for the Main Band, and 2.6% for the Bannock Band. 
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Figure 19 Bar chart displaying a compilation of data describing the sulphur content of the Main Band. Sources: A-T – 
Minchener, 1999 (Page 162: Broughton Lodge); U – National Coal Board, 1949 (Appendix 1, Page 12&13); V&W – British 
Geological Survey, 1967 (average values taken across ‘Top’ and ‘Bottom’ sections of Main Band) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 20 Bar chart displaying a compilation of data describing the sulphur content of the Bannock Band. Sources: A&B – 
National Coal Board, 1949 (Appendix 1, Page 12&13); C&D: Minchener, 1999 (Page 162: Broughton Lodge) 
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As shown in Figure 19, the Main Band exhibits an average sulphur content of 1.9%, from the 
data presented. Inherent variation exists within coal seams however the large volume of data 
displayed here, published by diverse sources, increases confidence that this average value is 
accurate and representative of the Main Band. The sulphur content ranges from 1.16% to 
2.97 with clusters around 1.1-1.5% and 2.5-3%. The analysis of sulphur content for the 
Bannock Band draws upon a smaller data set, however no data was found to suggest a sulphur 
content of less than ~2.0%.  Fig 21 shows the complexity of sulphur layering in the Main Band. 
 
As outlined in Section 6 (Market Requirements for Metallurgical Coal), in terms of 
international marketing, metallurgical/coking coal could occasionally have a maximum 
sulphur content of 1.3%. But database tables (Platts 2021) show that all varieties of 
metallurgical coal exported to international sales have average sulphur contents expected to 
be less than 1.0%, with a much more common specification of less than 0.6% sulphur. The 
above data strongly suggests that the coal seams targeted by WCM (Main Band and Bannock 
Band) are not appropriate for sale as premium metallurgical coal, on the basis that their 
sulphur content remains excessive, even after beneficiation to decrease ash and sulphur. 

 
Figure 21 shows a scan 
of primary borehole 
record of the Main 
Band coal – one of the 
WCM primary seams. 
From British geological 
Survey archives, where 
coal has been 
continually cored. The 
sulphur analysis values 
show how detailed the 
layering is of very high, 
and high sulphur beds 
within the coal such 
that it is practically 
impossible to mine the 
layers with less sulphur 
and leave those with 
extreme sulphur 
underground 
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8 Discussion/Conclusions 
 
This report has summarised some aspects of plans proposed by West Cumbria Mining for the 
construction of a metallurgical coal mine, near Whitehaven. Through investigating the 
industrial history of Whitehaven, the proposed coal processing techniques, the potential 
market for the metallurgical coal in the UK and further afield, and the expected sulphur 
content of targeted coal seams in west Cumbria, the following conclusions are highlighted.  
 

1) The early establishment of an industry in sulphuric acid production, deriving from 
pyrites found in local coal seams suggests coals are likely to be high in sulphur. 

2) Despite acknowledging that the middlings coal product is unsuitable for use as 
metallurgical coal, WCM provide no suitable process to remove sufficient sulphur to 
meet required specifications for metallurgical coal, instead proposing a new maximum 
sulphur limit be imposed. 

3) Water requirements for the coal preparation plant appear to be underestimated. 
4) No explanation is provided for the treatment and disposal of produced wastewater. 
5) WCM should provide consideration as to the potential for and consequences of Acid 

Mine Drainage 
6) It is unlikely that metallurgical coal produced will find a market in the UK or Europe 

due to the high sulphur content, in comparison to the quality requirements in UK and 
European markets, and the sources of low sulphur metallurgical coal worldwide. 

7) Investigation into available data describing the sulphur content of targeted seams 
highlights a much higher than acceptable sulphur content, confirming the narrative 
that these coals are unsuitable for use as premium metallurgical coking coals 

 
The evidence provided in this report highlights that the coal targeted by WCM, even after 
processing, is unlikely to find a market within the UK or Europe, especially not to replace the 
USA coal, due to the high sulphur content of WCM coal. The proposed process change, and 
the associated increase of maximum and average sulphur limits creates a scenario even less 
likely to successfully replace USA coals and supply UK and EU markets due to the sulphur 
content. Despite the WCM coal being reported to have excellent properties (e.g., dilation, 
fluidity), steel making plants operate to sulphur limits which must be tightly adhered to, and 
the evidence gathered here suggests that very little WCM coal may be consumed, even by 
blending, before these limits are exceeded.  
 
WCM’s Coal Handling and Processing Plant Briefing Note, the most recent statement of what 
they anticipate the mine will produce, indicates that after washing the coal, sulphur would be 
1.5 - 1.8%. However from the evidence provided of the coal sulphur content in the targeted 
seams, and the discussion surrounding the efficiency of sulphur removal it is very unlikely that 
the coal produced would contain sulphur in low enough quantities to be saleable. The sulphur 
content of the identified Main Band and Bannock Band seams is between 90% and 260% 
greater than competing metallurgical coals currently traded internationally. 
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Ward Hadaway 
5 Wellington Place 
Leeds 
LS1 4AP 

Attn: Kamran Hyder 

By email only: Kamran.Hyder@wardhadaway.com 
Your ref: WH-WH.FID3451185 

Our ref: (SOU1/1)-MM 
Email: mmcfeeley@richardbuxton.co.uk 

10 June 2021 

Dear Sirs, 

Whitehaven Coal Mine; Former Marchon Site, Cumbria; 
APP/H0900/V/21/3271069 

1. We write further to the Case Management Conference in relation to the above
matter held before the Inspector on Monday, 7 June.

2. At the CMC, counsel for West Cumbria Mining (“WCM”) invited the Rule 6
parties to raise any points of clarification as to the scope of the project which
the applicant is promoting at the inquiry.  In addition, the Inspector indicated
that PINS had raised various concerns in relation to the adequacy of the
Environmental Impact Assessment in relation to the proposal and indicated
that further information would be requested, including in relation to the 6th

Carbon Budget via a formal regulation 22 request.

3. When the additional assessment is undertaken pursuant to the regulation 22
request, we ask that WCM consider and address the concerns raised by
SLACC about the ES methodology, described in detail in SLACC’s letter to
the Council dated 21 June 2020 at pages 13-22, referred to in §6.22 of
SLACC’s Statement of Case for the inquiry.

Scope/Details of the Project 

4. We have recently reviewed the draft statement of common ground between
WCM and the Council.  As appeared to be agreed during the CMC, it is
important for the Rule 6 parties to understand the details of the proposal well
in advance of the deadline for proofs of evidence.  In advance of receiving

APPENDIX 2
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any final agreed version of the SOCG, please can you therefore confirm that 
the proposal WCM promotes will include: 

a. An end date of 31 December 2049, per draft condition 5

b. A requirement that winning and working shall only be authorised in
respect of “High Vol A Coking Coal suitable for use in steel
manufacture” (draft condition 4) and that this includes limits on the
chemical composition of the coal, namely “having a maximum ash
content of 8% and a maximum sulphur content of 1.6% and an average
(mean) sulphur content of no more than 1.4%” (draft condition 1)

5. Further, the draft SOCG and WCM’s statement of case indicate that certain
changes to the project may be promoted.  Please can you therefore provide
full details of the proposals for:

a. The “carbon offsetting measures” including the “carbon sink forest
scheme” which has been mentioned for the first time in WCM’s
statement of case (para 20).  Please include in such details, at least:

i. The draft planning condition or obligation which WCM
proposes will secure such measures;

ii. The proposed details of the “carbon sink forest scheme”
including location (and specifically whether this will be within
the UK);

iii. Whether these offsetting measures will be “accredited … in full
accordance with up to date legislation government policy
national guidance and other nationally accepted standards” per
the draft Section 106 agreement definition of GHG Mitigation,
and if so, how; and

iv. Please provide an update to the relevant environmental
information to reflect the environmental impacts that WCM
asserts will arise from these measures (see further below).

b. The WCM statement of case, for the first time to our knowledge,
indicates that “trenchless construction” methods will be used for the
buried conveyor under the woodland areas along the conveyor route.
Please provide full details of:

i. The draft planning condition or obligation which WCM proposes
will secure this;

ii. The methods for such construction, the range of depths at
which this will occur, in which areas such method will be used,
and the distance from the edge of each woodland at which
trenchless construction will be used as opposed to trenches;
and

iii. Please provide an update to the relevant environmental
information to reflect the environmental impacts that WCM
asserts will arise from this change (see further below).
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EIA 

6. As set out in SLACC’s statement of case, and further above in light of WCM’s
statement of case and the draft statement of common ground, it seems to us
that there are a number of elements of the scheme which have been revised
but where updated information has not been provided in relation to the
environmental impacts of these revisions.  In addition to those items above1,
this includes at least:

a. Full details of the revised Coal Handling and Processing Plant (CHHP)
(first publicly mentioned in a note attached to the October 2020
Officer’s Report), and crucially, the environmental impacts of the
revisions, including any further revisions necessary to comply with
draft condition 1 in relation to the requirements for the chemical
composition of the coal (and the environmental impacts likely to arise
therefrom). (See SLACC Statement of Case at paras 6.19-20); and

b. Full details of the revised paste and backfill plant/process and the
environmental impacts likely to arise from this plant/process, including
any further revisions to such plant/process necessary to comply with
draft condition 1 in relation to the requirements for the chemical
composition of the coal (and the environmental effects likely to arise
therefrom) (Id.).

Conclusion 

In light of the need to consider the information above with our instructed experts and 
to have the ability to do this well in advance of the date for submission of proofs of 
evidence, please can we have the details requested above as soon as possible 
and in any event by no later than 9 July, 2021?   

We understand that updates to the Environmental Statement are likely to take some 
time, but we would request that you provide answers as they become available, and 
that, in particular, you provide a response to items 4, 5(a)(i)-(iii) and 5(b)(i)-(ii) within 
14 days, i.e. by 24 June 2021.  

Yours faithfully, 

Richard Buxton Solicitors 
Environmental, Planning and Public Law 

cc by email only: PINS (Attn: Liz Humphrey) 
Cumbria County Council (Attn: Kate Turner & Erin Shearer) 
Friends of the Earth (Attn: Niall Toru & Magnus Gallie) 

1 And without prejudice to SLACC’s case that the EIA is inadequate, in particular in respect of 
greenhouse gas emissions, as has been set out in detailed comments on the proposal, including e.g. as 
noted in paragraph 3 of this letter. 
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Richard Buxton Solicitors 
Office A 
Dale's Brewery 
Gwydir Street 
Cambridge 
CB1 2LJ 

Your Ref: 
Our Ref: 
Doc No: 
Date: 

SOU1/1)-MM 
MKH.WES121.30 
31968921v1 
25 June 2021 

By email: Matthew McFeeley mmcfeeley@richardbuxton.co.uk 
Cc: Shearer, Erin <Erin.Shearer@cumbria.gov.uk>; Turner, Kate E <Kate.Turner@cumbria.gov.uk>; Niall Toru 
<niall.toru@foe.co.uk>; Magnus Gallie <magnus.gallie@foe.co.uk>; 

Dear Sirs 

Whitehaven Coal Mine - Former Marchon Site, Cumbria - APP/H0900/V/21/3271069 

Thank you for your letter of 10 June 2021, which we note has, to some extent, been superseded by 
the directions contained in the Inspector's note following the Case management Conference. 
Nonetheless, in response to items 4, 5(a)(i)-(iii) and 5(b)(i)-(ii) of your letter we would respond as 
follows:   

1. Item 4(a) – WCM are not opposed to draft condition 5 as referred to in your letter and will be 
presenting its evidence on the basis that the mining operations will be time-limited to 2049. 

2. Item 4(b) - As you know, the Council suggested that this condition should be imposed in 
advance of the last Committee. WCM has yet to be persuaded that the requirement is 
necessary and will make further submissions on the point in response to the Inspector’s 
request for a review of the conditions, and then again during the course of the inquiry. 

3. Item 5(a)(i)-(iii) – WCM is currently reviewing its proposed GHG mitigation as part of the 
review of the implications of the Sixth Carbon Budget, which the Inspector has requested. 
Details of these measures will follow as part of WCM's response to the awaited Regulation 
22 request that was referred to in the Inspector's note.  

4. Item 5(b)(i)-(ii) – The trenchless construction of the conveyor will follow a method for 
construction that is well established. The precise details will be subject to approval under a 
condition. However, the intention is that the depths and separation distances will ensure that 
there will be no adverse impact on the ancient woodland. In order to try and reach agreement 
on this matter, we would be happy to discuss what separation distances you / your ecologist 
consider would be necessary to achieve this.    

Regarding your request for the draft planning obligation or conditions proposed to achieve the above 
measures, these will be provided in accordance with the timetable set out in paragraphs 22-24 of 
the Inspector’s CMC note dated 14 June 2021. However, in the meantime, it would greatly assist if 
you would provide any observations of your own or your client's with regard to those measures. 
Furthermore, it would also assist with the preparation of the revised schedule of conditions if you 
could provide any comments that you may have on the previous list of conditions.  
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We look forward to hearing from you 

 

Yours faithfully 

  

 
Ward Hadaway LLP 
 
+44 (0) 330 137 3532 
kamran.hyder@wardhadaway.com 
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Richard Buxton Solicitors 
Office A 
Dale's Brewery 
Gwydir Street 
Cambridge 
CB1 2LJ 

Your Ref: 
Our Ref: 
Doc No: 
Date: 

SOU1/1)-MM 
MKH.WES121.30 
32120590v4 
12 July 2021 

By email: Matthew McFeeley mmcfeeley@richardbuxton.co.uk 
Cc: Shearer, Erin Erin.Shearer@cumbria.gov.uk ; Turner, Kate E Kate.Turner@cumbria.gov.uk ; Niall Toru niall.toru@foe.co.uk ; 
Magnus Gallie magnus.gallie@foe.co.uk ; Humphrey, Elizabeth ELIZABETH.HUMPHREY@planninginspectorate.gov.uk  

Dear Sirs 

Whitehaven Coal Mine - Former Marchon Site, Cumbria - APP/H0900/V/21/3271069 

Thank you for your letter of 5 July 2021. We would respond as follows – 

1. Para 2 – as you are aware, we are also frustrated that the Council has yet to agree the SoCG. 
At the time of writing, a response to the latest draft of the Statement is still awaited from those 
acting for the Council. 

2. Para 3 – these matters are very clear from our letter:  

1) WCM have yet to be persuaded that the requirement of a condition defining the 
composition of coal is necessary. We cannot comment on whether in fact such a 
condition will be imposed, because that is a matter that will be within the discretion of 
the Inspector once he has heard all the evidence and submissions in relation to the 
point to advise the Secretary of State. Nevertheless, notwithstanding WCM’s position 
on the need for such a condition, WCM can comment on the likely chemical 
composition of the coal. This is addressed further below;  

2) We expect the offset measures referred to will only be relied on to the extent that any 
residual GHG emissions are not capable of being mitigated on site. Such measures 
would relate to the acquisition of Gold Standard verified emission reductions in full 
accordance with up-to-date legislation, government policy and national guidance. We 
would be most obliged if you would share with us any views or concerns you may 
have in this regard. In particular what are the accredited offset measures your client 
would prefer to be secured as part of the mitigation package and your reasons?;  

3) see below point 5 in response to point 8 of your letter. 

3. Para 4 – we have not said that the conditions or obligations would not be disclosed until 10 
August. Indeed, the Inspector's Case Conference Note requires an early draft of the planning 
obligations to be disclosed a week prior to then.  

4. Para 6 – regarding the carbon sink scheme, please see point 2 above; regarding the 
trenchless construction, please see point 5 below. 

41

mailto:mmcfeeley@richardbuxton.co.uk
mailto:Erin.Shearer@cumbria.gov.uk
mailto:Kate.Turner@cumbria.gov.uk
mailto:niall.toru@foe.co.uk
mailto:magnus.gallie@foe.co.uk
mailto:ELIZABETH.HUMPHREY@planninginspectorate.gov.uk


 

32120590v4 2 

5. Para 8 –  

1) Trenchless construction will involve the construction of two temporary access shafts,  
on either side of the woodlands under which the tunnel will pass. The exact locations 
are still to be finalised, but they will be at least 15m from the edge of the woodlands. 
The concrete tunnel will be driven through the underlying strata to connect between 
the two access shafts; 

2) The depth of the works will be finalised following specific ground site investigation 
and detailed design. However, it is currently anticipated that the invert of the tunnel 
will be at least 5m below ground level;  

3) Surface drainage will be controlled by the usage of temporary diversion of any existing 
water course via pumps and pipework; 

4) Subsurface drainage and hydrology will not be impacted and will pass by the installed 
concrete pipe, which will be sealed and grouted during installation, such that there 
will be no disruption of water flows; 

5) Trenchless construction, as opposed to a cut and fill operation, will avoid the need to 
destroy/excavate these sections of purported ancient woodland and broadleaved 
secondary woodland; 

6) The methods will also reduce the potential for sediment flow into the gill brooks as 
there will not be any cut and fill in the gill woodlands; 

7) All of the proposed trenchless tunnelling works can be undertaken within the existing 
red line boundary; 

8) The proposed tunnelling method will not create vibration related impacts and noise 
will be strictly controlled to meet all imposed limits, and  

9) There are no technical or practical aspects in terms of the location, slopes, 
topography or other features which would prevent this method from being 
successfully implemented. 

6. Paras 10 to 12 - we do not accept that the changes discussed in your letter constitute 
"significant amendments to the scheme".  On the contrary, the changes do not at all alter the 
substance of the application, and even if they did, we fail to understand how it may be 
suggested that the changes deprive those who should have been consulted on any changes 
the opportunity of such consultation. Any changes will be the subject of due and proper public 
consultation as part of the non-statutory Reg 22 process advocated by the Inspector in his 
most recent correspondence to the parties and will also be considered during the course of 
the inquiry.  

7. Paragraphs 13 to 15 –there has been no blanket refusal by WCM to provide any of the 
information sought.  

8. Para 16 – WCM are content with condition 4 but, as discussed above, have yet to be 
persuaded that the requirement of a condition defining the composition of coal is necessary. 

9. Para 19 – WCM has very clear and detailed technical evidence in relation to coal quality.  
Metallurgical coal is a complex performance product, which is tested via dozens of different 
physical and chemical properties; as such it is not simply a case of advising what the 
composition of the coal to be extracted or produced will be as suggested in your request via 
one or two parameters in isolation (e.g. sulphur or ash).  
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Notwithstanding the above, WCM can provide clarity in terms of those points which relate to 
the conditions referred to in your Para 18 and the factual request in Para 21 in relation to 
those aspects referenced in the planning conditions e.g. the product sulphur and ash levels.   

WCM can confirm, that the product coal produced from the coal processing plant (CPP) will 
have an average ash content of 7% and an average sulphur content of 1.4%.  Further, the 
highest limit on the sulphur content has been designed into the CPP and capped at 1.6%.  
Likewise, this product will have ash less than 8% at all times.   

This information is more than sufficient for the purposes of the Council proposed limits, 
Wardell Armstrong report and their opinion regarding the coal being classified as a High 
Volatile ‘A’ coking coal.   

10. Para 24 – If the addendum ES is available in time we will of course share with you a copy of 
that document in advance of the deadline for the exchange of proofs. 

 

Yours faithfully 

  

 
Ward Hadaway LLP 
 
+44 (0) 330 137 3532 
kamran.hyder@wardhadaway.com 
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Ward Hadaway 
5 Wellington Place 
Leeds 
LS1 4AP 
 
Attn: Kamran Hyder 
 
By email only: Kamran.Hyder@wardhadaway.com  
Your ref: WH-WH.FID3451185 
 
 
Our ref: (SOU1/1)-MM 
Email: mmcfeeley@richardbuxton.co.uk  
 
 
24 July 2021 
 
 
Dear Sirs, 
 
Whitehaven Coal Mine; Former Marchon Site, Cumbria; 
APP/H0900/V/21/3271069 
 

1. We write further to your letter of 12 July 2021 and the subsequent response 
to the Planning Inspectorate’s Environmental Services Team on Friday 16 
July 2021. 
 

2. At the outset, we note that your letter does not contain any answer to many of 
the questions which were posed in our letter of 5 July 2021. These include: 
 

a. In relation to “trenchless construction”: 
 

i. The precise areas in which tunnelling is proposed to be used.  
Your letter does not even clarify whether it is proposed to used 
trenchless construction for the crossing at Roskapark/Benhow 
Wood.  Please can you provide precise plans showing the 
extent of the trenchless construction proposed? 
 

ii. The depth of the tunnelling.  You state that “it is currently 
anticipated that the invert of the tunnel will be at least 5m 
below ground level.” As you will be aware the “invert” of a 
tunnel is the lowest point of a tunnel, but no other information 
on the depth of the top of the tunnelling excavation or e.g. the 
diameter of the tunnel is given. Specifying only the invert 
provides no way for our instructed ecologist to assess potential 
impacts on the woodlands because it provides no information 
on, e.g. the shallowest depth at which excavation will occur.   
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iii. Further, you state that there may be “temporary diversion” of 

existing watercourses without setting out any further detail of 
what watercourses this refers to, the locations where diversion 
is anticipated (and where the water will be piped to), and how 
long such diversion might be necessary.   
 

iv. You also make the bare assertion that “subsurface drainage 
and hydrology will not be impacted” because it “will pass by the 
installed concrete pipe, which will be sealed and grouted 
during installation, such that there will be no disruption of water 
flows.”  However the presence of a concrete pipe sufficiently 
large to accommodate the underground conveyor at an 
unspecified depth may well have hydrological impacts 
precisely because it changes or diverts the existing hydrology, 
or reduces the ability for overlying ground to drain into the 
sealed pipe.  Without further information on the precise 
dimensions and location of the tunnelling and access shafts, 
and the resultant underground structure, this bare assertion is 
impossible to evaluate.   
 

v. Likewise, similar assertions are made about there being a lack 
of vibration and noise impacts, but without information on the 
methods to be used, these are no more than assertions, and 
the Rule 6 parties (not to mention other statutory consultees 
and the public) cannot possibly evaluate their veracity.  
 

vi. No information is provided about how it is proposed that the 
affected area will be reclaimed after 2049. 
 

vii. There is also, for instance, no information on the amount of 
excavated material and how this will affect the cut and fill 
balance calculations in the ES, or whether – if there is an 
additional volume of excavated material – this will be stored or 
disposed of.   
 

viii. In combination, the lack of detail provided, including in relation 
to the issues above, means there is a clear lack of information 
on which an assessment of potential impacts of the “trenchless 
construction” can be assessed. 

 
b. In relation to the content of the coal: 

 
i. You provide no information on the composition of the coal that 

it is expected will be extracted from the mine (i.e. prior to 
processing).  Our letter made clear why this information is 
relevant to the potential environmental impacts of the proposed 
mine (see paras 18-20 of our letter of 5 July 2021).   
 

ii. You claim that WCM has provided “very clear and detailed 
technical evidence in relation to coal quality”. It is simply not 
accepted that this is the case.  WCM identifies at least 12 
borehole/sample locations where it has taken core samples 
from target coal seams for seam composition and coal quality 
analysis (among other characteristics) across three phases of 
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investigation.  However, we are not aware that any data 
showing the coal composition has been published from these 
samples.  We would note in this regard, that the “Briefing Note 
on Coal Handling and Processing Plant” (“CHPP Note”) states 
that WCM commissioned an independent coal quality and 
global market assessment report from the consultancy Wood 
MacKenzie, but so far as we are aware the report has never 
been made publicly available.1  It is not even clear if Wood 
Mackenzie were provided with the actual data as the isolated 
quote that WCM reproduces in the CHPP Note states that 
“After reviewing the provided coal quality specifications, Wood 
Mackenzie believes that the WCM coking coal is a highly 
marketable product …“.  
 

iii. It is clear this information is available as the response from 
Parnaby Cyclones, reproduced in the CHPP Note, states that 
they were provided with lab data and an analysis of the raw 
coal.  Contrary to the statement in your letter that it is “not 
simply a case of advising what the composition of the coal to 
be extracted or produced will be”, the data on the raw coal, and 
how WCM anticipates the composition will be affected by the 
CHPP are clearly information that WCM hold – and could be 
disclosed. We cannot see any reasonable explanation for you 
to withhold the information and ask that you provide it to us. 
The fact that there may be multiple physical and chemical 
characteristics measured does not change the position.  
 

iv. As noted in our letter of 10 June 2021, the overall 
specifications of the Coal Handling and Processing Plant and 
Paste and Backfill Process also remain unclear. For instance, 
the information on the CHPP was first provided prior to the 
April 2020 amendment to the scheme.  The CHPP Note 
disclosed in late September 2020 then proposed a CHPP 
which would achieve a sulphur maximum of 1.8%, which you 
now in your latest letter indicate is not applicable to the 
scheme WCM is promoting.  Likewise it is not clear whether 
details of the paste and backfill process will be affected by the 
evolving proposals on the coal composition and the resultant 
changes that may arise in the composition of the waste 
products and the processing/washing. 

 
c. In relation to the newly-proposed “carbon sink forest scheme” 

 
i. You still provide no information on the location where this is 

proposed, including whether or not this will be in the UK. 
 

ii. Whilst sounding appealing, indicating that carbon offsetting will 
involve “the acquisition of Gold Standard verified emission 
reductions” provides very little additional information.   
 

iii. You ask what our client would “prefer to be secured as part of 

 
1 A report from Wood Mackenzie was published on the LPA website on 21 September 2020 
(dated July 2020) as Appendix 4: Coking Coal Demand Forecast but it contained no 
information or conclusion on coal quality or saleability. 
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the [carbon offsetting] mitigation package”. It is for your client, 
not ours, to propose the scheme it intends to promote at the 
inquiry.  However, we would note that there is significant 
research showing that many carbon offsetting schemes either 
do not lead to emissions reductions (beyond those that would 
already occur) or significantly overestimate the purported 
emissions reductions which they cause. This is why it is 
important for SLACC, and the inquiry, to understand the detail 
of what your client proposes. 

 
3. More generally in relation to the timing providing additional information: 

 
a. In relation to the Statement of Common Ground between WCM and 

the Council, regardless of the cause of the delay, this is a factor 
contributing to the increasing set of unresolved issues that may 
prevent the Rule 6 parties from being able to address these matters in 
preparation of their evidence as required by the appeal timetable. 
 

b. You refer in your letter to the fact that the Inspector has indicated that 
an early draft of the planning obligation is to be submitted by 3 August 
2021.  However, first, this does not, as far as we can see, relate to the 
draft of agreed planning conditions.  Second, we can see no reason 
that it is appropriate to withhold information on certain novel aspects 
of the scheme until that time.  Our client’s experts are preparing 
evidence now and it is prejudicial to have to wait until 1 week before 
the deadline for proofs of evidence to learn how it is proposed that 
certain important aspects of the scheme will be dealt with.  This is 
especially the case given the Council’s entirely neutral stance. There 
is nothing preventing WCM sharing a draft version of the conditions 
and obligation now, with the usual caveat they may change. 
Withholding the conditions/obligation in relation to the items we have 
raised until required by the Inspector’s timetable serves no purpose 
except to disadvantage the Rule 6 parties.  
 

c. In your letter of 16 July 2021 to the Planning Inspectorate 
Environmental Services team you now indicate that you cannot 
commit to providing the updated environmental information until 3 
September, 2021, leaving only one business day before the Inquiry 
starts, and, of course, falling after proofs of evidence and rebuttal 
proofs (if required) are due.   

 
d. We cannot see how this is acceptable, or how WCM can assert that 

this will not prejudice the Parties. There is obvious prejudice to the 
Parties’ ability to compile evidence and prepare for the inquiry and an 
equally obvious likelihood that the inquiry timetable will be prejudiced 
by the late provision of such important information. There are further 
practical difficulties. If, for instance, fundamental details of the 
application proposals and the ES Addenda are not made available for 
consultation until 3 September, how will subsequent responses from 
statutory consultees be afforded fair and proper consideration in the 
appeal proceedings? 

 
4. As we emphasised in our previous letter, the majority of the information we 

have requested is of a factual nature, which WCM must already know.  It 
should not take significant time to produce, and we find it remarkable that the 
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WCM responses so far have failed to provide answers to so many of these 
matters, including fundamental questions such as the location and depth of 
tunnelling and the location of its carbon sink forest scheme, where WCM 
apparently proposes to plant millions of trees over the life of the mine. WCM’s 
repeated failure to respond is unreasonable. It is causing SLACC wasted 
costs in having to make multiple requests and in having to prepare expert 
evidence without this information. 
 

 
Other aspects of the scheme 
 

5. It has come to our attention, during the course of our and our experts’ review 
of the AECOM report dated 6 May 2020, that it appears to provide a 
materially incomplete estimate of the likely GHG emissions from the 
construction, operation and decommissioning of the mine.  Whilst SLACC did 
not specifically indicate in its Statement of Case that it would question the 
methodology behind the estimates that are provided in the AECOM Report 
(though, of course, it did indicate that it would challenge other aspects of the 
report), it is noted that the Friends of the Earth Statement of Case indicates 
that FOE “will review [the AECOM Report] and interrogate its assumptions, 
analyses and conclusions.”  SLACC hereby notifies you that it intends to act 
similarly in relation to this issue.  Clearly, no prejudice will be caused to WCM, 
as you have been well aware that the validity of the assumptions, analyses 
and conclusions of the AECOM Report are in issue since before the SLACC 
Statement of Case was submitted.   
  

6. Further, SLACC has now received responses to certain freedom of 
information requests from the Environment Agency and we hereby attach 
these requests and responses and notify you that we may rely on them when 
addressing the alleged benefits of the scheme. 

 
 
Conclusion 
 

7. In light of the points above, we request that WCM: 
 

a. By return, and in any event within five working days of this letter, 
provide information on the factual matters about the nature of the 
scheme requested in paragraphs 5(a)(ii)-(iii) and 5(b)(ii) of our letter of 
10 June 2021, as further explained in this letter and our letter of 5 July 
2021; 
 

b. Commit to providing updated environmental information on which 
WCM proposes to rely at the Inquiry (with the exception of the traffic 
modelling referred to in its letter of 16 July) by 2 August 2021. We 
consider this reasonable given that the Inspector made WCM aware, 
on 7 June 2020, in some detail, of the matters on which further 
information was required and there was no good reason to delay 
beginning the requisite work. 

 
8. You will have noted that we consider your behaviour to be unreasonable and 

to be causing unfairness to the Parties, including by causing addition costs to 
be incurred. Please also note that SLACC reserves its position in respect of 
whether WCM’s approach is contrary to the Wheatcroft principles.     
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9. This letter is copied to the Planning Inspectorate and the other parties so that 
they are aware of our concerns at this stage.   

 
 
Yours faithfully, 

 
Richard Buxton Solicitors 
Environmental, Planning and Public Law 
 
 
 
 

cc by email only:  PINS (Attn: Liz Humphrey) 
Cumbria County Council (Attn: Kate Turner & Erin Shearer) 
Friends of the Earth (Attn: Niall Toru & Magnus Gallie) 

 
 
 
 
Enclosures: 
 

1. 2021-05-12 Request for documents 
2. 2021-05-13 Further request for information  
3. 2021-06-16 email from EA - CL217070KR 
4. 2021-06-16 Attachment to email from EA - CL217070KR 
5. Permit 017490484 Ufex-Hutbank 
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Richard Buxton Solicitors 
Office A 
Dale's Brewery 
Gwydir Street 
Cambridge 
CB1 2LJ 

Your Ref: 
Our Ref: 
Doc No: 
Date: 

SOU1/1)-MM 
MKH.WES121.30 
32337946v1 
30 July 2021 

By email: Matthew McFeeley mmcfeeley@richardbuxton.co.uk 
Cc: Shearer, Erin Erin.Shearer@cumbria.gov.uk ; Turner, Kate E Kate.Turner@cumbria.gov.uk ; Niall Toru niall.toru@foe.co.uk ; 
Magnus Gallie magnus.gallie@foe.co.uk ; Humphrey, Elizabeth ELIZABETH.HUMPHREY@planninginspectorate.gov.uk  

Dear Sirs 

Whitehaven Coal Mine - Former Marchon Site, Cumbria - APP/H0900/V/21/3271069 

We write in response to your letter of Saturday 24 July 2021. For the record, it is not accepted that 
our previous responses have not provided answers to the questions which you have raised and it is 
noted that many of these questions have been re-phrased or have shifted in emphasis. Furthermore, 
as you are already aware, much of the outstanding information that you have requested will comprise 
part of our client’s Regulation 22 response, which we have already undertaken to provide as soon 
as it is complete. In this context, the repeated request for various details, which form part of wider 
pieces of work, to be drip-fed through correspondence to your arbitrarily imposed deadlines is 
unhelpful and will inevitably provide an incomplete picture. Nonetheless, our client is committed to 
assisting the inquiry as best as it can and will endeavour to respond to the points that you have 
raised insofar as it is able to do so at this stage.  

Taking each of your points in turn, we would respond on behalf of WCM as follows – 

1. Para 2(i) and (ii) – we can confirm that the trenchless construction method that is proposed 
will be used along the existing conveyor route to cross underneath Roskapark/Benhow Wood 
and Bellhouse Wood. The minimum depth of the tunnel will be 2m, and its external diameter 
will be 3m. We anticipate being able to provide a method statement that will provide more 
detail on the construction method that is proposed to you next week.     

2. Para 2(iii) – the temporary diversion of existing watercourses is a reference to Bellhouse Gill 
(if flowing at time of construction activity, through Bellhouse Wood); and the unnamed 
watercourse through Rosapark Wood. Both are ephemeral watercourses and may not be 
flowing at the time of construction. If they are flowing, they will be over-pumped, if needed, 
during construction activity, although with the trenchless construction method it is expected 
that disturbance to surface water features will be significantly reduced, if not eliminated.  
Surface water management will be undertaken under an Environmental Permit from the EA. 

3. Para 2(iv) - regarding the impact on subsurface drainage and hydrology, adequate 
safeguards exist as part of the planning conditions proposed at Committee in October last 
year – see for example proposed condition 19. If you have any comments on this condition, 
please could you provide them so that they can be considered and taken into account when 
preparing the updated list of conditions which we expect to publish for comment shortly.  
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4. Para 2(v) - In terms of vibration and noise, the trenchless construction method is a well-
established technique for tunnelling which would not involve any large vibrating or noisy 
equipment or anything different to that which would be used for the normal cut-and-cover 
trench works which are part of the remainder of the conveyor route.    

5. Para 2(v) – The suggestion that no information is provided about how it is proposed that the 
affected area will be reclaimed after 2049 is simply untrue. Chapter 5 of the ES Project 
Description is very clear that the decommissioning of the conveyor will involve removal of the 
conveyor but the surrounding concrete sections will be left in situ to avoid ground disturbance. 

6. Para 2(vii) – on your question concerning the amount of excavated material and how this will 
affect the cut and fill balance calculations in the ES, it is self-evident that that there will be no 
additional material, given that the dimensions of the tunnel are materially unaffected. 

7. Para 2(b) – we attach the specification pertaining to the particular physical and chemical 
characteristics of the coal that will be exported from the site, which provides all details that 
are relevant to the market for the coal. You have been aware for some time now of the 
planning conditions that were proposed at the last Committee that authorise the winning and 
working of coking coal "suitable for the use of in steel manufacture only" (draft condition 4 
appended to the Council's October 2020 committee report). We do not consider that there is 
any planning reason for the precise chemical and physical composition of the coal to be fixed 
by way of planning condition. If you disagree, please clearly explain why. Moreover, we are 
at more of a loss as to the relevance or significance of your enquiry regarding to the precise 
composition of the coal "prior to processing" or how the raw composition of the coal is relevant 
to any of the planning issues in this case.  

8. Para 2(b)(iii) -  We do not accept the assertion in your letter that our client has actively 
withheld the relevant information on coal composition as it has been clear throughout that 
SLACC's enquires in this regard were by reference to the planning condition proposed by the 
Council that fixes two constituents of the coal – sulphur and ash content. In this regard, a full 
explanation of sulphur and ash content has previously been given and the attached 
specification sheet provides further details in relation to the chemical and physical 
characteristics of the product that will be exported from the site. 

9. Para 2(c) - The offset scheme WCM are proposing, ("The Gold Standard"), is the best in 
class for what it sets out to achieve. It was formed by the World Wildlife Fund and a number 
of other NGOs in 2003 and is administered by a non-profit organisation called The Gold 
Standard Foundation, which is now supported by a wide network of global NGOs. The carbon 
offsetting and sustainability funds it offers are all robustly audited to ensure that carbon 
savings from these schemes are not double counted (e.g. used as offsets via another scheme 
or national policy,) and are not achieved via ‘business as usual’ activities (i.e. ensuring the 
carbon reductions would not happen naturally without Gold Standard investment). The Gold 
Standard is also independently accredited by the ISEAL code of good practice which is a 
globally recognised framework that defines practices for effective and credible sustainability 
systems and also has a broad global NGO support network. Care will be taken to word the 
associated planning obligation by reference to the Gold Standard Scheme "or such 
equivalent" in order to prevent the use of any substandard offset mechanism. We expect to 
be able to share a draft of the relevant planning obligation shortly and would welcome any 
sensible drafting suggestions as soon as possible to ensure that it is robust.  

10. Para 3 – we would like to remind you that we have said to the Inspectorate that although the 
highways/and traffic modelling lead in times means that the Reg 22 will not be ready for 
consultation until 3 September, we will disclose such other information pertaining to the Reg 
22 request in advance of that date as soon as it becomes available. This is an approach that 
seems to be accepted by the Environmental Services Team at PINS (see their email to us 
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on 28 July in to which you were copied).  We will very shortly be copying you in to our 
response to the Environmental Services Team with an indicative timetable for the early 
release of those extracts of the response that will be available in advance of the proposed 
submission date of 3 September. Regarding the 3 September date for publication of the 
information, as you will be aware, it is by no means unprecedented for a consultation 
regarding updated environmental information to proceed after the opening of an inquiry, and 
doubtless the Inspector will allow further submissions to made in respect of the consultee 
responses as and if relevant. 

11. Paragraph 5 – as you are already aware, the GHG assessment is currently being updated in 
response to the regulation 22 request and we would caution against undertaking any work in 
respect of the old assessment which is clearly subject to change. Nevertheless, in order to 
try and reduce the areas in dispute at the inquiry and in the hope that we will be able to 
provide the Inspector with an agreed quantum of emissions, please provide further detail as 
to why in your expert's view the estimate of the likely GHG emissions is "materially 
incomplete". 

Finally, we do not accept that the behaviour of our client has been unreasonable and has caused 
unfairness to the Parties. The entrenched position of neutrality that has purportedly been adopted 
by the Council through its officers in these proceedings, and the fact that our client's application was 
Called-in after a very lengthy and protracted determination process that has resulted in various 
changes in circumstances and matters needing to be updated, are not matters our client had any 
control or influence over. The timetabling frustrations alluded to in your letter are not of our client's 
making and are matters which you would no doubt have been aware, and could have raised with the 
Inspector at the Case Management Conference at which your client was represented if you foresaw 
this giving rise to any particular difficulties. 

 

Yours faithfully 

  

 
Ward Hadaway LLP 
 
+44 (0) 330 137 3532 
kamran.hyder@wardhadaway.com 
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EXECUTIVE  SUMMARY GEOLOGY 

Introduction understandable to those not trained  in geology 
or related disciplines. 

The Great Broughton-Lamplugh district includes 
part of the Cumbrian coalfield and  the  northern- 
most part of the West Cumbrain iron orefield. The 
east of the district  is  underlain predominantly by 
limestones while the low fells in  the southeast of 
the district are formed by resistant, older siltstones 
and  sandstones which form part of the Lake 
District. Exploitation of these rocks, together  with 
the effects of natural geological processes, has re- 
sulted  in  variable ground conditions throughout 
the  area. Coal mining has left a legacy of spoil 
heaps,  underground workings and  abandoned 
shafts. Areas of variably restored opencast coal 
workings, clay pits  and  quarries for sandstone, 
limestone and siltstone also occur. Natural pheno- 
mena such as limestone dissolution may also lead 
to  ground collapse. Thus the availability of compre- 
hensive, up-to-date information on the geological 
environment is  essential for planners, geologists 
and  engineers when considering both issues  relat- 
ing to  ground stability  and  future resource develop- 
ment  within the  area. 

Two sets of maps  and accompanying reports  have 
been prepared. 

1. Geology report WA/92/54 with  text  detailing the 
solid and  drift geology of the  area. 
3 geological maps at 1 : l O  000 scale. 

2. Land use  planning  report WA/92/55. 
A series of nine  thematic  maps at  the 1:25 000 
scale with accompanying text  detailing geologi- 
cal  factors  for  consideration  in  land  use 
planning. 

The study was jointly funded by the  department of 
Environment  and  the  British Geological Survey 
(BGS). The work was caried out by  BGS staff at  the 
Newcastle upon Tyne  office.  Hydrogeological infor- 
mation was supplied by BGS Wallingford. 

Objectives 
1) To produce new geological maps of the  area  in- 

corporating all available geological information. 

2) To collect and organise borehole and  mine-plan 
data into  a data-base/archive. 

3) To identify elements of the geology  which are of 
particular  interest to  planners  and developers 
and to present  this information in a form that  is 

4) To highlight the limitations of interpretations 
based on the existing data-set  and to  indicate 
the need for further specialist advice in  relation 
to  specific planning proposals or objectives. 

Methodology 
The work  involved the collation and  interpretation 
of data from many different sources: a specially 
commissioned 1 : l O  000 scale field  geological survey 
together with an examination of coal exploration 
boreholes, deep mine and opencast coal abandon- 
ment  plans,  site investigation boreholes and  re- 
ports, existing geological maps  and memoirs and 
other  archival  material  held by third  parties. 
Computerised databases of borehole and geotechni- 
cal information were established. 

Conclusions 
This  report provides the  first comprehensive de- 
scription of the geology of the district for over half a 
century. The wealth of information available has 
been used to  undertake  a complete revision of the 
geological maps. The biostratigraphy  has been com- 
pared  with that of the adjacent district. Where nec- 
essary, palaeontological speciments have been re- 
examined. 

Emphasis  is placed on a  description of the 
Carboniferous stratigraphy,  in  particular  the  na- 
ture  and distribution of the individual rock units, 
including limestones, sandstone  and coal seams. 
The igneous rocks present  within the district are 
described and  there  are accounts of the  structure 
and  the  Quaternary or drift deposits. 

In  the compilation of the report considerable use 
has been made of the computerised borehole data- 
base established for the project. 

This  study  has  attempted to  collate and  evaluate 
all  relevant geological data. However the maps 
and  reports produced should not be seen as  an al- 
ternative t o  a  detailed  site  investigation when 
planning  a development project. The reader  is 
strongly advised always to  consult primary sources 
of data. Where mining is suspected the mine  plans 
and  shaft  atlases  maintained by British Coal and 
the abandonment  plans of non-coal mines held by 
the  Health  and Safety Executive should be con- 
sulted. 
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that although the rock is generally unfossiliferous, 
parts, especially the  rather coarser-grained beds, 
contain casts of marine shells. Most  common were 
bivalves though rare brachiopods have also been 
found. Identifiable shells are few though the follow- 
ing  were recorded by Eastwood et  al. (1931): 
Productus cf. carbonarius de Kon, Productus spp., 
Schellwienella sp., Aviculopecten cf. carboniferus 
(Stevens), Aviculopecten sp., Limatulina  alternata 
(M'Coy), cf. Limatulina  fzemingini (McCoy)  [Young] 
Protoschixodus sp. or Schizodus sp. [casts], cf. 
Sedgwickia  attenuata M'Coy, Euphenus?,  Loxonema 
sp. Plant  remains include Stigmaria  ficoides 
Sternb., Calamites sp. and  other  indeterminate 
remains. 

The shell fauna  is clearly marine;  the  plant  re- 
mains are likely to  be drifted fragments. This sand- 
stone  therefore poses considerable questions of cor- 
relation. Eastwood et al. (1931, p.188) drew atten- 
tion to its affinities with parts of the Hensingham 
Group, in  particular  a  sandstone with marine fos- 
sils at Barfs Quarry, Distington, about 5 km west 
of the present  district,  although he also commented 
on the lithological similarity to other  apparently 
non-fossiliferous Coal Measures  sandstones,  per- 
haps  at  the  same horizon,  elsewhere in  the 
Branthwaite  area. The precise stratigraphic posi- 
tion of this  unusual  marine  sandstone was not re- 
solved  by Eastwood et  al. (1931) although on Six 
Inch Geological Sheet  Cumberland 57 NW it was 
included within the Middle  Coal Measures. The re- 
cent resurvey has not been able to  resolve this 
problem further. The sandstone  is  tentatively 
placed  above the Lickbank Seam within the Lower 
Coal Measures. 

The Eighteen  Inch Seam occurs as  a  split  seam 
in  the Broughton Moor area. The leaves are sepa- 
rated by up to  130 cm of mudstone. The upper leaf 
has  a maximum thickness of 48  cm; the lower leaf 
is  up to  40  cm thick locally as  at Alice Pit [0798 
33431 where it includes a thin  seatearth  parting, 
5-10  cm thick. Further  south  the Eighteen Inch 
occurs as a single seam, which averages 30 cm but 
which  locally attains 84 cm in thickness. 

Even where  a coal is  absent  the level of the 
Eighteen Inch seam is  marked in a number of bore- 
holes  by either  a mussel band  or  a  thin mudstone 
unit  in  an otherwise  sandstone-dominated  se- 
quence. The mussel band seen in  the Ullock bore- 
holes contains a  fauna which includes: Carbonicola 
aft venusta,  Naiadites  fzexuosus?, N .  aff quadratus 
and Geisina  arcuata. 

The interval between the Eighteen Inch and  the 
Little Main seam varies between 3.5 m to  8.7 m 
over the district.  A seatearth overlying mudstone is 
commonly present  beneath the Little Main. The 
thicker  intervals are marked by the presence of a 
sandstone  up to  5 m thick. At  Moorside the Little 
Main is  underlain by a  thick  sandstone of unknown 
thickness. In some areas e.g.  200 m west of North 
Mosses  [0616  21141  no seams are present between 
the  Little Main and  the Six Quarters  seams. 
Elsewhere the Lickbank seam may be preserved. 

The Little Main  seam shows a  northwards  thick- 
ening from an average of 30-40  cm in  the south to 
50-60  cm in  the Broughton Moor area. The Little 
Main commonly  overlies a  seatearth.  A musselband 
has been reported from the roof mudstones of the 
seam (Barnes et al., 1988, p.12). The musselband 
fauna  includes Anthraconaia cf. williamsoni, 
Anthracosia cf regularis,  Carbonicola cf bipennis, 
C. cf. oslancis,  C.  venusta, ostracods and  fish. 

The interval between the Little Main and Half 
Yard seams  varies in thickness from 5-18 m. The 
average thickness  is 6-8 m at  Moorside. An aver- 
age interval thickness of 10-13 m is present in  the 
Little Clifton area.  Strata between the Little Main 
and Half Yard may be either  entirely mudstone or 
sandstone, only rarely  are both lithologies present 
at  the same locality. 

The Half  Yard occurs both as a  split  and as a  sin- 
gle seam. The seam split  is best developed in  the 
northern  part of the  area where the two leaves may 
be separated by up to 2 m. The interval  is domin- 
ated by mudstone in  the Broughton Moor area, 
whereas  sandstone  is  present  in the  interval  fur- 
ther south. The lower leaf is consistently thicker 
than  the upper. The former is  usually between 33 
and 63 cm thick; the  latter ranges  in  thickness 
from 23-43  cm. 

9.6 Middle  Coal  Measures: Details of 
stratigraphy 
The interval between the Half Yard and  the Lower 
Yard increases  northwards from 9  m at  Moorside to  
13 m  in  the Little Clifton area  and to a maximum 
of 19 m at  the former Blooming Heather Opencast 
Site. The interval  is dominated by mudstone. A 
seatearth  is locally present  beneath  the Lower 
Yard. 

Faunas  characteristic of the Vanderbeckei 
(Solway) Marine  Band have been recorded in 
Ullock No. 2  and No. 3 boreholes. The fauna  in- 
cludes Anthraconia s ~ . ,  Anthracosia cf. aquilina, A. 
cf. ovum, A. phrygiana,  Anthracosphaerium, 
Naiadites  carinatus and N.  quadratus. The base of 
the cycle in Ullock No. 2 Bore contained Lingula 
mytilloides. 

In  the  banks of Gill  Beck  [0642  21631 immediately 
north of Kidburngill interbedded fine-grained fawn 
sandstones  and  siltstones immediately above the 
inferred position of the Solway Marine Band are 
exposed though the Marine Band itself is not seen. 

The Lower  Yard  Seam is locally present between 
the Half Yard and Yard seams. The seam shows a 
northwards  thinning, from 50-60  cm thick a t  
Moorside to an average thickness of 15 cm in  the 
Lostrigg and Blooming Heather  areas. 

The interval between the Lower Yard and Yard 
maintains  a relatively constant  thickness of be- 
tween 4  m  and  6  m over the  entire  district.  A 
seatearth  is commonly  developed beneath the Yard 
seam and  the Lower Yard is typically directly over- 
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lain by mudstone. A  sandstone may  be present be- cupying the  rest of the interval. The Metal seam 
tween the seams, although mudstone dominates ranges in thickness from 84-121  cm. Within this a 
the  interval over much of the  area. 

The interval between the Half Yard and Yard 
seams shows an apparent  thinning when a Lower 
Yard seam  is not developed in  the interval.  The 
interval, which is dominated by mudstone, ranges 
from 10-15 m in thickness. No pattern of thickness 
variation could  be established. 

The Yard  Seam is a single seam  throughout the 
district. The seam, which may be banded, has  an 
average  thickness of  40-60 cm, although  a  seam 
thickness of 175 cm was recorded at Moorside. In 
the Broughton Moor area  the seam  is 75-85  cm 
thick. In places the mudstones which overlie the 
Yard seam  contain Anthraconaia sp., Anthracosia 
beaniana,  A.  carissima, A. c€ concinna, A. cf phry- 
giana, A. cf regularis and Naiadites  quadratus? 

The interval between the Yard and Main Band 
seams shows a  northwards  increase from  10-22 m 
in  the Moorside area to 18-25 m  in  the Broughton 
Moor area. The interval  is composed mainly of 
mudstone in  the  south with thin sandstone bodies, 
up to  5 m  thick locally. An un-named median seam 
is  present  in  the  north of the  district, within an in- 
terbedded sequence of sandstones  and  mudstones 
which pass  upwards  into  a seatearth directly be- 
neath  the Main Band. 

The Main  Band was  the principal economic seam 
worked in  the district. The seam splits  northwards 
into  three leaves which have been named the 
Cannel,  Metal and Crow seams respectively. 

In  the south of the district the Main Band is  gener- 
ally a single seam which ranges  in thickness from 
109-356  cm with an average of about  2 m. It may 
be banded and  in places a  split  is developed. Where 
the seam  is  split the upper leaf is  thicker,  up to  
213 cm, with the lower leaf 49-50  cm thick. A sand- 
stone, 1 m thick, is developed between the two 
leaves in Ullock No. 3 bore  [0679 23111. 

Traced northwards the split becomes  more promi- 
nent. A single seam may still be present,  either as 
a single coal up to  84 cm thick or a banded seam 
with 5-10 cm thick mudstone and  seatearth  layers 
between 30 cm coals. The banded coals are  up to  
223 cm thick. Where the  seam  is  split  the  upper 
leaf is generally thinner  than  the lower. The upper 
leaf varied from 35-289 cm. The lower seam may 
represent  a combined Cannel and Metal seam up to  
2  m  thick.  A 10 cm mudstone parting  is developed 
in  the lower seam  in places. The interval between 
the two leaves, which typically comprises mudstone 
or seatearth, is consistently around 80 cm. 

The tripartite split  is ubiquitous in  the Broughton 
Moor area.  Here  the Cannel is the thickest individ- 
ual  seam with an average thickness of 150  cm. The 
seams may have  thin  mudstone  partings of 
3-15  cm. The interval  thickness between the Metal 
and Cannel ranges from  15-60  cm. A seatearth 
may be present below the  Metal,  with mudstone oc- 

single mudstone parting of approximately 15 cm is 
commonly present. 

A mudstone-dominated interval, averaging 1.5 m 
in thickness,  is  present between the Metal and 
Crow seams. Ironstone bands may occur within 
this interval. 

The Crow seam  is the  thinnest of the  three main 
splits of the Main Band and  varies from 55-79  cm. 
A mudstone band up to  13 cm thick may be present 
within the seam. 

In common with the  area to the west (Barnes et al., 
1988, p.13) the Main Band is commonly overlain by 
a  persistent  sandstone known as  the Main  Band 
Rock. This unit probably  occupies a major channel 
or group of channels  and commonly exhibits an ero- 
sive base on the Main Band Seam. The under- 
ground workings of Clifton, Melgramfitz and Asby 
collieries encountered washouts  in the seam. 

The Main Band Rock was formerly worked for 
building stone in  a  quarry [0550 27821 at Furnace 
House,  south of Little Clifton. According t o  
Eastwood et al. (1931, p.194)  some 6  m of Main 
Band Rock were exposed here. The pit  is today 
heavily overgrown and  partly filled with  farm  rub- 
bish. However the remaining exposures in  the 
upper parts of the faces  show fine- to  medium- 
grained, rather slabby, pale fawn sandstone, locally 
with rather ochreous staining. Some of the  stone 
from this  quarry, used in  the walls of the farm 
buildings at Furnace House, exhibit a  little  rather 
patchy purple  staining. 

The Main Band has been extensively worked be- 
neath  the  area  south of Little Clifton. Old shafts 
are numerous  and there  is much evidence of sur- 
face subsidence into shallow workings in  the seam. 

The Bannock  seam is  a single seam with an aver- 
age thickness of 50-100 cm, although it is up to 
2  m thick at Moorside. The seam may have  a 
seatearth or mudstone floor which passes down 
into the sandstones above the Main Band. 

The interval between the Bannock and  Rattler 
seams  is  up to 13 m in thickness,  with an average 
of 4-6 m. The interval  is dominated by mudstone, 
with 1-2 m thick sandstone beds present in places. 
To the  north of the River Derwent the Bannock 
seam  is  frequently  absent. Up to  40 m of mudstone 
may be present between the  Rattler  and Crow 
seams.  A 15 m  sandstone occurs  locally in  this 
interval. 

The east  bank of Lostrigg Beck [0511 28471 350 m 
west of Punderland exposes approximately 3.5 m of 
thinly bedded pale fawnish grey fine-grained sand- 
stone  in the  interval between the Bannock and 
Rattler  seams. 

Several exposures of the beds between these  seams 
may be seen in  the banks of the River Marron at 
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Bridgefoot.  Almost 4  m of fine-grained cross-bedded 
sandstone  with  scattered tabular clay-ironstone 
nodules is exposed in  the  north  bank of the river 
immediately east of Bridgefoot Bridge [0568 29221. 
At least  3  m of similar cross-bedded sandstone,  al- 
though  without clay-ironstones, is exposed beneath 
Cat  Bank [0560 29301  on the west bank. Grey to  
buff siltstones,  with  interbedded  lenticular  sand- 
stones crop out in  the west bank 140 m further 
downstream. Old  diggings in  the  bank immediately 
above these exposures mark  the outcrop of the 
overlying Rattler Seam. 

The Rattler seam occurs dominantly as a single 
seam,  although  a  split occurs in  in  the  northern 
part of the district. The seam invariably has a 
mudstone floor. The Rattler has a maximum thick- 
ness of 122 cm as a single seam, with an average 
thickness of  40-60  cm. The interval between the 
two leaves of the split  seam is 76-317 cm, 76  cm  of 
seatearth being recorded in Henry Pit [OS58 34271. 
At  Moorside the  Rattler  is washed out in places by 
a  sandstone up t o  25 m  thick, though this  sand- 
stone does not cut down as  far  as  the Bannock. 

The Rattler to Ten Quarters  interval  is dominated 
by mudstone. Thin  sandstones, 2-3 m  in  thickness, 
may be present within the interval. At  Moorside 
the  interval  is  sandstone dominated, with 12 m 
sandstone  units forming the floor to  the Ten 
Quarters  seam. The interseam  interval  varies from 
3-15 m across the district; no consistent pattern of 
thickness change can be distinguished. 

The upper 4-5 m of the  measures above the  Rattler 
Seam are exposed in  the steep  western  bank of 
Lostrigg Beck  [0504  28701 approximately 500 m 
west of Little Clifton. The following section was vis- 
ible in 1990: 

COAL (TEN QUARTERS) 
Unexposed 
Sandstone, fine-grained, thinly 

1.00 m 
1.00 m 

bedded, pale fawn 0.50 m 

grained, thickly bedded, pale 
fawn. Relatively well-laminated 
parting 0.15 m  thick about 0.3 m 
from base 1.50 m 

Mudstone, silty, crudely laminated, 
pale grey to fawn. Numerous evenly 
spaced beds of clay-ironstone nodules 
up to 10 cm across 3.0 m  seen 

Sandstone, fine- to  medium- 

The lowest  two units of this sequence are also ex- 
posed near  the top of the  east bank [0520 28671 
100 m downstream. An unexposed vertical interval, 
estimated to be between 4 and 5 m, separates  these 
exposures from the top of the  Rattler  Seam, which 
is exposed at  the normal water level of the  stream. 
There  is much coal and shale debris here  suggest- 
ing some crop workings in  the  Rattler. 

The upper part of Harry Gill, between [0524  2990 
and 0549  29971,  exposes beds between the  Rattler 

and Ten Quarters  seams.  Fine-grained, slabby, 
cross-bedded sandstones predominate with at least 
3  m exposed in one section LO534 29891 in  the south 
bank  near  the  head of the gill.  About 80 m further 
upstream, approximately 2  m of pale grey to  buff, 
blocky-weathering siltstone  is exposed  close to  the 
inferred base of the Ten Quarters  seam. 

In  Cat Bank [0561 29361, the steep west bank of 
the River Marron, north of Bridgefoot, a  small crop 
working in  the  Rattler was noted during the  resur- 
vey. A few centimetres of coal were exposed, al- 
though the full thickness of the seam could not be 
established. The section visible in 1989 was as 
follows: 
Sandstone rubble 1.00 m 
Sandstone, fine-grained, pale fawn, 
abundant wavy  coal partings  up to 
10 cm thick 0.75 m 

to brown, very similar to  above but 
with few  coal partings 0.50 m 

Sandstone, fine-grained, pale fawn 

COAL (RATTLER)  0.10 m seen 

On the west bank of the Marron the  Rattler was 
worked underground at  shallow depth from the 
Fortuna Drift [0568 29441 driven north-west  into 
the outcrop of the seam. Surviving plans show the 
workings to  have been of small  extent. 

The Ten  Quarters  Seam is commonly a single 
seam. The seam may be banded with 2-5 cm thick 
mudstone partings  separating coal layers  up to  
60 cm in thickness. The seam has  an average thick- 
ness of 150 cm, increasing in thickness to 250 cm in 
the Moorside area.  A  split Ten Quarters  seam  is 
developed in places. The upper leaf ranges in thick- 
ness from 13-174  cm, being generally thicker than 
the lower leaf which is 20-149  cm thick. The mud- 
stone  interval between the two leaves is 15-90  cm. 

The interval between the Ten Quarters  and  Slaty 
seams  is dominated by mudstone, though sand- 
stones  up to 20 m thick may be present, forming 
both the roof of the Ten Quarters  and  the floor of 
the Slaty. In  the Broughton Moor area a 44 m thick 
sandstone was recorded beneath the Slaty. This 
sandstone body washes out bdth the Ten Quarters 
and  Rattler  seams. 

The Ten Quarters Seam is well  exposed in  the 
steep  and  generally inaccessible west  bank of 
Lostrigg Beck  [0504  28701 approximately 500 m 
west of Little Clifton. The seam is  here  about 1 m 
thick  and  is  overlain by up to  1.5  m of Ten 
Quarters Rock which here comprises rather flag- 
gy, pale buff sandstone. The Ten Quarters Rock is 
also exposed  250 m downstream in  the  east bank 
[0534 28821. 

Eastwood et al. (1931, p 180) record outcrop work- 
ings in  the Ten Quarters [0560 29361 north of 
Bridgefoot. The Ten Quarters Rock, here  a fine- 
grained pale fawn sandstone, was formerly worked 
for building stone in  small  and now overgrown 
quarries [0557 29331  on the west side of the  lane. 
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10. STRUCTURE 

The oldest deformational events recorded in  the 
district are those affecting the Skiddaw Group. The 
structure exhibited by the  Skiddaw Group in  the 
district  is described in Section  3. 

The structure of the Carboniferous strata is domi- 
nated by sinuous, NW-SE striking normal faults. 
These downthrow both to  the  north-east  and  south- 
west (Figure  6). Cross faults  trending  east-west to  
ENE-WSW are also developed. These downthrow 
both to the north  and  south. 

Swarms of minor faults  are recorded on mine plans 
and opencast completion plans,  and  are well  ex- 
posed in some quarries e.g.  Broughton Craggs. 
These trend  north-south to  NW-SE, paralleling the 
major faults. Dip-slip slickencryst lineations were 
observed on fault  surfaces  in  the  Orebank 
Sandstone at Broughton Craggs quarry. A strike- 
slip  lineation  is  seen on a  north-south  trending 
fault surface within the Fourth Limestone,  also at  
Broughton Craggs quarry [090 3181. Barnes et  al. 
(1986) interpreted  an en echeZon set of NW-SE 
faults  as  the  result of sinistral  strike-slip on an  un- 
derlying north-south  trending  structure. 

opment of the faults as displacement.  was trans- 
ferred  through the network. 

Detailed measurements from  mine plans  and field 
observations reveal that  faults generally dip be- 
tween 60" and 80". Adjacent to many  faults  are 
zones of deformation, tens of metres wide, within 
which bedding is disrupted and steeply inclined. 
Conjugate joints  and veins, now filled with calcite, 
are developed within the limestone units, for exam- 
ple on the  banks of the River Derwent, west of 
Papcastle [0964 3 1421. 

All the dip-slip faults identified have normal dis- 
placements. Throws are locally in excess of 350 m, 
e.g. the Mockerin Fault, which throws Middle  Coal 
Measures  against  the Skiddaw Group. 

Bedding dips throughout  the area  are generally 
shallow ranging from 5-20" to  the west or north- 
west. No evidence of folding  was identified,  though 
a very  open north-south to  NE-SW trending fold 
has been  described  from the Great Clifton area 
(Barnes et al., 1986). 

Cross faults both truncate  and  terminate  against 
NW-SE trending  faults  suggesting  a coeval  devel- 
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1

James, Diana J

From: Robert Bruce <Robert.Bruce@freeths.co.uk>
Sent: 23 September 2020 13:11
To: Robert Bruce
Subject: FW: Clarifications

-------- Original message --------

From: "Dean, Robin" <rdean@wardell-armstrong.com>

Date: 22/09/2020 19:37 (GMT+00:00)

To: "Haggin, Paul" <Paul.Haggin@cumbria.gov.uk>

Subject: RE: Clarifications

Hi Paul,

I have looked at your comment

‘What we are really after is if we constructed a Condition that caped WCM coal at 1.7% and averaged it over a year
at 1.4% sulphur, is this likely to substitute for High Vol A coal imported from the USA?’

And the answer is yes, such conditions are acceptable and justifiable and yes it is likely that the tonnes of coal sold
would substitute for the tonnes of coal imported from the US .  I do not think that WCM can argue with any of that
as it uses their own figures on quality and authoritative comments on substitution.

Ok that’s my definitive answer!

Now comes my ‘but’

But , as I have said we really have no idea of the mix of coal quality produced but given the WCM assessment of a
product range of 1.5% to 1.8% sulphur, which I can accept but not verify ,I cannot see how a yearly average of 1.4%
is achievable and it is unlikely WCM will be actually be happy with that average unless they revert to their
original  process and accept that production will be lower and they will backfill the middlings coals. But that is their
decision to be made on commercial terms, I think?

I hope this helps

Best
Robin

Robin Dean |  Technical Director
Wardell Armstrong LLP
Sir Henry Doulton House, Forge Lane, Etruria, Stoke on Trent, ST1 5BD
t:  +44 1782 276700  m:  07776 185643
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2

From: Dean, Robin <rdean@wardell-armstrong.com>
Sent: 22 September 2020 15:22
To: Haggin, Paul <Paul.Haggin@cumbria.gov.uk>
Subject: Clarifications

Hi Paul , apologies that my report was not as clear as it could be , but after our conversation I need to make three
definite points .

1. From information supplied by WCM related to the new process the range of sulphur in the coal will be
between 1.5% and 1.8%
‘The original design parameters of the CHPP were to deliver a sulphur content of between 1.3% and 1.4%.
The new design has been revised to deliver a sulphur content of between 1.5% and 1.8%,’  WCM Briefing
note to RD . (Simple average 1.65%)

2. Javelin stated  - ‘However, it should be noted that the classification of WCM coal as a HVA Coal is sensitive
to Sulphur. If the typical specification of the final product goes beyond 1.70% Sulphur (db) then the coal will
no longer fall within the HVA Coal category and its market value will fall significantly’ . The average coal
quality should be within the 1.7% ( my simple average 1.65%) , therefore it can still be considered a High Vol
A coal and  I am of the opinion that the coal is saleable at 1.65% at the right price.

3. From my researches , it is indicated that the tonnes of steel produced by the BF route is likely to remain the
same until 2050, even taking into account an increase in the volume of new steel being produced by EAF
from scrap ( using no coking coal). Assuming no alternative to a BF is found for producing steel in the
meantime , the same tonnes of steel produced by BF will require the same tonnes of coke and hence the
same tonnes of coking coal from any source . As a result, the tonnage of any coal that is sold into the UK or
EU market by WCM has to substitute the same tonnage of coal imported from the USA.

Best regards
Robin

Robin Dean |  Technical Director
Wardell Armstrong LLP
Sir Henry Doulton House, Forge Lane, Etruria, Stoke on Trent, ST1 5BD
t:  +44 1782 276700  m:  07776 185643

WARNING: Email attachments may contain malicious and harmful software. If this email is unsolicited and contains
an attachment DO NOT open the attachment and advise the ICT Service Desk immediately. Never open an
attachment or click on a link within an email if you are not expecting it or it looks suspicious.
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1. PERSONAL BACKGROUND, INTRODUCTION AND SCOPE OF MY EVIDENCE 

1.1 My name is Paul Andrew Bedwell. I am a Chartered Town Planner and a Member of the 

Royal Town Planning Institute. 

  

1.2 I hold a Postgraduate Degree in Town and Country Planning from Leeds Metropolitan 

University. I have 31 years’ experience in the planning profession. I am presently a 

Senior Director at Pegasus Group, having joined the practice in May 1999. 

 

1.3 Previously I worked at Spawforths first as a Senior Planner in 1999. I was appointed as 

a Director in May 2007.  

 
1.4 Immediately prior to moving into private practice, I was employed at Scunthorpe, North 

Lincolnshire, where I worked for North Lincolnshire Council, firstly as a Principal Planner 

in Development Control and, subsequently, as a Principal Planner in Development Plans. 

Before my appointment to North Lincolnshire Council in April 1996, I was an Area 

Control Officer for Boothferry Borough Council between 1991 and 1996. My first 

employment in local government was as a Planning Assistant in Cleethorpes Borough 

Council’s Development Control Team between June 1990 and April 1991. 

 

1.5 I am currently involved in promoting a number of housing, mixed-use and commercial 

developments through the planning system. I am a participant on the Sheffield / 

Rotherham SHLAA Working Groups and am also a member of the Sheffield Property 

Association’s Planning Sub Group. 

 

1.6 I have presented evidence in the High Court and in Expert’s Determinations as well as 

at a number of Section 78 and Local Plan Inquiries. 

 

1.7 I have been instructed by the Trustees of South Lakes Action on Climate Change. I am 

familiar with the application site and surrounding area, having visited the application 

site on 2nd July 2021, 9th July 2021 and 15th July 2021. 

 

1.8 This Proof of Evidence relates to planning application proposals by West Cumbria Mining 

Ltd, which have been recovered by the Secretary of State and are the subject of a call-
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in inquiry. My evidence is presented on behalf of South Lakes Action on Climate Change 

(SLACC). 

 

1.9 My evidence assesses West Cumbria Mining Limited’s (WCM) Application Proposals in 

the context of local and national planning policy and guidance informed by specialist 

evidence from other witnesses for the Rule 6 parties and my own observations as a 

Chartered Town Planner. 

 
1.10 The evidence which I have prepared and provide for this public inquiry is true to the 

best of my knowledge and belief. I confirm that the opinions expressed are my true and 

professional opinions based on the facts I regard as relevant in connection with the 

inquiry. 
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2. WCM’S FULL PLANNING APPLICATION SITE 

 

2.1 The extent of the Application site is defined on the site plan drawings contained in 

Cumbria County Council’s Committee report. 

 

2.2 The Application site boundary encompasses all of the areas that WCM propose will 

either be the subject of surface development, engineering operations and/or 

underground working to facilitate mineral extraction. 

 
2.3 The Application site boundary is particularly closely confined in two discrete locations 

where the proposed underground coal conveyor is proposed to be accommodated, the 

first crossing Roskapark Wood and St Bees Road and the second crossing Bellhouse Gill, 

that are proposed to accommodate the proposed coal conveyor. In order to ensure that 

the conveyor is accommodated within the application site, the conveyor must be 

located in these corridors. 

 
2.4 The Roskapark Wood and St Bees Road crossing for the conveyor also passes within a 

safeguarding zone (Policy ST2E of the Copeland Local Plan) for a high pressure gas 

pipeline that connects Distington and Huntsman, Kells. 
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3. WCM’S FULL PLANNING APPLICATION PROPOSALS 

 

3.1 WCM’s Full Planning Application Proposal is for: 

 
“Development of: 

  

• a new underground metallurgical coal mine and associated development 

including: the refurbishment of two existing drifts leading to two new 

underground drifts; coal storage and processing buildings; office and change 

building; access road; ventilation, power and water infrastructure; security 

fencing; lighting; outfall to sea; surface water management system and 

landscaping at the former Marchon site (High Road) Whitehaven; 

• a new coal loading facility and railway sidings linked to the Cumbrian Coast 

Railway Line with adjoining office / welfare facilities; extension of railway 

underpass; security fencing; lighting; landscaping; construction of a temporary 

development compound, and associated permanent access on land off Mirehouse 

Road, Pow Beck Valley, south of Whitehaven; and 

• a new underground coal conveyor to connect the coal processing buildings with 

the coal loading facility.” 

 

3.2 The planning application is a full (detailed) planning application and, as such, is 

reasonably expected to confirm the nature of the Application Proposals in sufficient 

detail to allow them to be considered against the requirements of local planning policy 

and guidance. 

 

3.3 An overview of the application process and the various decisions made by the Council is 

at Appendix 1. 

 

3.4 The surface mine buildings are proposed to be erected on part of the Former Marchon 

Site, which is designated (saved Policy EMP3) as an Employment Opportunity Site in the 

Copeland Local Plan. Paragraph 5.2.16 confirms it as, “identified as being suitable for a 

wide range of employment use but may also be suitable for non-employment use. 

 

  Former Marchon Site, Kells, Whitehaven 

The site of the former Marchon chemical works and a smaller pit yard at Townhead 

provide an opportunity for brownfield employment and leisure use.  
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Part of the site is still occupied by Huntsman but it is anticipated that all operations will 

cease by June 2005 leaving the site unused. The Council has designated it as a ‘special 

site’. The Environment Agency is responsible for inspection and remediation of 

contamination and investigations are underway into the most appropriate remediation 

works and possible end uses. The Council and its regeneration partners are committed 

to seeking outcomes which improve the environment of the former Marchon site and 

contribute to sustainable regeneration.”1  

 
3.5 Due to the level of contamination and past discharges to the Irish Sea, the Environment 

Agency (EA) designated the Marchon site as a “special Site”. URS conducted a site 

investigation and implemented a remediation scheme that sought to return to the site 

to open space but to lay undisturbed. “Once the site is transferred to LRT, it is proposed 

that the site will become a ‘site of local industrial heritage’ with the building slabs and 

existing contours remaining in place, and to allow open public access.” The “Special 

Site” designation was removed in 2013 but the EA has responsibility to monitor the 

conditions that apply to the Remediation Statement.2  

 
3.6 There were three landfill sites on the Marchon site, two of which are wholly outwith the 

application site, however a small portion of the Hutbank Quarry Landfill is within the 

application site boundary, and will need to be removed to facilitate the Application 

Proposals. Environmental permits for the site show that the Hutbank Quarry Landfill 

contains: radioactive (low grade) waste containing thorium and uranium; hazardous 

waste; red Phosphorus, chemical waste disposed of in drums including Mercurous 

Nitrate, Benzene Sulphuric Acid, Cadmium Acetate, Napthalene Sulphuric Acid, Phenols 

etc (Appendix 2). 

 

3.7 The Application Proposals include reference to an underground conveyor to carry coal 

recovered from the Proposed Draft Mine on part of the Former Marchon Site to the Rail 

Loading Facility (RLF) in the Pow Beck Valley to the east of Stanley Pond LWS in a 

location immediately adjacent to the Cumbria Coast railway line, which connects 

Barrow-in-Furness and Carlisle.  

 

3.8 Paragraph 118a of WCM Statement of Case (CD 15.1) was the first place that 

“trenchless technology” was mentioned. Concerning ecological impacts, the Appellant 

 
1 Para 5.2.16 https://www.copeland.gov.uk/sites/default/files/attachments/proposalsmapsavedpoliciesdoc13_28.pdf 
2 Environment Agency Response to Cumbria CC- 28-01-19 
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stated the following: “Trenchless construction techniques for the buried conveyor under 

the woodland areas will significantly reduce the disturbance to woodland areas.” No 

further information was given, nor did the Statement of Case draw attention to this 

significant change in WCM’s approach. In correspondence, WCM has implied that 

trenchless technology (i.e. tunnelling) might be employed as an alternative to avoid or 

reduce disturbance and harm to ancient woodland. WCM has refused to provide the 

requisite details; and has instead, over a long period of correspondence, drip-fed some 

information about the proposed trenchless construction. 

 

3.9 Clearly, tunnelling is an engineering operation that constitutes development requiring 

planning permission in its own right. Given that the planning application seeks full 

planning permission for the Application Proposals, any commitment to tunnelling should 

be accompanied by detailed plans to confirm both the nature and extent of these works 

and how they would be achieved. Such proposals should also be subject to the EIA 

process that has applied to the remainder of WCM’s Application Proposals. 

 

3.10 A Timeline in relation to Applicant’s failure to provide relevant information through the 

Call-in inquiry process is attached as Appendix 3. 

 

3.11 In the absence of detailed information relating to the nature and extent of tunnelling to 

be employed, our evidence must consider the impact that the installation of the 

proposed conveyor would have upon areas of ancient woodland as a result of the cut 

and cover methodology outlined to date in WCM’s Application Proposals. 

 

3.12 Clearly, the list of potential planning conditions for the Application Proposals and WCM’s 

obligations under its revised S106 obligation remain to be settled. In light of the various 

delays and in line with the Inspector’s revised timetable of 9/8/21, I will address 

conditions and the S106 obligation in supplementary evidence. 

 
3.13 Paragraph 8.5 of the Planning Officer’s October 2020 report to Committee concluded, “I 

would have preferred fewer conditions and the security of more approved plans and 

evidence. However, I am persuaded that the risks are manageable and that the benefits 

overall clearly outweigh those likely impacts identified.” 
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4. RELEVANT PLANNING POLICY AND GUIDANCE 

 

The Development Plan 

 

4.1 WCM’s application must be determined in accordance with the Development Plan, 

unless material considerations indicate otherwise (section 38(6) of the Planning and 

Compulsory Purchase Act 2004 CD 5.2). The Development Plan comprises the:  

a) Cumbria Minerals and Waste Local Plan (“CMWLP”) – September 2017 

b) Copeland Local Plan 2013 -2028 and Core Strategy and Development 

Management Policies Development Plan Document (“CLP”) – December 2013 

 

a) The Cumbria Minerals and Waste Local Plan (“CMWLP”) 

 
4.2 The following policies are considered relevant to the Application Proposals: 

• SP13 Climate change 

• SP14 Economic benefits 

• SP15 Environmental assets 

• SP16 Restoration and aftercare 

• DC1 Traffic and transport 

• DC2 General criteria 

• DC6 Cumulative environmental impacts 

• DC13 Criteria for energy minerals 

• DC16 Biodiversity and geodiversity 

• DC17 Historic environment 

• DC18 Landscape and visual 

• DC20 The water environment and 

• DC22 Restoration and aftercare 

 

4.3 Policy SP15 (Environmental Assets) of the CWMLP assists in the assessment of the 

overall acceptability of the development and sets out a number of requirements. In 

particular, developments should: 

 

- “Protect and enhance quality of life and the natural, historic and other distinctive 

features that contribute to the environment of Cumbria and its landscape; 

- Conserve the settings of these environmental assets; 

- Improve linkages between assets and provide buffer zones where appropriate; 
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- Realise opportunities for expanding and increasing environmental resources, 

including adapting and mitigating for climate change; 

- Help secure movement from net loss of biodiversity towards achievement of net 

gains; 

- Help secure new green infrastructure, and to conserve and manage where it is 

existing, and enhance its functionality, quality, connectivity and accessibility.” 

 

4.4 Policy DC13 (Criteria for energy minerals) of the CMWLP states: 

 

“Planning applications for coal extraction will only be granted where; 

- the proposal would not have any unacceptable social or environmental impacts; or, if 

not 

- it can be made so by planning conditions or obligations; or, if not 

- it provides national, local or community benefits which clearly outweigh the likely 

impacts to justify the grant of planning permission.” 

 

4.5 Policy DC20 (The water environment) states: 

 

“Proposals for developments should demonstrate that they would have no unacceptable 

quantitative or qualitative adverse effects on the water environment, both within the 

application site and its surroundings, including surface waters, coastal waters, private 

water supplies and groundwater resources. Proposals that minimise water use and 

include sustainable water management will be favoured.” 

 

b) The Copeland Local Plan 2013 -2028 (“CLP”) 

 

4.6 The following policies are considered relevant to the Application Proposals: 

• ST1 Strategic Development Principles 

• ST2 Spatial Development Strategy 

• ST3 Strategic Development Priorities 

• ST4 Providing Infrastructure 

• ER10 Renaissance through Tourism 

• ER11 Developing Enterprise and Skills 

• ENV3 Biodiversity and Geodiversity 

• ENV4 Heritage Assets 

• ENV5 Protecting and Enhancing the Borough’s Landscapes 
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• ENV6 Access to the Countryside 

• DM25 Protecting Nature Conservation Sites, Habitats and Species 

• DM26 Landscaping 

• DM27 Built Heritage and Archaeology and 

• Saved Policy EMP3 from the Copeland Local Plan 2001-2016 ‘Saved’ Policies 

 

4.7 Policy ST2 E) confirms, “Safety: the potential impact of proposals within Safeguarding 

Zones for hazardous installations should be properly considered.” 

 

4.8 Policy ER10: Renaissance through Tourism confirms that, 

 
“The Council will maximise the potential of tourism in the Borough and will seek to 

 
A. Expand tourism outside the Lake District National Park boundaries, with a 

complementary offer that takes pressure off the National Park’s busiest locations 

and delivers economic benefits in the Borough.” 

 

4.9 Policy ENV2: Coastal Management contains the following commitments, 

 

“To reinforce the Coastal Zone’s assets and opportunities the Council will: 

 

A. Promote the developed coast as a destination for leisure, culture and tourism, 

with strong links to Whitehaven Harbour / town centre in the north and Millom in 

the south. 

  

B. Maximise opportunities along the undeveloped coast for tourism and outdoor 

recreation through support for the North West Coastal Trail and Colourful Coast 

projects. 

 
C. Support the management of more of the undeveloped coast for biodiversity. 

 
D. Support energy generating developments that require a coastal location along 

the undeveloped coast, provided that the potential impacts on biodiversity, 

landscape and heritage assets are carefully assessed against the benefits. Where 

negative impacts are likely these must be mitigated against and compensated 

for.  
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E. Protect the intrinsic qualities of the St Bees Head Heritage Coast in terms of 

proposed development proposals within or affecting views from the designation. 

At the same time encourage schemes which assist appropriate access to and 

from the Heritage Coast area. 

 
F. Work with partners to manage the risks associated with coastal erosion and 

flooding and ensure that all new development is located outside areas identified 

as being at risk either now or in future phases of the Shoreline Management 

Plan” 

 

4.10 Policy DC16 (Biodiversity and Geodiversity) states that, “development will be required 

to identify potential impacts on important biodiversity assets, their potential to 

enhance, restore or add to these resources and to contribute to national biodiversity 

objectives.” 

 

4.11 Policy ENV3 (Biodiversity and Geodiversity) of the Copeland Local Plan states that, 

 
“The Council will contribute to the implementation of the UK and Cumbria Biodiversity 

Action Plan within the plan area by seeking to improve the condition of internationally, 

nationally and locally designated sites; ensuring that development incorporates 

measures to protect and enhance any biodiversity interest….” 

 
4.11 Policy ENV5: Protecting and Enhancing the Borough’s Landscapes states, 

 

“The Borough’s Landscapes will be protected and enhanced by: 

 

A. Protecting all landscapes from inappropriate development by ensuring that 

development does not threaten or detract from the distinctive characteristics of that 

particular area. 

B. Where the benefits of the development outweigh the potential harm, ensuring that 

the impact of the development on the landscape is minimised through adequate 

mitigation, preferably on site. 

C. Supporting proposals which enhance the value of the Borough’s land.” 

 

4.12 Policy DM25 (Protecting Nature Conservation Sites, Habitats and Species) of the 

Copeland Local Plan states that, “development proposals should protect biodiversity 
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value and minimise fragmentation of habitats as well as maximising opportunities for 

conservation, restoration, enhancement and connection of habitats.” 

 

4.13 Paragraph 3.3.21 of the Copeland Local Plan Core Strategy and Development 

Management Policies Development Plan Document confirms The Vision for Copeland as 

follows: 

 

“By 2028, Copeland will be an economically and socially sustainable, well-connected 

and environmentally responsible place of choice. 

 

Economically sustainable: a place that boasts prosperous towns and vibrant villages, a 

highly-skilled workforce and a varied and sustainable economic base that builds on 

opportunities, including those presented by the low-carbon and renewable energy 

sectors, knowledge-based industries and tourist attractions; 

 

Socially sustainable: a place that meets the needs of the whole community, where 

geography is not a barrier to achievement, and where housing quality and availability, 

social infrastructure, health and well-being, equality and social mobility are improved; 

Well-connected: a place that has enhanced transport networks providing improved 

access to sustainable modes of transport, both within and between its key settlements 

and out towards neighbouring areas; 

 

Environmentally responsible: a place that adapts to climate change and minimises its 

carbon footprint, makes the most of its unique coastal location and abundant natural 

resources whilst protecting and enhancing its green infrastructure, landscapes, heritage 

and biodiversity.” 

 

National Planning Policy Framework (NPPF) 

 

4.14 In addition to the policies within the Development Plan referred to above, there is policy 

and guidance set out within the latest version of the NPPF (July 2021) and PPG that is 

relevant. In this respect I will refer to the NPPF, Chapter 14 Meeting the challenge of 

climate change, flooding and coastal change.; Chapter 15 – Conserving and enhancing 

the natural environment; Chapter 16 - Conserving and enhancing the historic 

environment; and Chapter 17 - Facilitating the sustainable use of minerals. 
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4.14 The NPPF chapter on climate change commences with Paragraph 152 which confirms: 

 

“The planning system should support the transition to a low carbon future in a changing 

climate, taking full account of flood risk and coastal change. It should help to: shape 

places in ways that contribute to radical reductions in greenhouse gas emissions, 

minimise vulnerability and improve resilience; encourage the reuse of existing 

resources, including the conversion of existing buildings; and support renewable and 

low carbon energy and associated infrastructure.” 

 

This choice of language emphasises the importance given to tackling the challenge of 

climate change by the NPPF. 

 

4.15 Paragraphs 171 and 172 of the NPPF confirm the Government’s policy requires in 

relation to Coastal Change and require: 

 

“171. Plans should reduce risk from coastal change by avoiding inappropriate 

development in vulnerable areas and not exacerbating the impacts of physical changes 

to the coast. They should identify as a Coastal Change Management Area any area 

likely to be affected by physical changes to the coast, and: a) be clear as to what 

development will be appropriate in such areas and in what circumstances; and b) make 

provision for development and infrastructure that needs to be relocated away from 

Coastal Change Management Areas. 

 

172. Development in a Coastal Change Management Area will be appropriate only 

where it is demonstrated that: a) it will be safe over its planned lifetime and not have 

an unacceptable impact on coastal change; b) the character of the coast including 

designations is not compromised; c) the development provides wider sustainability 

benefits; and d) the development does not hinder the creation and maintenance of a 

continuous signed and managed route around the coast57.” 

 

NPPF Footnote 57 As required by the Marine and Coastal Access Act 2009 

 

4.16 The NPPF includes within its definition of Irreplaceable Habitats, Ancient Woodland. 

Paragraph 180c provides for their protection against Loss or Deterioration, except for 

wholly exceptional reasons and where a suitable compensation strategy is provided. 
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4.17 Paragraphs 183 and 185 of the NPPF confirm the Government’s policy requires in 

relation to Ground Conditions and Pollution and require: 

 
“183. Planning policies and decisions should ensure that: a) a site is suitable for its 

proposed use taking account of ground conditions and any risks arising from land 

instability and contamination. This includes risks arising from natural hazards or former 

activities such as mining, and any proposals for mitigation including land remediation 

(as well as potential impacts on the natural environment arising from that 

remediation); b) after remediation, as a minimum, land should not be capable of being 

determined as contaminated land under Part IIA of the Environmental Protection Act 

1990; and c) adequate site investigation information, prepared by a competent person, 

is available to inform these assessments.  

 

184. Where a site is affected by contamination or land stability issues, responsibility for 

securing a safe development rests with the developer and/or landowner. 

 

185. Planning policies and decisions should also ensure that new development is 

appropriate for its location taking into account the likely effects (including cumulative 

effects) of pollution on health, living conditions and the natural environment, as well as 

the potential sensitivity of the site or the wider area to impacts that could arise from 

the development. In doing so they should: a) mitigate and reduce to a minimum 

potential adverse impacts resulting from noise from new development – and avoid noise 

giving rise to significant adverse impacts on health and the quality of life65; b) identify 

and protect tranquil areas which have remained relatively undisturbed by noise and are 

prized for their recreational and amenity value for this reason; and c) limit the impact 

of light pollution from artificial light on local amenity, intrinsically dark landscapes and 

nature conservation.” 

 

NPPF Footnote 65 See Explanatory Note to the Noise Policy Statement for England (Department 

for Environment, Food & Rural Affairs, 2010) 
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4.18 In relation to coal mining para 217 of the NPPF 2021 (previously para 211) states that: 

 

“Planning permission should not be granted for the extraction of coal unless: 

 

a) the proposal is environmentally acceptable, or can be made so by planning 

conditions or obligations; or 

b) if it is not environmentally acceptable, then it provides national, local or community 

benefits which clearly outweigh its likely impacts (taking all relevant matters into 

account, including any residual environmental impacts).” 

 

4.19 Given the requirements of Policy DC13 and paragraph 217 of the NPPF, it is clear that 

there is a presumption against coal mining unless it provides benefits that clearly 

outweigh resultant harm.  

 

4.20 Both Policy DC 13 and paragraph 217 of the NPPF require a staged process to assess 

whether the proposal is environmentally acceptable; whether planning conditions or 

obligations could make it so and, if not, whether the benefits clearly outweigh the 

impacts.  

 
4.21 The need for the mineral also needs to be considered. I will therefore first consider the 

need for the coal, then it’s environmental acceptability given the likely harms, before 

proceeding to consider the benefits and the second test. 

 

4.22 Reference will also be made to applicable international, national and local policies and 

relevant statutory duties, including: 

• The Paris Agreement (ratified November 2016) 

• Climate Change Act 2008 (as amended in 2019) 

• Planning and Compulsory Purchase Act 2004 

• The Town and Country Planning (Environmental Impact Assessment) Regulations 

2017 

• Ancient woodland, ancient trees and veteran trees; protecting them from 

development (Natural England and Forestry Commission guidance – standing 

advice) November 2018 

• The Carbon Budget Order 2021 (made on 23 June 2021 and which came into 

force the following day CD5.6). 

 



 
Application by West Cumbria Mining Ltd 
Development of a New Underground Metallurgical Coal Mine  
Paul Bedwell – Proof of Evidence 
 
 

 
August 2021 | P21-1809 
Proof of Evidence on West Cumbria Mining Limited’s Application Proposals  Page | 17 
 

4.23 Having set down the planning policy background that affects the application site and 

application proposals, the remainder of this statement considers the principal issues 

that should be addressed at this call-in inquiry in respect of the Application Proposals. It 

is considered that these are: 

 

1. Is there a current or future need for Coking Coal in the UK and Europe?  

 
2. Climate Change Impacts 

 
3. Environmental Impacts 

 
4. Economic Impacts 

 
5. The Planning Balance and subsequent conclusions on compliance with the 

Development Plan and with national planning policies and guidance. 

 
 

4.24 This proof of evidence addresses these issues in relation to planning aspects.  
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5. ISSUE 1: IS THERE A CURRENT OR FUTURE NEED FOR COKING COAL IN THE UK 

AND EUROPE? 

 

5.1 WCM has refused to provide information about the specification of the coal resource 

they propose to exploit to either the County Council or to SLACC. However, there is 

information in the ES that indicated that: 

5.1.1 approximately 180,000 tonnes would be sold each year to British Steel at 

Scunthorpe, and the same quantity to Tata Steel at Port Talbot, and 

5.1.2 The Main Band and Bannock Band seams would be the source of the coal (CD 

1.84 ES Chapter 5 Appendix B Subsistence Briefing Note)  

 

5.2 The evidence of SLACC’s expert Stuart Haszeldine, of Edinburgh University, examines 

publicly available data about the required specifications for High Vol A Coking Coal, and 

the specification and quality of the coal in West Cumbrian coal seams, with special 

reference to the sulphur levels of the coal. The evidence also addresses the processing 

of coking coal to remove excess sulphur. 

 

5.3 The evidence of SLACC’s expert Lars Nilsson, of Lund University, affirms that: 

 
5.3.1 The demand for metallurgical coal is very likely to decrease significantly in the 

European Union during the lifetime of the mine. 

 

5.3.2 Scenarios showing the future production of steel in the EU are in agreement that 

up to 2050 (a) production levels are unlikely to increase much, or may decrease 

slightly, and (b) the share of secondary steelmaking (i.e. production of steel 

from recycled scrap) will increase. 

 
5.3.3 In addition to the expected decrease in primary steel production, compelling 

evidence shows that remaining primary production (i.e. manufacturing of steel 

from iron ore) is likely to shift away from blast furnaces in order to reach EU 

GHG emissions targets. 

 
5.3.4 The Green Steel Tracker (GST) is a regularly updated survey tracking public 

announcements of low-carbon investments in the steel industry. It shows that 

several companies have indicated an intention to produce steel with hydrogen 

direct reduction (H-DR), a process which uses very little or no metallurgical coal. 
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a. GST data shows that by 2030, industrial H-DR projects in the EU will provide 

a total capacity of over 10 Mt of primary steel production, corresponding to 

12-15% of total primary production; 

b. By 2040, this number increases to more than 20 Mt. 

 

5.3.5 As primary steel production is not expected to grow, these projects will lead to 

the retirement of EU blast furnaces, and a reduction in the need for coking coal. 

 

5.3.6 Carbon capture and storage (CCS) technology is another option for 

decarbonising the steel industry, but high costs and the economic and technical 

difficulties of achieving high capture rates (to achieve low GHG emissions), 

together with a policy context that requires zero emissions across all sectors, 

represents an unfertile environment for steel CCS in the EU. 

 

5.3.7 The GST shows that CCS is not a favoured pathway for the EU steel industry. 

Only one project is planned in the EU, with one further project planned in the 

UK. Together, these projects aim to capture 3.9 Mt of CO2 by 2026, equivalent 

to an annual steel production of only approximately 2 Mt.  

 

5.3.8 Results from the GST also show that many steel producers in the EU have set 

ambitious climate targets for 2030 and 2050 (see Table 2 in the Appendix). 

Together, companies that have announced that they will be carbon or climate 

neutral by 2050 or earlier produce more than 29 million tonnes of steel per year.  

 

5.3.9 The UK integrated steelmaker Tata Steel has announced a 30% reduction target 

for 2030 and a carbon neutrality target for 2050. The second UK integrated 

steelmaker British Steel has announced the target of net zero emissions in the 

Humber region by 2040 (see Table 2 in the Appendix). 

 

5.3.10 Demand for green steel is increasing and large steel customers such as Volvo, 

Scania and Mercedes-Benz have signed purchase agreements and partnerships 

with producers of low-emission steel, while Volkswagen has committed to make 

its value chains carbon neutral by 2050 (Gerres et al., 2021).  

 

5.4 Professor Nilsson concludes in paras 4.1-4.2 of his evidence that: 
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“Recent developments lead us to conclude that there will be very few or no blast 

furnaces in the European Union (EU) by 2040-2050, a decreasing demand for 

metallurgical coal from 2024 and a very small demand for metallurgical coal by 2050. 

 

The reasons for the decline in metallurgical coal demand in the EU steel industry are 

threefold: 

(i) Constant or slightly declining total steel production in the EU, 

(ii) increased secondary steelmaking driven by increasing availability of steel scrap 

as a resource, and 

(iii)  the EU steel industry’s own decarbonisation plans that focus on technologies that 

do not require metallurgical coal.” 

 
5.5 Professor Paul Ekins OBE also provides evidence in relation to the issue of the need for 

coking coal in the UK and EU. His evidence concludes that: 

 

5.5.1 The dynamics of global steel and coking coal consumption show that the use of 

coking coal in the EU is in decline, undermining the Claimant’s case that there 

is presently a high need for coking coal (and that there will also be similar need 

in the following decade(s)). 

 

5.5.2 There is now growing political concern as to the impact of climate change, and 

a renewed commitment to reducing GHG emissions. No aspiration for emission 

reductions to net zero can be achieved without deep cuts in emissions from the 

iron and steel sector. 

 
5.5.3 Both the UK and EU have set targets that will mean that the use of coking coal 

should be significantly reduced or eliminated and is unlikely to remain central 

to steel production in future. The Climate Change Act 2008, CCC 6th Carbon 

Budget Advice and Carbon Budget Order 2021 are relevant at a domestic level, 

and the EU Commission have produced the working document “Towards 

competitive and clean European Steel” (5 May 2021) and adopted the ‘Fit for 

55’ policy package intended to a ‘make a reality’ of the European Green Deal 

(14 July 2021).  

 
5.5.4 Similarly, the International Energy Agency has confirmed that new coal 

mines/mine extensions are unnecessary and would lead to either global over 

supply or undermine global decarbonisation targets.  
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5.5.5 Both the EU and UK have indicated that there should be a significant 

technology shift, likely by replacing blast furnace production with Direct 

Reduced Iron Furnaces (using Hydrogen as a reducing agent in place of coking 

coal). In practice, technological developments are presently underway which 

seem likely to make low carbon steel commercially available and in use by the 

end of this decade.  

 

5.5.6 WCM’s aspiration that it will sell its coking coal to the UK/EU for steel making is 

unlikely to be realised, especially beyond the middle of the next decade. 

 

5.5.7 Modelling as to how the UK/EU iron and steel sector may decarbonise as part of 

the global move to net-zero emissions by 2050 shows that there will likely be 

essentially no demand for coal expected in steel making after 2035-40. This 

means that after 2030, the Whitehaven mine will be required to find markets 

for its coal outside the EU, where it will also disincentivise the update of low-

carbon steel production there. 

 
5.6 In summary therefore, the evidence indicates that it is highly unlikely that the majority 

of the WCM coal will find a market in either the EU or UK steel industry, in particular 

beyond 2040, when there is likely to be a very low demand for coking coal in the EU 

and the UK. Indeed, even by 2030, a material reduction in the need for coking coal is 

likely to occur (12-15%), meaning that WCM coal will be competing with other existing 

mines for a shrinking market and may begin to look elsewhere for buyers; by 2035 the 

market for coking coal in the UK and EU is likely to have contracted significantly and 

the Chair of the UK Climate Change Committee has noted that, by then, “coking coal 

use in steelmaking could be displaced completely.” The evidence therefore shows that 

there is no need for WCM coal for most of the period during which the mine is proposed 

to operate in either the UK or the EU. 



 
Application by West Cumbria Mining Ltd 
Development of a New Underground Metallurgical Coal Mine  
Paul Bedwell – Proof of Evidence 
 
 

 
August 2021 | P21-1809 
Proof of Evidence on West Cumbria Mining Limited’s Application Proposals  Page | 22 
 

 

6. ISSUE 2: CLIMATE CHANGE IMPACTS 

 

6.1 In this section I will consider the legislation and planning policy relevant to the climate 

change impacts of the Proposed Development. I will then consider SLACC’s evidence on 

climate change matters.  

 

Relevant Legislation and Planning Policy 

 

The Climate Change Act 2008 

 

6.2 The Planning Practice Guidance (PPG) on Climate Change draws attention to the 

Climate Change Act 2008 (CCA 2008), which is described as establishing “a legally 

binding target to reduce the UK’s greenhouse gas emissions” (CD 5.7 Paragraph: 002 

Reference ID: 6-002-20140306). This legally binding target is in section 1 of the CCA, 

which requires the UK government to ensure that the “net UK carbon account” for 2050 

is “at least 100%” lower than the 1990 baseline (the Net Zero Obligation). The Net 

Zero Obligation was introduced in June 2019 and replaced the previous target of a 

reduction of “at least 80%”, following the UK’s ratification of the Paris Agreement and 

the advice of the Climate Change Committee (CCC) in its May 2019 report Net Zero – 

The UK’s contribution to stopping global warming (CD 8.8).  

 

6.3 Section 4 of the CCA 2008 requires the setting of five-yearly interim carbon budgets, 

twelve years in advance of the budget period in question. The PPG states that the 

system of carbon budgets was introduced “[t]o drive progress and set the UK on a 

pathway towards [the Net Zero Obligation]” (CD 5.7 Paragraph: 002 Reference ID: 6-

002-20140306). 

 

6.4  The CCC is an independent statutory body established under the CCA 2008 to monitor 

and advise on progress towards the 2050 climate target and the setting of carbon 

budgets. It is the leading specialist body in the UK on climate change. The materiality of 

the CCC’s advice in the context of planning is confirmed by National Planning Practice 

Guidance, which expressly refers practitioners to the CCC’s advice on climate change 

mitigation (Climate Change PPG Paragraph: 011 Reference ID: 6-011-20140306). 
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6.5 The Net Zero Obligation in the CCA 2008 is an obviously material consideration in 

planning decision-making.  

 
6.6 In December 2020, the CCC advised the Government on the Sixth Carbon Budget (CD 

8.10; CD 8.11). The CCC’s advice includes detailed analysis of the possible emissions 

pathways to meet the Net Zero Obligation and identifies a central “Balanced Pathway” 

that is based on policies that are “feasible, not just technically and economically but 

also practically” (CD 8.10 pg 7). The CCC’s advice is an obviously material 

consideration, as is the fact that the Government followed the CCC’s advice and set the 

Sixth Carbon Budget for the period 2033-2037 at a maximum of 965 MtCO2e, meaning 

at least a 78% reduction below 1990 levels by 2035 (CD 5.6).  

 
6.7 The evidence of Professor Sir Robert Watson sets out the Fourth and Fifth Carbon 

Budgets, for the periods 2023-2027 and 2028-2032, which were set in relation to the 

previous 80% target. He also sets out the CCC’s advice that the Fifth Carbon Budget is 

required to be significantly outperformed to stay on track to meet the Sixth Carbon 

Budget and comply with the Net Zero Obligation. That is one of the reasons the CCC 

emphasised that “[t]he 2020s are the crucial decade: with effective action starting now, 

by 2030 the UK will be firmly on track to Net Zero” (CD 8.10 pg 24). 

 
6.8 Professor Sir Watson also explains that the latest government projections show that 

under existing policies the UK is currently significantly off track to meet the Fourth, Fifth 

and Sixth Carbon Budgets and that the CCC has also advised that the UK is off track to 

meet the budgets. That is also an obviously material planning consideration, as it shows 

that there is very little “give” in the UK’s carbon budgets and prevention of additional 

greenhouse gas emissions is crucial if the UK is to have any hope of meeting those 

carbon budgets. 

 
6.9 Indeed, in the context of planning decision-making and climate change more generally, 

the CCC advised in their June 2020 progress report to Parliament that “[i]ncreasingly, 

all policy and infrastructure decisions will need to be checked against their consistency 

with the UK’s Net Zero target” (CD 8.9 pg 164).  
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The Paris Agreement 

 

6.10 The overarching international treaty addressing climate change is the United Nations 

Framework Convention on Climate Change (UNFCCC) (CD 8.4). Article 2 articulates 

that the “ultimate objective” of the Framework Convention “and any related legal 

instruments that the Conference of Parties may adopt” is to achieve “stabilization of 

greenhouse gas concentrations in the atmosphere” at a level that would prevent 

“dangerous” human interference with the climate system. The UNFCCC was adopted on 

9 May 1992 and entered into force on 21 March 1994. It has near-universal 

membership and is ratified by 197 countries. 

 

6.11 The Kyoto Protocol to the UNFCCC, adopted on 11 December 1997 and which entered 

into force on 16 February 2005 (FCCC/CP/1997/7/Add.1), has 192 Parties. It 

“operationalises” the UNFCCC by committing 37 industrialised countries and economies 

in transition, and the European Union (ie Parties included in Annex I to the UNFCCC), to 

limit and reduce GHG emissions in accordance with agreed targets. These applied from 

the start of 2008 until 2012. 

 
6.12 In December 2015, the landmark Paris Agreement was reached under the UNFCCC 

process (CD 8.1). Article 2 strengthens the global response in implementing the 

UNFCCC, in particular by committing Parties to three key goals, the first of which is 

known as the “long-term temperature goal”: to hold “the increase in the global average 

temperature to well below 2°C above pre-industrial levels and pursuing efforts to limit 

the temperature increase to 1.5°C above pre-industrial levels, recognizing that this 

would significantly reduce the risks and impacts of climate change”. 

 
6.13 In order to achieve the long-term temperature goal, Article 4(1) requires Parties to “aim 

to reach global peaking of greenhouse gas emissions as soon as possible”. This aim 

includes Parties undertaking “rapid reductions” after global peaking, “in accordance with 

best available science, so as to achieve a balance between anthropogenic emissions by 

sources and removals by sinks of greenhouse gases in the second half of this century, 

on the basis of equity, and in the context of sustainable development and efforts to 

eradicate poverty”. In other words, the Paris Agreement embodies not just a 

consideration concerning 2050 and beyond (“second half of this century”), but a 

significant focus on emissions reductions in the years up to that point. 
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6.14 Article 4(4) focuses on developed country Parties, which “should continue taking the 

lead by undertaking economy-wide absolute emission reduction targets.” (emphasis 

added)  

 
6.15 The Paris Agreement and the global temperature goal form the explicit backdrop to the 

UK adopting the Net Zero Obligation. The CCC’s advice on the Net Zero Obligation in 

May 2019 was that it was necessary “to respond to the overwhelming evidence of the 

role of greenhouse gases in driving global climate change, and to meet the UK’s 

commitments as a signatory of the 2015 Paris Agreement” (CD 8.8 pg 9). 

 
6.16 While the Paris Agreement is not Government Policy, the global temperature goal and 

the UK’s obligations to meet that goal are obviously material planning considerations.  

 

The National Planning Policy Framework (NPPF) 

 

6.17 Chapter 14 of the NPPF concerns Meeting the challenge of climate change, flooding and 

coastal change. Former paragraph 148 of the 2019 NPPF is now paragraph 152, which 

still requires the planning system to “shape places in ways that contribute to radical 

reductions in greenhouse gas emissions”. 

 

6.18 Paragraph 7 of the NPPF still defines “sustainable development” as “meeting the needs 

of the present without compromising the ability of future generations to meet their own 

needs”. This is clearly an important consideration when considering the climate impact 

of proposed development. Development which gives short-term benefit to the 

developer, but which leads to climate harms (which will impact ever more seriously on 

future generations) is the definition of unsustainable development under paragraph 7 of 

the NPPF. 

 

6.19 This has been strengthened in the updated NPPF, which adds the 17 Global Goals for 

Sustainable Development from the UN’s “Transforming our World: the 2030 Agenda for 

Sustainable Development” to paragraph 7. A number of these goals address matters 

integral to mitigating climate change, and Goal 13 requires urgent action to be taken to 

combat climate change and its impacts (acknowledging that the UN Framework 

Convention on Climate Change is the primary international forum for negotiating the 

global response to climate change). 
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6.20 The climate change impact of proposed coal extraction is key to each of the tests in the 

specific policy in the NPPF directed at this type of development: paragraph 217. The 

first test – whether a proposal is “environmentally acceptable” – entails the question of 

whether any harm by way of greenhouse gas emissions and resultant harm to climate 

change, can me made acceptable. The second test – whether the development provides 

“national, local or community benefits” – also entails questions raised by climate 

change, for example whether any commercial benefit will be reduced by the 

development becoming a stranded asset as a result of the move away from fossil-fuel 

use in industry. And the question of whether any benefits are “clearly outweighed” by 

likely impacts again entails weighing the climate change harms. 

 

The Development Plan 

 

6.21 Policy DC13 echoes NPPF paragraph 217 but goes beyond it, as it provides under the 

first test that planning permission will only be granted for coal extraction where “the 

proposal would not have any unacceptable social or environmental impacts” (emphasis 

added). Hence, this requires consideration of both the social and the environmental 

impacts of climate change. 

 

SLACC’s Evidence 

 

6.22 Professor Sir Robert Watson is an expert witness on Climate Change for SLACC. His 

evidence confirms the scientific consensus about the urgency of climate change and the 

effects that are already being experienced in the UK and elsewhere. He concludes that 

the scientific evidence, and the UK commitments to reduce emissions significantly by 

2035 and reach net-zero by 2050, have clear implications for WCM’s planning 

Application Proposals for a coal mine, as follows: 

 

6.22.1 “There is overwhelming scientific evidence of the seriousness and rapidity of 

climate change and the very harmful impacts of dangerous warming above 

1.5˚C. 

 

6.22.2 The UK has committed to reduce emissions significantly by 2035 and reach 

net-zero by 2050. However, there are two serious “emissions gaps”. First, 

current pledges under the Paris Agreement fall far short of what is required to 

reduce emissions. Instead, current pledges are more consistent with scenarios 
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that lead to warming well in excess of 3˚C by the latter part of the century. It 

is crucially important that countries like the UK show climate leadership, both 

in their emissions pledges and in their actions. 

 
6.22.3 The UK is required to take a leadership role, and indeed is seen internationally 

as a climate leader in many respects. Granting permission for this mine would 

send a clear signal that the UK does not “walk the walk” on climate, 

undermining its international diplomatic efforts to increase climate pledges 

and encourage countries to reduce reliance on coal, specifically. This would 

have material consequences in the form of reduced ambition from other 

countries, and therefore increased GHG emissions globally. 

 

6.22.4 The second “emissions gap” concerns the UK’s carbon budgets. The UK is off 

track to meet the Fourth, Fifth and Sixth Budgets required to achieve the 

balanced transition to net zero under the CCA. It is thus crucial to prevent 

additional GHG emissions to the greatest extent possible, as there simply is 

not the flexibility within the UK’s carbon budgets for significant new sources of 

GHG emissions from new fossil fuel sources – as Lord Deben said, the mine 

would have an “appreciable impact” on the UK Carbon Budgets. 

 

6.22.5 There is a near-linear relationship between future temperature change and 

cumulative CO2 emissions. All additional greenhouse gas emissions over the 

coming decades make the goal of meeting UK and international targets more 

difficult. It is not just the end date of 31 December 2049 which is significant, 

but all emissions before this date, as indicated by the carbon budgets periods, 

including the target of a 78% reduction by 2035 

 

6.23 In these circumstances, Professor Sir Watson concludes that granting planning 

permission for the Application Proposals for Woodhouse Colliery would have the effect 

of undermining the UK’s climate strategy on both a national and international level. 

 

6.24 Professor Michael Grubb’s evidence considers the Applicant’s assessment of the 

greenhouse gas impacts of the mine and the emissions likely to arise from the end use 

of the coal produced by the mine. His evidence concludes that:  
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6.24.1 The AECOM Report does not provide calculations or emissions figures it used, 

preventing detailed scrutiny of how AECCOM arrived at each of the figures 

reported for the construction, operation and decommissioning of the mine; 

however the report clearly omits certain emissions which could significantly 

affect the estimates presented. 

 
6.24.2 There is significant uncertainty surrounding the figures reported for the GHG 

emissions during construction, operation, and mine decommissioning. In many 

cases, these figures are likely underestimates of the actual GHG emissions that 

will arise from the proposed mine.  

 

6.24.3 The AECOM Report fails to estimate end use GHG emissions of the mine based 

on its ‘perfect substitution argument,’ which is not supported by evidence. End 

use emissions due to 2.78 million tonnes per year of metallurgical coal 

produced would equate to approximately 8.80 million tonnes of CO2e per 

annum. So, if the mine were to produce for a period of 25 years, that would 

result in total GHG emissions from the end use of the coal in the range of 220 

million tonnes of CO2e over the life of the mine. 

 

6.24.4 Shipping emissions that WCM claims will be saved by domestic coal production 

by the mine amount to only 1.12% of the emissions caused by combustion of 

the coal produced by the mine. So, if more than approximately 1.1% of the 

coal over the lifetime of the mine is not subject to substitution, this would 

eclipse claimed displaced emissions based on reduced shipping. Information is 

then presented by Professor Grubb to show the significant additional emissions 

that would arise at any lower level of substitution than approximately 98.9%.  

 

6.24.5 The 1% GHG Significance Criteria adopted by the Applicant is inappropriate 

given that all industry accounts for roughly 21% total UK GHG emissions. 

Nevertheless, the total emissions of the site based on five years’ end use plus 

operational emissions would equate to 4.75% of the UK’s carbon budget during 

the Sixth Carbon Budget period and would therefore easily exceed the 1% 

threshold.  

 
6.24.6 Focusing on the GHG allocations for various sectors that underpin the Sixth 

Carbon Budget (2033-2037), the projected emissions from the mine would 
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eclipse the Climate Change Committee projections for GHG emissions from all 

operational coal mines. 

 

6.25 Professor Ekins’ evidence considers the greenhouse gas impacts likely to arise from 

granting permission for the mine. This evidence concludes that: 

 

6.25.1 The Applicant’s assertion that coal from the new mine will result in a reduction in 

coal extracted from mines overseas is contrary to the principles of supply and 

demand in normal economic markets.  

 

6.25.2 Any argument that a greater supply of a product will lead to increased demand 

would need to be supported by strong evidence, as it is contrary to basic 

economic principles. No such evidence – or even a clear rationale – has been 

provided. Further, none of the factors that are cited in support of the claim of 

perfect substitution actually provide a reason to conclude substitution will occur. 

(These factors are interrogated in detail at para 3.6 of his proof).  

 

6.25.3 The new supply of metallurgical coal proposed by WCM is essentially certain to 

affect the cost of metallurgical coal in the UK and the EU. This in turn will have 

an effect on the decisions of steel producers, including how much steel is 

produced in these locations and how much of this production is via higher- and 

lower-carbon methods (specifically, it will increase steel production and 

incentivise higher-carbon production methods). 

 

6.25.4 A reduction in coal prices also makes steel produced by low-carbon technologies 

less competitive, inhibiting the switch to lower-GHG-producing methods. 

 

6.25.5 Significant investment will be required to open the mine. But once these costs 

have been incurred, the marginal cost of producing each tonne of coal is much 

lower, such that a rational mine owner would continue to produce coal as long as 

they can achieve a price which allows them to recover this marginal cost. As 

such, once the mine is operational, there is an economic incentive to sell the coal 

anywhere in the world a market can be found, so it cannot be assumed that if 

the coal is not needed in the UK or EU, the mine will close.  
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6.25.6 If permission is granted, the mine would therefore add significantly to global 

CO2 emissions. 

 
Conclusion 

 

6.26 In summary, the evidence on climate change demonstrates the seriousness and rapidity 

of climate change and the very harmful impacts of dangerous warming above 1.5˚C. 

These impacts are already occurring, and in the UK include (among others) intensifying 

coastal erosion, flooding, high temperatures which can impact human health, risks of 

future water shortages, and emerging pests and diseases.  

 

6.27 The CCC has advised that the Fifth Carbon budget will need to be outperformed 

significantly to stay on track to meet the Sixth Carbon Budget and the ‘net zero’ target, 

and that the 2020s are “the crucial decade for action.” 

 
6.28 SLACC’s evidence indicates that granting approval for the Application Proposals would 

send a clear signal that the UK does not “walk the walk” on climate, undermining its 

international diplomatic efforts to increase climate pledges, and leading to increased 

GHG emissions globally. Similarly, Lord Deben, the CCC Chair indicated that Secretary 

Jenrick’s initial decision not to call in the application “gives a negative impression of the 

UK’s climate priorities in the year of COP26.” A decision to grant permission for the 

mine would clearly give at least as negative an impression, undermining the UK’s 

climate strategy on both a national and international level. 

 
6.29 In relation to the end use emissions of the coal, the evidence indicates that mine is 

likely to give rise to substantial additional GHG emissions and that the “perfect 

substitution assumption” is not well-founded. The level of substitution would have to 

reach approximately 98.9% for the end use emissions to be balanced by the purported 

savings in shipping emissions, and any lower level of substitution would lead to 

additional GHG emissions being caused by the mine. If the substitution figure were 

“only” 90%, this would result in approximately an additional 790,000 tonnes CO2e per 

annum, more than tripling the Applicant’s estimate of the annual GHG emissions during 

operation. 

 
6.30 In relation to the emissions from the mine’s construction, operation and 

decommissioning, the evidence indicates that the existing assessment is incomplete, 

omitting important aspects of the scheme that are likely to give rise to GHG emissions, 
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but for which emissions have not been assessed. The Applicant’s proposal that such 

emissions should be discounted if they represent less than 1% of future UK carbon 

budgets is arbitrary and excessive when viewed properly in the context of sectoral or 

county emissions. However, even applying such a criteria, total emissions (including 

end use emissions) would equate to 4.75% of the UK carbon budget during the Sixth 

Carbon Budget period. 
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7. ISSUE 3: ENVIRONMENTAL IMPACTS 

 

Ecological Impacts 

 

7.1 The Council has previously acknowledged that the development, and particularly the 

construction of the conveyor link from the Main Mine Site (“MMS”) to the Rail Loading 

Facility (“RLF”), would lead to the loss of designated Ancient Woodland at Bellhouse Gill 

Wood, and attached considerable weight to the harm from its loss. (OR Oct 2020 

7.306). 

7.2 The Council also acknowledged that the development would not result in a 

demonstrable net gain in biodiversity, that this counts against the proposal and should 

be afforded some weight (OR Oct 2020 7.307) and that the impacts on ecology are 

unacceptable (OR Oct 2020 7.308). 

7.3 These impacts included the loss of hedgerows, and potential adverse impact on 

important wetland habitats and impacts on species such as otter and amphibians from 

the planting along the Pow Beck Valley (OR March 2019 6.126). However, the Council 

concluded that with the imposition of conditions, residual effects could be mitigated and 

there would be no net loss in biodiversity. (OR Oct 2020 7.714). 

7.4 SLACC commissioned Dr A D Martin of E3 Ecology to undertake an initial review of the 

ecological evidence provided in support of the planning application. Dr Martin was not 

granted access to the application site to conduct surveys until the 23 June 2021, was 

restricted to the woodland areas affected by the conveyor and accompanied. 

7.5 At the time of Dr Martin’s visit the Applicant had not provided any information about the 

amended proposal for conveyor construction, nor had it been proposed to tunnel deep 

beneath both Roska Park and Bellhouse Gill Woods. Additional survey work (Cumbria 

Metallurgical Coal Project Ecology survey update report BSG ecology August 2021) was 

sent to SLACCs solicitors by Ward Hadaway on 6 August 2021 at 12.42, which did not 

leave Dr Martin sufficient time to deal with the information. 

7.6 As a result of these (less than clear) changes to the scheme and very recent additional 

information, Dr Martin has been unable to schedule time to prepare a proof of evidence 

at this stage. A letter from Dr A D Martin of E3 Ecology dated 9 August 2021 is attached 

as Appendix 4, has been made available for the Inquiry and summarises the views 

that he had already communicated to SLACC. 



 
Application by West Cumbria Mining Ltd 
Development of a New Underground Metallurgical Coal Mine  
Paul Bedwell – Proof of Evidence 
 
 

 
August 2021 | P21-1809 
Proof of Evidence on West Cumbria Mining Limited’s Application Proposals  Page | 33 
 

 

7.6 Given that a further ES submission, which is anticipated to include a revised ecological 

assessment of the (amended?) development, is likely to be submitted in the near 

future, SLACC reserves its right to update its case to include other/additional issues. 

However, I will proceed to weigh these issues in the planning balance in the light of 

SLACCs evidence at this stage. 

7.7 Firstly, I agree with the Council that the impacts of the development on ecology are 

unacceptable but consider that the impacts are likely to be significantly higher than the 

Council’s assessment a) because it is highly likely that all three woodlands bisected by 

the conveyor route are ancient woodlands and should be considered as such in planning 

terms (Appendix 4), and b) because ecological information to reliably assess the 

conservation value of the woodlands affected by the conveyor route was not available 

to the planning committee due to shortcomings in the ES (ibid). 

7.8 Secondly, SLACCs evidence in section indicates no, or little, current need for the coal 

from the proposed mine in the UK or Europe, which will further decline from 2026 to an 

even lower level from about 2035. This evidence does not support the Council’s 

previous position (OR Oct 2020 7.308) that there are wholly exceptional circumstances 

that would justify the loss of ancient woodland. 

7.9 Thirdly, even without SLACCS’s evidence on coal quality and need, I consider that the 

Council’s approach to the area it accepted to be ancient woodland was flawed and 

contrary to policy and guidance. 

7.10 The Development Plan supports the protection and enhancement of ancient woodlands: 

8.10.1 CMWLP (2015-2030) formally identifies ancient woodlands as a feature that are 

of national, European and international importance and attracting the strongest 

protection under Policy SP15 Environmental assets. 

8.10.2 Copeland Local Plan Policy ENV3: Biodiversity and Geodiversity commits to “A) 

Improve the condition of internationally, nationally and locally designated sites and B) 

Ensure that development incorporates measures to protect and enhance any 

biodiversity interest. “ 
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7.11 However, paragraph 180 c) of the NPPF presents a higher “bar” requiring that, 

“development resulting in the loss or deterioration of irreplaceable habitats such as 

ancient woodland should be refused, unless there are wholly exceptional reasons, and a 

suitable compensation strategy exists.” 

7.12 SLACC’s evidence has established that the coal from this mine is not essential, and 

would not make any significant contribution to the UK economy or to society’s need for 

steel. Hence, no wholly exceptional circumstances have been established in relation to 

WCM’s Application Proposals that would justify the harm to an area of Ancient 

Woodland. 

7.13 The Application Proposals are considered to conflict with the requirements of Policy 

ENV3 of The Copeland Local Plan, CMWLP Policy SP15 and paragraph 180 c) of the 

NPPF.  

 

 Historic Environment 

 

7.14 The Planning Officer’s Report to the Council’s Development Control and Regulation 

Committee (para. 7.309) is clear that the Application Proposals will bring about adverse 

impacts to heritage assets. The Officer confirms that there would be, “adverse impacts 

on the historic environment including a moderate adverse effect upon the listed building 

of Scalegill Hall and the adjoining barn. There will also be minor adverse impacts upon 

the listed building of Sandwith Anhydrite mine portals and a moderate adverse effect 

relating to the heritage sensitivity of the St Bees Heritage Coast.” 

 

7.15 In order to consider the impact of the Application Proposals on the Historic 

Environment, I will confine my assessment to Scalegill Hall and its outbuildings which 

are Grade II listed.  

 

7.16 Scalegill Hall and its outbuildings are located in an elevated location on the eastern side 

of the Pow Beck Valley immediately east of the A595 (Egremont Road). The Hall adjoins 

the Coast to Coast Walk. The Application Site at least that part of it proposed to 

accommodate the RFL and the eastern extent of the coal conveyor can be seen from 

the Coast to Coast Walk as it descends westwards into the valley from the A595 

(Egremont Road). 
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7.17 The Officer went on to conclude in para. 7.310 of his report that: 

 
“Considerable importance and weight is given to this less than substantial harm 

identified above to the listed buildings or their settings and the harm to other heritage 

assets identified in this report and the previous reports on the basis set out earlier.” 

 

7.18 Given that the acknowledged harm (less than substantial) to the setting of Scalegill Hall 

and its outbuildings, the Application Proposals are conflict with the requirements of 

Policy ENV4: Heritage Assets of the Copeland Local Plan and paragraph 202 of the NPPF 

unless the public benefits of the Application Proposals outweigh the harm.  

 

7.19 Great weight needs to be given to the conservation of heritage assets and this harm 

needs to be placed in the planning balance along with the other adverse impacts 

(harms) of the Application Proposals. 

 

 Coastal Change 

 

7.20 The IPPC Intergovernmental Panel on Climate Change issued its Working Group Report 

on 9 August 2021 (CD8.32). Amongst its findings the report concludes that: 

 
“Coastal areas will see continued sea level rise throughout the 21st century, 

contributing to more frequent and severe coastal flooding in low-lying areas and coastal 

erosion. Extreme sea level events that previously occurred once in 100 years could 

happen every year by the end of this century.” 

 

7.21 These predicted impacts related to climate change, rising sea levels3 and coastal 

flooding will affect Whitehaven itself. By 2050 Whitehaven Harbour and the Pow Beck 

valley up to Mirehouse Community Centre could be4 below the Annual Flood Level. 

Increased rainfall intensity and flooding are already having financial effects and mental 

health impacts on the least advantaged communities across Cumbria including from the 

River Derwent which affects Keswick, Cockermouth and Workington. 

 

 
3  Copeland Local Plan Policy Page 48 Policy ER10 and pages.  
4  https://coastal.climatecentral.org/map/16/-3.6054/54.539/?theme=sea_level_rise&map_type= 

coastal_dem_comparison&contiguous=true&elevation_model=best_available&forecast_year=2050&pathway=rcp
45&percentile=p50&return_level=return_level_1&slr_model=kopp_2014 

https://coastal.climatecentral.org/map/16/-3.6054/54.539/?theme=sea_level_rise&map_type=%20coastal_dem_comparison&contiguous=true&elevation_model=best_available&forecast_year=2050&pathway=rcp45&percentile=p50&return_level=return_level_1&slr_model=kopp_2014
https://coastal.climatecentral.org/map/16/-3.6054/54.539/?theme=sea_level_rise&map_type=%20coastal_dem_comparison&contiguous=true&elevation_model=best_available&forecast_year=2050&pathway=rcp45&percentile=p50&return_level=return_level_1&slr_model=kopp_2014
https://coastal.climatecentral.org/map/16/-3.6054/54.539/?theme=sea_level_rise&map_type=%20coastal_dem_comparison&contiguous=true&elevation_model=best_available&forecast_year=2050&pathway=rcp45&percentile=p50&return_level=return_level_1&slr_model=kopp_2014
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7.22 SLACC’s evidence has established that the coal from this mine is not essential, would 

not make any significant contribution to the UK economy or to society’s need for steel. 

In the absence of need, the Application Proposals would add unnecessarily to impacts 

on Coastal Change. 

 

7.23 The Application Proposals are therefore considered to conflict with the requirements of 

Policy ENV1 of The Copeland Local Plan and paragraphs 171 and 172 of the NPPF. 

  

 Contaminated Land and Risk to Controlled Waters 

 

7.24 All parties agree that the “Main Mine Site”, and the entire site known as “The Marchon 

Site” has a complex history of industrial uses and minerals extraction. 

  

7.25 The main mine head and surface processing facilities would be located on the 

southernmost 52 hectares of the former Marchon chemical works (the “Main Site”). At 

its peak, the chemical works was a major producer of sulphuric acid and other chemical 

detergent ingredients and employed around 2,500 people. The site closed in 2005 and 

was cleared over the following year. However, some historic contamination associated 

with the former uses is known to remain. (CD 4.5 OR Oct 2020 para 2.4). 

 

7.26 As a result it is agreed (CD 123 ES Chapter 13 and Appendices CD 124-126) that 

there is a level of contamination in the soils, and probably in void spaces such as cellars 

and voids from past mining activities. There are also three landfills on the old Marchon 

site, one of which (Hutbank Landfill) extends into the Application site, the “toe” of which 

needs to be removed in order to accommodate the development. The nature of the 

deposited waste is also detailed in Appendix 2 2021-06-16 Attachment to email from 

EA- Hutbank & Ufex Information Request - CL217070KR. 

 

7.27 The site was remediated however, following the closure of Rhodia the last industrial 

user of the Marchon Site, and the Remediation Strategy created by URS (ES Appendix 

13.4) was successfully implemented such that the Special Site status was removed by 

the Environment Agency, as confirmed by Copeland BC in correspondence included in 

the ES as Appendix 13.5. 

 
7.28 URS completed a remediation scheme which left the concrete pads in place in order to 

avoid release of known contaminants on the site, and potentially in voids from previous 
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developments. The intention was to transfer the site following remediation to the Land 

Restoration Trust (LRT) whose plans for wildflower meadows and links to the coast are 

pictured in the West Whitehaven SPD Issues and Options Report (November 2012). The 

URS Remediation Plan stated:  

“Once the site is transferred to LRT, it is proposed that the site will become a “site of 

local industrial heritage“ with the building slabs and existing contours remaining in 

place, and to allow open public access.” 

 

7.29 The transfer to LRT did not take place and the site was transferred to the current 

landowner5. It has been restored to a level that is safe as Public Open Space, but is still 

subject to Environment Agency conditions which seek to control any disturbance of the 

site that might release contaminants. 

 

7.30 I consider that it is clear therefore that the site does not require further remediation to 

be used as Public Open Space, but that would be required if a development proposed 

removing the concrete pad and disturbing the soils and unknown voids on the site. 

 

7.31 Potential effects from the proposed development were addressed both in the 

Environmental Statement (ES) and the shadow HRA, and those relevant with respect to 

contamination on the site are here copied from OR Mar 2019 (CD4.1) para 6.91. 

During pre-construction remediation and construction phases:  

- Disturbance of marine or terrestrial qualifying species (visual/noise/vibration);  

- Direct loss of or damage to marine habitat or disturbance to marine species from 

scouring and/or sedimentation from existing surface water drainage via the 

Saltom Bay outfall; 

- Direct loss of or damage to marine habitat or disturbance to marine species from 

scouring and/or sedimentation from discharges via Pow Beck;  

- Deterioration of marine water quality as a result of sediment-laden surface water 

run-off via the Saltom Bay outfall;  

- Deterioration of marine water quality as a result of sediment-laden surface water 

run-off via Pow Beck:  

- Deterioration of marine water quality as a result of disturbance of contaminated 

land and mobilisation of pollutants during construction (including remediation 

 
5  The incomplete and unadopted West Whitehaven SPD referred to the former Marchon chemical works site as 

recently been acquired by a private developer for a mixed use scheme which is likely to include land restoration for 
partial redevelopment together with softer end uses such as open space. 
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works) (including changes in pH, temperature, salinity, and dissolved oxygen) 

via the existing outfall pipe into Saltom Bay 

- Deterioration of marine water quality as a result of as a result of disturbance of 

contaminated land and mobilisation of pollutants during construction (including 

changes in pH, temperature, salinity, and dissolved oxygen) discharged via Pow 

Beck;  

- Dust and other airborne contamination of marine and terrestrial habitats 

 

7.32 The risks of unacceptable impacts in respect of contaminated land were considered in 

OR March 2019 (paras 6.301 -6.315), with the Council’s view in paras 6.316 -6.319. 

 

7.33 The most recent consideration can be found in the October 2020 OR (CD 4.5) and 

refers to Copeland Local Plan policy ENV6 – Access to the Countryside. ENV 6 aims to 

ensure access to the countryside by “investigating opportunities for reclaiming 

contaminated and derelict land for recreation purposes”. The Council concluded that the 

main Marchon site meets several of these criteria and would benefit from the 

remediation of historic contamination that this development would help facilitate (OR 

Oct 2020 para 7.199) 

 

7.34 However, I consider that Copeland Local Plan Policy - Strategic Development Principles 

is also relevant. It sets out Development Principles, including: 

Policy ST1 C v) “Support the reclamation and redevelopment or restoration of the 

Borough’s vacant or derelict sites, whilst taking account of landscape, biodiversity and 

historic environment objectives balances the redevelopment of vacant or derelict sites 

with biodiversity objectives. “ 

 

7.35 In this case the risks to controlled waters (especially the Irish Sea and the Cumbria 

Coast Marine Conservation Zone) are biodiversity risks and there is a need for a 

balanced approach. 

  

7.36 Paragraph 183 of the NPPF states: 

“Planning policies and decisions should ensure that:  

a) a site is suitable for its proposed use taking account of ground conditions and 

any risks arising from land instability and contamination. This includes risks 

arising from natural hazards or former activities such as mining, and any 
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proposals for mitigation including land remediation (as well as potential impacts 

on the natural environment arising from that remediation);  

b) after remediation, as a minimum, land should not be capable of being 

determined as contaminated land under Part IIA of the Environmental Protection 

Act 1990;  

and c) adequate site investigation information, prepared by a competent person, 

is available to inform these assessments.” 

 

7.36 National policy therefore requires that potential impacts on the natural environment 

arising from remediation are taken into account, alongside any benefits of remediation. 

 

7.37 Consequently, I disagree with the Council’s assessment, and consider that although the 

risks of the development, including from the remediation and construction stage, are 

adequately mitigated by the conditions proposed to date, and no significant 

environmental harms should be attributed to the remediation, policy requires that the 

risks be taken into account alongside the benefits. 

 
Landscape 

  

Rail Loading Facility (RLF) – Pow Beck Valley 

 

7.38 With regard to Landscape impacts of the Rail Loading Facility (RLF), the Planning 

Officer’s Report states: 

 

“7.313 As set out in the original report, the Pow Beck Valley area remains largely 

tranquil and undisturbed. It is an area where the landscape dominates the railway and 

isolated farms. It is also identified as open countryside in the Copeland Local Plan 

where development is restricted unless there is an exceptional need. 

 

7.314 The LVIA assessed effects on the landscape of the Pow Beck valley as moderate 

adverse and not significant. I consider this an under-estimate resulting from 

considering the development in the wide context of the overall Landscape Character 

Type in which it is located, rather than in the local landscape context of the Pow Beck 

valley. Although impacts can be mitigated in part the RLF would remain a large-scale 

building, clearly larger in scale than agricultural buildings in the surrounding area. I 
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think that the building and associated sidings will have a significant impact on the local 

landscape particularly when viewed from the footpath where it passes either side of the 

RLF, even with the landscape planting proposed and the restoration of Main Band 

Colliery 

 

7.315 In terms of visual impact, as set out in the original report I consider that the 

LVIA was correct in identifying significant visual effects for the closest dwellings along 

High Road, to the north of Sandwith, and for isolated dwellings near the RLF in the Pow 

Beck Valley.  

 

7.316 I have attributed considerable weight to landscape and visual impact in 

determining the planning balance and overall, I consider that the proposed 

development would result in adverse impacts upon visual receptors and the local 

landscape which I consider would be unacceptable environmentally in respect of the 

policy test in DC13.” 

 

7.39 Friends of the Earth’s Landscape witness, Peter Radmall concludes in paras 7.4 – 7.6 of 

his evidence on the landscape impact arising from the RLF: 

 

“7.4 In my view, the RLF would be the most damaging part of the project in relation 

to landscape character. This would be located within the Pow Beck Valley, a sub-unit of 

the county-wide Coastal Sandstone LCT. Despite the urban influence of Whitehaven, the 

valley is predominantly rural, with relatively high levels of tranquillity, a network of 

PRoWs and a sequence of views towards the surrounding hills and the coast at St Bees. 

The valley is considered to be of high to medium sensitivity, and it is noted that a 

previous proposal to locate the mine itself within the valley was rejected, in large part 

because of this sensitivity. 

 

7.5 The RLF would represent an uncharacteristic feature of substantial scale, 

introducing sources of impact such as industrial structures (notably the loading 

building), train movements, lighting and noise. These would harm the appearance and 

tranquillity of the valley, and are considered to amount to a significant adverse effect 

on its character. The RLF would intrude into a range of views within and across the 

valley, amounting to significant adverse effects on users of the nearest PRoWs, 

including a section of the Coast-to-Coast Path, and potentially also on the nearest 

residential properties. 
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7.6 A belt of tree planting is proposed to the east of the railway by way of 

mitigation. Whilst this could in time reduce the visual impact on the nearest PRoWs to 

the east, it would have no material effect on views from the west or on longer-distance 

views generally, and would itself be perceived as a somewhat uncharacteristic feature. 

The long-term residual effect of the RLF would continue to be significant and harmful to 

landscape character and the amenity of local views.” 

 

7.40 Peter Radmall’s evidence on the matter leads me to conclude that the Application 

Proposals are in conflict with Policies ENV5 of the Copeland Local Plan and Policy SP15 

of the CWMLP. 

 

7.41 Peter Radmall’s evidence on the matter leads me to conclude that substantial weight 

should be attributed to the landscape harm that would arise from development of the 

proposed RLF. 

 

Marchon Site 

 

7.42 Friends of the Earth’s Landscape witness, Peter Radmall, considers in para 7.7. that the 

Marchon site is “significantly less sensitive” , so the project has the “potential to realise 

a number of landscape and visual benefits”, although the context of the site “is not 

without some sensitivity, due to its open and elevated character, the proximity of 

residential properties and PRoWs, and its relationship to the valued landscape of the St. 

Bees Heritage Coast.” He concludes in paras 7.8 – 7.9 of his evidence on the landscape 

impact arising from development of the Marchon Site: 

 

“7.8 The mine complex includes structures of substantial scale, notably the geodesic 

domes accommodating the CHPP and middlings store. It would be surrounded by 

landscaped mounds, augmenting the screening provided by the Ufex landfill to the 

south-east and rising ground to the west. However, the mounding would not totally 

enclose the site, and would screen only the lower half of the CHPP structure, whilst 

contributing to a loss of openness. 

 

7.9 As a result, the mine would have a significant impact on relatively short-range 

views from the nearest PRoWs and from residential properties in the vicinity of High 

Road and on the northern edge of Sandwith. Whilst removal of the blighting effect of 
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the site would be beneficial to local character, the prominence of the CHPP structure 

would be perceived as intrusive, and would have an adverse effect on the surrounding 

area, including the setting of the Heritage Coast.” 

 

7.43 This is consistent with the Planning Officer’s observation in paragraph 7.260 of his 

October 2020 Committee (CD4.5) that: “There are also views of the Marchon mine site 

from footpaths and the Coast to Coast path, where the processing building would 

become a major feature in the landscape.” 

 

7.44 Again, Peter Radmall’s evidence on the matter leads me to conclude that the 

Application Proposals are in conflict with Policies ENV5 of the Copeland Local Plan and 

Policy SP15 of the CWMLP. 

 

7.45 Consequently, some but less than substantial weight should be attributed to the 

landscape harm that would arise from the proposed development of the Marchon site. 

 

Public Rights of Way and Tourism 

 

7.46 The site of the proposed RLF facility and its associated development is presently 

traversed by Wainwright’s Coast to Coast Walk as well as public footpaths that connect 

the site with St Bees. In addition, the England Coast Path stretches along the West 

Coast of Cumbria, passing through Whitehaven and St Bees. 

 

7.47 The Copeland Local Plan has placed a high value on improving linkages between these 

long distance paths as part of a strategic plan to increase Tourism footfall in 

Whitehaven and St Bees. Policies ST3, ST4, ENV2 and ENV3 sought to develop the 

coastal strip; and provide improved links from the Coast to Coast to the English Coast 

Path so that walking tourists would be attracted into the coastal settlements and 

support the economy. 

 

7.48 The Coast to Coast Walk currently affords views of this predominantly open and 

undeveloped and tranquil part of the Pow Beck Valley for walkers travelling along its 

route from the east and west. These views are emphasised by topography of the valley 

as walkers ascend the valley from its lowest point, Pow Beck, which runs along the 

eastern side of the railway line, or as they descend towards this point. 
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7.49 The Coast to Coast Walk passes at grade under the railway line, which is elevated 

above the valley floor. Nonetheless, the transition beneath the railway line is brief (c. 6 

metres) and walkers are still able to appreciate the fields on either side of the railway in 

this part of the journey. The Coast to Coast Walk from Sandwith to Cleator is illustrated 

on pages 6 and 7 of A Wainwright’s A Coast to Coast Walk (St Bees Head to Robin 

Hood’s Bay) A Pictoral Guide (1992). 

 

7.50 Although this is a matter that WCM propose to address through planning condition, as 

things stand, there is no adequate diversion plan for the Coast to Coast Walk where it 

goes through the RLF construction site. 

 

7.51 St Bees Parish Council has also published a series of guided parish walks which are 

available to download as pdf documents in A4 format. One of these guided walks (St 

Bees Circular Walk 7 Wood Lane & Stanley Pond) describes a journey from Wood Lane 

in St Bees along the Pow Beck Valley to Stanley Pond, which is located immediately to 

the east of the railway line and opposite WCM’s proposed RLF facility (Appendix 5). 

 

7.52 The site of the proposed RLF can also be viewed from both the Coast to Coast Walk as 

it descends the eastern side of the Pow Beck Valley from the A595 and also from the 

National Cycle Trail 726 that passes over the Coast to Coast Walk on a disused railway 

line on the eastern side of the valley.  

 

7.53 The Planning Officer confirmed in his October 2020 Committee Report (CD 4.5):  

 

“7.259 Copeland Local Plan policy ER10 (Renaissance through Tourism) states that the 

council will maximise the potential of tourism in the borough, particularly outside the 

Lake District National Park Boundaries. 

 

7.260 In order to accommodate the proposed new sidings, it is proposed to route that 

section of the Coast to Coast path running through the RLF in a tunnelled section, 

underneath the lines. The introduction of a tunnelled section and the presence of the 

RLF would inevitably detract from the experience of footpath users following this 

footpath. There are also views of the Marchon mine site from footpaths and the Coast 

 
6 https://www.sustrans.org.uk/find-other-routes/hadrians-cycleway 

https://www.sustrans.org.uk/find-other-routes/hadrians-cycleway
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to Coast path, where the processing building would become a major feature in the 

landscape. 

 

7.261 The development also requires the importation of approximately 3m depth of fill 

(and other works) to construct the railway siding, immediately adjacent to, and over 

the top of, the route of the current Coast to Coast path. 

 

7.262 The construction works affecting the Coast to Coast path in particular would 

conflict with the overall aim of this policy, particularly if they involve the temporary 

closure or a significant diversion of the Coast to Coast path. 

 

7.263 Overall, as set out in my original report - I consider the impacts of the proposal 

in respect of footpaths and impacts upon the local tourism industry would not result in 

such significant harm as to justify refusal of the planning application on those grounds 

alone.” 

 

7.54 The Planning Officer went on to opine in para 7.327 of his October 2020 Committee 

Report that: 

 
“There will be unavoidable harm to local amenity during the life of the project and to 

users of the Coast to Coast path. I consider these effects should be afforded a little 

weight. However, I consider the impacts of the proposal in respect of footpaths and 

impacts upon the local tourism industry would not result in such significant harm as to 

justify refusal of the planning application on those grounds alone.” 

 

7.55 From my own observations having visited the site, I agree that with the Officer that 

harm would be caused to local amenity and to users of the Coast to Coast Walk and, by 

extension, to the local tourism industry as a result of the Application Proposals. 

 

7.56 In these circumstances, the Application Proposals are considered to conflict with the 

requirements of Policy ER10 of the Copeland Local Plan. 

 

7.57 Furthermore, I do not accept that these harms are unavoidable since they would only 

occur if WCM’s Application Proposal is granted. Consideration of these harms and any 

other identified harms and benefits needs to be made in the Planning Balance to 
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determine how WCM’s Application Proposals relate to the requirements of local and 

national planning policy and, ultimately, should be determined. 

 

Environmental Impact Assessment 

 

7.58 This application is subject to the provisions of the Town and County Planning 

(Environmental Impact Assessment) Regulations 2011 as they were in force at the time 

the application was made.  

 

7.59 An Environmental Statement must include such information as is reasonably required to 

assess the environmental effects of the development, including a description of the 

likely significant effects of the development on the environment and a description of the 

measures to avoid, reduce or mitigate those effects. Clearly the information provided by 

the Applicant must be adequate to enable such an assessment to take place. 

 

7.60 The environmental impacts of the proposal have not been adequately described or 

assessed in a number of respects. 

 

7.61 The environmental impact assessment (EIA) was inadequate in a number of ways even 

without reference to the late amendments that WCM has promoted to the scheme in its 

statement of case and subsequent correspondence. In particular, without reference to 

such amendments it may be noted that: 

 

7.61.1  In relation to climate change, the assessment in relation to GHGs assumed that 

no emissions would arise from the end use of the coal produced by the mine 

because the coal would simply ‘substitute’ for coal that would be produced in the 

USA or elsewhere. The evidence demonstrates that this assumption is false, and 

that, in fact, granting permission for the mine would be likely to lead to 

significant additional GHG emissions, as set out in detail above.  

 

7.61.2  In relation to the emissions (other than those from the end use of the coal) that 

arise from the construction, operation and decommissioning of the mine, the 

assessment omitted a number of material factors, as set out in Professor Grubb’s 

evidence, summarised above.  
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7.61.3  In relation to the environmental impacts of the Coal Handling and Processing 

Plant (CHPP) and the paste and backfill process, Professor Haszeldine’s evidence 

sets out the potential for environmental impacts to arise based on, for example, 

the water use of these processes, the waste water produced, and the disposal of 

the high-sulphur waste product. These effects were never assessed at the time 

that WCM made the initial application or submitted the amended application in 

April 2020 because in both cases, WCM intended to produce coal with a much 

higher sulphur content than is now claimed (the amended application included a 

request to amend the definition of metallurgical coal to include a maximum 

sulphur content of 2%). The revised CHPP note was only disclosed as a 

“background document” to the October 2020 Officer’s Report. No further details 

of the CHPP and paste/backfill process have been provided nor any assessment 

conducted by anyone of the impacts of those processes since the County Council 

proposed to impose the condition requiring a maximum sulphur content of 1.6% 

and an average sulphur content of no more than 1.4%.  

 

7.61.4  Furthermore, no information has been provided on the composition of the coal to 

be extracted, before processing (i.e. “Run of Mine” (ROM) coal), which SLACC’s 

letters to WCM (see Appendix 3, items 8 & 11) – and now Professor 

Haszeldine’s evidence – have explained is relevant to the potential 

environmental impacts of the scheme, because the composition of the ROM coal 

affects the extent of washing required, the extent of water use by the washing 

process, the amount of wastewater generated, and the composition of the 

paste/backfill waste that must be safely disposed of and its likelihood of giving 

rise to acid mine drainage. SLACC noted in its letters to WCM that this was 

information WCM clearly has, noting that WCM has identified “at least 12 

borehole/sample locations where it has taken core samples from target coal 

seams for seam composition and coal quality analysis (among other 

characteristics) across three phases of investigation” and has provided one of its 

potential suppliers lab data and an analysis of the raw coal. (Appendix 3, item 

11)  

 

7.61.5 In relation to the ecology of the site, SLACC’s instructed ecologist, Dr A D Martin, 

has raised significant questions about the adequacy of the surveys undertaken to 

support the proposals. Dr Martin’s concerns with the adequacy of the survey 

work were described in detail in correspondence from SLACC to WCM on 27 July 
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2021 (see Appendix 3, item 13). In particular, Dr A D Martin noted that phase 

2 botanical surveys or NVC surveys would have been expected to have been 

undertaken on both woodlands given their status and quality; that certain 

surveys were absent or poorly timed for assessing key species, including in 

relation to bats, birds and dingy skipper; and that surveys should cover the 

whole of both woodlands given the linear nature of the woodlands and that 

species such as bats and birds were likely to use the whole of the woodlands, 

including as movement corridors.  

 

7.62 Further issues arise in respect of the late amendments to the scheme that WCM has 

promoted in its statement of case and subsequent correspondence. In particular: 

 

7.62.1  In relation to the “trenchless construction” first mentioned in WCM’s statement 

of case, no assessment has been provided of the potential impacts in relation to 

(at least): impacts on the ancient woodlands under which the tunnelling will 

pass, impacts on surface and subsurface hydrology, impacts in relation to noise 

and vibration, information on how the area will be reclaimed, including e.g. the 

areas in which “temporary access shafts” are constructed, and the cut and fill 

balance. Whilst WCM has made bare assertions that many of these impacts will 

be no different than those arising from the trench construction, it is difficult to 

see how this can be true in many cases, and without any method statement or 

plans showing precisely where the method will be used and the depth in relation 

to the steeply sloping terrain, it is not possible to evaluate many of these claims.  

 

7.62.2  In relation to the carbon offsetting proposals, which were stated to comprise a 

“carbon sink forest scheme” in WCM’s statement of case, it is noted that this has 

now apparently been abandoned. The section 106 agreement provided by the 

Applicant on 2 August 2021, now indicates that the offsetting scheme will involve 

the “acquisition by the Owners and/or the Developer of Gold Standard as 

governed by the Gold Standard Foundation or equivalent verified emissions 

reductions as off-site measures to offset GHG emissions.” (S106 at 6) Significant 

questions remain over the extent of emissions that WCM proposes may be offset 

through this scheme, whether such emissions reductions would happen in the 

absence of WCM’s purchase of offsets and if so, to what extent.  

 



 
Application by West Cumbria Mining Ltd 
Development of a New Underground Metallurgical Coal Mine  
Paul Bedwell – Proof of Evidence 
 
 

 
August 2021 | P21-1809 
Proof of Evidence on West Cumbria Mining Limited’s Application Proposals  Page | 48 
 

7.62.3  WCM’s indication that does not support any limits on the composition of the coal 

to be produced by the mine also gives rise to changes in respect of (at least): 

the CHPP and paste/backfill process and their environmental impacts as 

explained above; the extent to which the coal fulfils a need from the UK or EU 

steel industries, as set out in the evidence of Professor Haszeldine, summarised 

above; and the extent of the greenhouse gas emissions of the mine (as a 

consequence of the fact that if the coal is not used in the UK or Europe, it is 

likely to be sent further afield).  

 

7.63 Of course, the Applicant has indicated that it will disclose further environmental 

information over the coming days and weeks. It is not possible to comment on the 

adequacy of any updated ES/environmental information except to note that it is 

surprising that the Applicant has not disclosed much of this information sooner. In 

particular, I note that the provision of the revised climate change chapter has been 

delayed until the day after the main proofs of evidence are due.  

 

7.64 Further evidence will be provided in relation to the amended ES and its adequacy in due 

course and in accordance with the schedule set out in the Inspector’s pre-inquiry note 

of 9 August 2021. 
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8. ISSUE 4: ECONOMIC IMPACTS 

 

8.1 SLACC’s expert witness, on economics, Rebekah Diski has assessed the Application 

Proposals and her evidence has concluded that: 

 

8.1.1 The Applicant’s claim that over 500 jobs will be created when the mine is 

operational and that there will be up to 1,000 additional jobs by way of indirect 

employment is not supported by any robust methodology. 

 

8.1.2 The Applicant’s claim that 80% of the operational workforce will be locally 

sourced is highly likely to be unworkable in practice because the vast majority 

of locals surveyed (47 of 1617) do not claim to be experienced miners.  

 
8.1.3 Given many of the proposed jobs (429 of them) require past relevant 

experience, it is difficult to see how the local work force will be able to take up 

such occupation. Rather, it seems likely that there will be an influx of non-local 

mine workers and indeed, given coal mining is a shrinking industry in the UK it 

is possible that many of the proposed positions will be filled by workers from 

countries with a larger pool of skilled miners (e.g. Poland).  

 

8.1.4 The proposed employment at the mine would not benefit those who are 

currently unemployed. Many of those currently unemployed have been out of 

work for more than six months. It appears that the vast majority of recruits will 

have to move from existing jobs which will put pressure on the local labour 

market by essentially resulting in employees being poached from existing jobs.  

 

8.1.5 There is a relatively small pool of people with the relevant technical/construction 

and professional services skills in the area, and WCM would be competing for 

its work force with projects more in keeping with Cumbria’s Net Zero 

aspirations. Proposed tourism jobs currently envisioned by the Copeland Vision 

2040 [CD9.15] (which are likely to increase due to the enhancement to the 

Cumbria Coast Walk and Wainwright Coast to Coast walks found in the current 

Local Plan) are also likely to be adversely affected if the proposed development 

goes ahead. 
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8.1.6 As a result, the employment benefits of the scheme to local people are 

significantly less extensive than WCM contends, and indeed are relatively 

minimal. 

 

8.2 These findings inform the weight that I will attribute to the economic benefits likely to 

arise from the Application Proposals in the Planning Balance. 
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9. THE PLANNING BALANCE  

 

Compliance with the Development Plan 

 

9.1 I have already identified conflict between the Application Proposals and Development 

Plan Policies in the Copeland Borough Local Plan and the requirements of the NPPF. 

There is thus lack of compliance with the Development Plan. 

 

9.2 The analysis in relation to the key CMWLP Policy DC13 (and paragraph 217 of the NPPF) 

is more involved, as it requires the application of tests within those policies to confirm 

whether or not the Application Proposals are in accord with the requirements of the 

Development Plan (and the NPPF). I address this next. 

 

Local and National Policy Presumption Against the Proposed Development 

 

9.3 The Development Plan Policy specifically related to coal is MWLP Policy DC13 (Energy 

Minerals). Policy DC13 confirms that applications for coal extraction will ONLY be 

granted if the relevant tests are met. It states: 

 

Policy DC13 of the CMWLP states: 

 

“Applications for coal extraction will only be granted where;  

- the proposal would not have any unacceptable social or environmental impacts; 

or, if not  

- it can be made so by planning conditions or obligations; or, if not  

- it provides national, local or community benefits which clearly outweigh the 

likely impacts to justify the grant of planning permission.” 

 

9.4 DC13 is the relevant Development Plan Policy and the inclusion of unacceptable social 

impacts was found sound in its approval and Adoption process. The 2019 and the 

current (2021) version of the NPPF essentially combined the first two tests of the 2012 

NPPF and changed the words “have no unacceptable environmental impacts” to 

“environmentally acceptable”, so I do not consider that the amendments to the NPPF 

supersede DC13 or its inclusion of social impacts. The policy is fully up-to-date and 

should be given full weight. 
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9.5 The NPPF is a material consideration in determining whether to grant planning 

permission. The section which applies specifically to coal extraction is contained in 

paragraph 217. 

 

9.6 Paragraph 217 of the NPPF is, unusually, framed in negative terms rather than positive 

ones, i.e. Planning permission should NOT be granted for the extraction of coal unless 

the relevant tests are met. Paragraph 217 states: 

 

“Planning permission should not be granted for the extraction of coal unless:  

the proposal is environmentally acceptable, or can be made so by planning conditions 

or obligations; or  

if it is not environmentally acceptable, then it provides national, local or community 

benefits which clearly outweigh its likely impacts (taking all relevant matters into 

account, including any residual environmental impacts)” 

 

9.7 This is an unusual policy context – both the Development Plan and national planning 

policy contain a presumption against the grant of planning permission for the 

proposed development. In order to rebut this presumption, the Applicant is required to 

demonstrate compliance with two tests: 

 

9.7.1 That the Application Proposals are: 

 

(a) “environmentally acceptable”, or can be made so by planning conditions 

or obligations, meaning that the Applicant must demonstrate that the 

climate change impacts; ecological and biodiversity impacts; landscape 

impacts and heritage impacts are acceptable (i.e. that they do not cause 

unacceptable harm) or that they can be made so by condition or 

obligation; and 

(b) “socially acceptable”, or can be made so by planning conditions or 

obligations, meaning the Applicant must demonstrate that the impacts on 

health and wellbeing; the equality impacts; impacts on future generations 

and national social impacts (such as on the ability of the UK credibly to 

lead on fighting climate change) are acceptable (i.e. that they do not 

cause unacceptable harm) or that they can be made so by condition or 

obligation. 
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9.7.2 If the Applicant cannot demonstrate these things, then the Applicant must 

demonstrate that the proposed development provides national, local or 

community benefits which clearly outweigh its likely impacts (taking all relevant 

matters into account, including any residual environmental impacts). This 

balancing exercise takes into account all the benefits and harms considered in 

the first stage of the test. 

 

Application of Policy DC13 and NPPF paragraph 217 tests 

 

9.8 In order to determine compliance with all of the requirements of DC13 and paragraph 

217 of the NPPF it is first necessary to consider whether the identified harms can be 

acceptably mitigated through the imposition of planning conditions and obligations. 

 

9.9 The Planning Officer in his October 2020 report to Committee confirmed in paragraph 

7.321 that, 

“The imposition of conditions and the proposed Section 106 Agreement would control 

impacts and provide mitigation for some of the environmental harm. However, following 

mitigation applied through these methods I consider that the adverse environmental 

impacts identified above in respect of ecology, historic environment and landscape are 

all unacceptable environmentally.” 

 
9.10 Clearly, the list of potential planning conditions and WCM’s obligations under its revised 

S106 obligation remain to be settled. In light of the various delays and in line with the 

Inspector’s revised timetable of 9 August 2021, I will address conditions and the S106 

obligation in supplementary evidence. Given that key harms, such as climate change 

impact and loss of irreplaceable habitat within ancient woodland, cannot reasonably be 

mitigated by condition, I consider that to be a reasonable approach. This is particularly 

so given Professor Grubb’s conclusion that the commitment to purchase “emission 

offsets” would be wholly inadequate to negate the impact of the greenhouse gas 

emissions during the lifetime of the mine, in particular, its methane emissions which 

have a disproportionate impact in terms of the rate of warming over coming decades 

and whether or when global temperatures surpass 1.5C warming. 
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9.11 Turning to the first part of the test under policy DC13 and paragraph 27 of the NNPF, 

the confirmed impacts and resultant harm arising from the following matters cannot be 

resolved through the imposition of conditional controls: 

9.11.1 The environmental and social harm that would be caused by the Application 

Proposals in undermining the Net-Zero obligation in the Climate Change Act 

2008, including  

(a) At the international level, undermining the UK’s international diplomatic 

efforts to increase climate pledges and encourage countries to reduce 

reliance on coal, with consequences in the form of reduced ambition from 

other countries, and therefore increased GHG emissions globally. 

Furthermore, a new supply of metallurgical coal would affect the cost of 

metallurgical coal in the UK and the EU, which would in turn have an 

effect on the decisions of steel producers, including how much steel is 

produced in these locations and how much of this production is via 

higher- and lower-carbon methods and inhibiting the switch to lower 

GHG-producing methods – further undermining the transition to net zero; 

(b) At the national level, the mine would have an “appreciable impact” on the 

UK Carbon Budgets and would give a negative impression of the UK’s 

climate strategy in the year of COP26 (per Lord Deben). The total 

emissions of the site based on five years’ end use plus operational 

emissions would equate to 4.75% of the UK’s carbon budget during the 

Sixth Carbon Budget period. Moreover, focusing on the GHG allocations 

for various sectors that underpin the Sixth Carbon Budget (2033-2037), 

the projected emissions from the mine would eclipse the Climate Change 

Committee projections for GHG emissions from all operational coal 

mines.  

(c) At the local level, the Application Proposals risk becoming a stranded 

asset, while those living locally would experience the harmful impacts of 

climate change, which would intensify for future generations. As set out 

above, by 2050 Whitehaven Harbour and the Pow Beck valley up to 

Mirehouse Community Centre could be below the Annual Flood Level. 

Increased rainfall intensity and flooding are already having financial 

effects and mental health impacts on the least advantaged communities 

across Cumbria including from the River Derwent which affects Keswick, 

Cockermouth and Workington. 
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9.11.2 The environmental harm arising from the loss of irreplaceable habitat within 

ancient woodland at Bellhouse Gill Wood and Roskapark Wood. 

 

9.11.3  The environmental harm to the setting of Scalegill Hall and its outbuildings 

(Grade II listed). 

 

9.11.4 The environmental landscape harm to the Pow Beck Valley that would arise from 

the proposed RLF.  

 

9.11.5  The environmental and social harm to the St Bees Heritage Coast that would 

arise from the Proposed Mine on the Marchon Site. 

 
9.11.6 The social harm that would arise from harm to amenity and to users of the Coast 

to Coast Walk, the Coastal Path and other public rights of way and promoted 

walks, including those mentioned in the St Bees Parish Circular Walk 7 – Wood 

Lane & Stanley Pond. 

 
9.11.7 The social harm that would arise from harm to the tourism potential of the Coast 

to Coast Walk, the Coastal Path and other public rights of way, and promoted 

walks including those mentioned in the St Bees Parish Circular Walk 7 – Wood 

Lane & Stanley Pond. 

 

9.12 In these circumstances, the Application Proposals are not environmentally or socially 

acceptable, and that the first stage test of Policy DC13 and the NPPF paragraph 217 are 

not met. 

 

9.13 Turning to the second stage test, this requires careful evaluation of the adverse 

environmental and social impacts of development of the site for the Application 

Proposals against the benefits of doing so. In many ways, it mirrors the overall planning 

balance that has to be undertaken. 

 

9.14 Given the foregoing analysis WCM’s Application Proposals as submitted would have the 

following adverse impacts (harm): 

 

• SUBSTANTIAL - The climate change harms are set out above. In light of SLACC’s 

evidence of the seriousness and rapidity of climate change and the very harmful 
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impacts of dangerous warming above 1.5˚C, these harms are substantial and must 

be given very significant weight. 

• SUBSTANTIAL – The Application proposals would undermine the net-zero 

obligation in the Climate Change Act 2008, which is a further environmental and 

social harm. 

• SUBSTANTIAL harm arising from the loss of irreplaceable habitat within ancient 

woodland at Bellhouse Gill and Roskapark Wood 

• LESS THAN SUBSTANTIAL harm to the setting Scalegill Hall and its outbuildings 

(Grade II listed) 

• SUBSTANTIAL – The Application Proposals would add unnecessarily to the risks of 

Coastal Change 

• SUBSTANTIAL Landscape harm to the Pow Beck Valley from the proposed RFL 

facility 

• MODERATE Landscape harm to the St Bees Heritage Coast from the Proposed Mine 

on the Marchon Site 

• SUBSTANTIAL harm to amenity and to users of the Coast to Coast Walk, the 

Coastal Path and other public rights of way, and promoted walks including those 

mentioned in the St Bees Parish Circular Walk 7 – Wood Lane & Stanley Pond and, 

by implication  

• SUBSTANTIAL harm to the tourism potential of the Coast to Coast Walk, the 

Coastal Path and other public rights of way, and promoted walk, including those 

mentioned in the St Bees Parish Circular Walk 7 – Wood Lane & Stanley Pond 

 

Benefits of the Application Proposals  

 

9.15 WCM’s Planning Application Proposals would, if granted and implemented, secure the 

restoration of the Former Mainband Colliery site following the construction of the 

development. The restoration of the site had been a requirement under planning 

application 4/88/0662 but has not been secured. This would be a public benefit that 

should be afforded MODERATE weight. 

 

9.16 WCM claim that the Application Proposals would secure the remediation of the Former 

Marchon site and without WCMs development it is uncertain whether the contamination 

present would ever be remediated. The site has already been remediated to a status 

above the minimum acceptable standard referred to in NPPF Para 183 b), and any 

environmental benefit or remediation of the Marchon site needs to be balanced against 



 
Application by West Cumbria Mining Ltd 
Development of a New Underground Metallurgical Coal Mine  
Paul Bedwell – Proof of Evidence 
 
 

 
August 2021 | P21-1809 
Proof of Evidence on West Cumbria Mining Limited’s Application Proposals  Page | 57 
 

the risks as required by NPPF para 183 a). In these circumstances, I would afford this 

matter NEUTRAL weight  

 

9.17 WCM’s Planning Application Proposals would, if granted and implemented, deliver 

several hundred direct new jobs at the mine (WCM claim up to 500 new jobs) and 

perhaps as much as twice as many indirect jobs. Nonetheless, given the limited 

potential for local people to be directly appointed at the mine and the potential adverse 

impact that the Application Proposals would have on the tourist potential of the St Bees 

Head Heritage Coast, Cumbria Coast and Coast to Coast Walks, I afford MODERATE 

weight to the resultant economic benefits arising from the scheme. 

 
9.18 The Applicant claims that a significant benefit of the Application proposal is the need for 

the coal which will be produced. For the reasons set out in SLACC’s evidence, it is in 

fact highly unlikely that the majority of the WCM coal will find a market in either the EU 

or UK steel industry, in particular beyond 2040, when there is likely to be a very low 

demand for coking coal in the EU and the UK. Even by 2030, a material reduction in the 

need for coking coal is likely to occur (12-15%), meaning that WCM coal will be 

competing with other existing mines for a shrinking market and may begin to look 

elsewhere for buyers; by 2035 the market for coking coal in the UK and EU is likely to 

have contracted significantly and the Chair of the UK Climate Change Committee has 

noted that, by then, “coking coal use in steelmaking could be displaced completely.” 

The evidence therefore shows that there is no need for WCM coal for most of the period 

during which the mine is proposed to operate in either the UK or the EU. I therefore do 

not consider that the need case weighs in favour of the Application proposal. 

 
9.19 Accordingly, the Applicant cannot demonstrate that the Application proposal provides 

national, local or community benefits which clearly outweigh its likely impacts (taking 

all relevant matters into account, including any residual environmental impacts). 

 
9.20 The Application Proposal does not comply with Policy DC13 of the CMWLP or paragraph 

217 of the NPPF and the Application Proposal conflicts with the Development Plan. 

 

Conclusion on Lack of Compliance with the Development Plan 

 
9.21 The Application Proposals therefore fail to comply with the following Development Plan 

policies: 

9.21.1   Policy DC13, CMWLP for the detailed reasons set out above; 
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9.21.2  Policy ENV3 of The Copeland Local Plan and Policy SP15 CMWLP as no 

wholly exceptional circumstances have been established in relation to WCM’s 

Application Proposals that would justify the harm to an area of Ancient 

Woodland; 

9.21.3  Policy ENV1 of the Copeland Local Plan, given harm from unnecessary the 

Application Proposals would add unnecessarily to impacts on Coastal Change 

9.21.4  Policy ENV5 of the Copeland Local Plan, given landscape harm to the Pow 

Beck Valley that would arise from the proposed RLF; 

9.21.5  Policy ENV5 of the Copeland Local Plan given the harm to the St Bees 

Heritage Coast; 

9.21.6  Policies ENV2 and ER10 of the Copeland Local Plan, given the adverse 

impact on tourism and the harm to the Coast to Coast Walk (which is not 

unavoidable); 

9.21.7  Policy ENV4 of the Copeland Local Plan, given harm to the setting of 

Scalegill Hall and its outbuildings (Grade II listed), which is not outweighed 

by the public benefits of the Proposals. 

 

 Overall Planning Balance 

 

9.22 As the Application Proposals do not comply with the Development Plan, permission 

should be refused unless material considerations indicate otherwise. However in this 

instance, the nature of the lack of compliance with the Development Plan leads to a 

presumption against the grant of planning permission arising. Such a presumption also 

arises under the NPPF, meaning that there would have to be very significant and 

weighty material considerations to justify the grant of planning permission. 

 

9.23 There are in fact a number of material considerations weighing against the grant of 

planning permission. 

 
9.23.1 The Application Proposals would, even with mitigation afforded by conditional 

control, impact adversely on residential amenity at Lake View and Stanley House 

to such an extent that WCM propose through obligation to restrict occupation of 

those dwellings. 

 

9.23.2 The Application Proposals would also have adverse ecological impacts including 

the loss of hedgerows, and potential adverse impact on important wetland 
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habitats and impacts on species such as otter and amphibians from the planting 

along the Pow Beck Valley, albeit that these resultant harms area proposed to be 

the subject of conditional control. 

 
9.23.3 The Application Proposals do not comply with a number of policies in the NPPF 

paragraphs 7, 152, 171, 172, 180c, 183, 184, 185, and 217 and potentially 

paragraph 202 [unless the public benefits of the Application Proposals outweigh 

the identified harm] of the NPPF. 

 
9.23.4 While the benefits set out above are material considerations in favour of the 

grant of planning permission, they are not so substantial or weighty as to 

overcome the presumption against the grant of planning permission. 

 
9.23.5 For the reasons set out above, there is no need for the coal, so that does not 

weigh as a material consideration in favour of the grant of planning permission. 

 

9.24 In the absence of a need for the Application Proposals and the evident conflict with local 

and national planning policies, none of the aforementioned harms need to be suffered 

unless those harms are clearly outweighed by the benefits of WCM’s Application 

Proposals, which they are not.  
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10. CONCLUSION

10.1 The conditions and obligations proposed do not mitigate the harms of the development 

or make the development conform to the Development Plan and to the National 

Planning Policy Framework, and nor does the proposed Section 106 Legal Agreement 

make the proposed development acceptable. 

10.2 Given comparison of the adverse impacts of the Application Proposals against the 

benefits, the adverse impacts (harm) are not clearly outweighed by the benefits. 

10.3 I have confirmed that the Application Proposals do not accord with the requirements of 

the Development Plan and conflict with Policies SP15 and DC13 of the CMWLP, Policies 

ENV1, ENV2, ENV3, ENV4, ENV5 and ER10 of the Copeland Local Plan. 

10.4 I have confirmed that the Application Proposals are in conflict with paragraphs 7, 152, 

171, 172, 180c, 183, 184, 185, 202 and 217 of the NPPF. 

10.5 Consequently, the Application Proposals are also considered to be in conflict with the 

requirements of Policy DC13 of the CMWLP and paragraph 217 of the NPPF. 

10.6 Given the identified conflict with the development plan and with national planning policy 

expressed in the NPPF, there is no justification for the identified adverse impacts and 

the resultant harm that would result from a grant of planning permission for the 

Application Proposals, as no material considerations outweigh the presumption against 

the grant of planning permission. 

10.7 There is no planning justification for a grant of full planning permission for the 

Application Proposals. I therefore respectfully submit that the Application Proposals 

should be dismissed. 
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Planning History of application 

4/17/9007 

1. Planning History of Application

1.1. Prior to the WCM planning proposal under consideration, there were no active surface

coal extraction sites in Cumbria – the last was Keekle Head (also in Copeland District) 

which ceased operations around 2001. The last deep mine, Haig Colliery, closed in 1986 

and there was an inactive planning permission at Main Band Colliery, now within the 

WCM application site, which was to expire in 2018 (CD 5.12 Cumbria MWLP September 

2017 para 5.89). 

1.2. Exploratory boreholes were drilled in October 2014 (CD 5.12 ibid para 5.90). At that 

time WCM held Coal Authority Licences for both Underground Mining and 

Underground Coal Gasification (CD 5.12 ibid para 5.92). 

1.3. In June 2016 the Council adopted a Scoping Opinion and in May 2017 WCM submitted 

their Planning Application (4/17/9007). At that time the proposal was for a 50-year 

active life for the mine, which with the expected time for development, suggested that 

coal would be extracted until at least 2070. The Consultation was launched in June 

2017.  

1.4. In August 2017, the Council asked WCM for further information, following objections 

from Natural England (4 July 2017) (3 October 2017) and Environment Agency (24 July 

2017), issued a second consultation in January/February 2018. 

1.5. South Lakes Action on Climate Change (SLACC1) submitted their first objection on 18 

February 2018 (CD 3.1), citing the quantity of greenhouse gases that would be released 

over the lifetime of the mine, and the significant scope for reducing the use of coking 

coal (and carbon emissions) in steel making. SLACC pointed out the predictions for 

global temperature rise, the link to fossil fuel use, and the required carbon reduction 

path to reach net zero by 2050. 

1  See Section 2 below. 

APPENDIX 1
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1.6. However, it is now clear that Statutory Consultees, Natural England (9-March 2018) and 

the Environment Agency (29 September 2018), issued further objections to the 

application at that stage. This was largely due to the risk of pollution to controlled 

waters, including the Marine Conservation Zone (MCZ) from the development of the 

Marchon site, which although remediated to open space standards (CD 1.123ES Ch 13 

Appendix 13.5 Copeland BC letter) was known to have void spaces and contaminated 

soils below ground. The dewatering of the old anhydrite mine, to access the old drifts 

and dispose of mining waste, was seen by both consultees as a significant problem. 

1.7. WCM proposed a change to the planning application so that the anhydrite mine did not 

need to be dewatered, and submitted that in April 2018, with a consolidated 

Environmental Statement. A new “drift” would be engineered above the anhydrite 

void, and mining waste would be turned into a “paste” and disposed of below ground 

within void spaces created by coal extraction. 

1.8. The amended scheme was submitted in December 2018 (CD 1.76), the consultation 

process was restarted, and SLACC submitted its second objection on 12 March 2019. 

This letter included an estimate of the “end use emissions” from the use of the coal as 

8 Mt CO2 a year, totalling 400Mt over the planned 50 year life of the mine. SLACC also 

pointed out that the “savings” from transportation of the coal claimed by WCM were 

approximately 1% of the combustion, or end use emissions. 

1.9. The Council’s Scoping Opinion 1 June 2016 included the following text, to which SLACC 

drew attention: 

- The ES should include detailed information about the nature of the coking coal,

the carbon implications of its extraction and utilisation, including any assessment

that may be required with regards to climate change, and the current and

anticipated future outlook in respect of demands/markets. (para 3.67 County

Cumbria Council Scoping Opinion June 2016).

1.10. On 19 March 2019 the application was approved by the Councils Development Control 

and Regulation Committee subject to conditions and a legal agreement (CD 4.1), and 

on 31 March 2019 SLACC wrote to the Ministry of Housing, Communities and Local 
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Government requesting that the Secretary of State “call in” the application for his own 

consideration.   

1.11. SLACC wrote again to the Secretary of State on the 11 September 2019 to draw 

attention to four changes to the policy context that made the case for “call in” more 

compelling. These included the “Net Zero” target for the Climate Change Act 2008 (27 

June 2019), and the BEIS strategy to “enable a pathway to lower carbon steel 

production and support broader efforts to decarbonise industry” (announced 29 

August 2019). In that letter SLACC noted that the net zero by 2050 target was not an 

ambitious one, “as it would only achieve the UK’s current Paris commitment if 

emissions fell swiftly to start with, followed by very low annual emissions to 2050 and 

beyond”.  

1.12. SLACC were not aware of the 21 June 2019 letter from Leigh Day, Solicitors for “Keep 

Cumbria Coal in the Hole”(KCCH), asking the Council to reconsider their decision, nor 

of the details of the Judicial Review brought by Marianne Bennett in December 2019. 

Such matters are therefore not considered in detail in this document. 

1.13. On 31 October 2019 the Council’s Development Control and Regulation Committee 

reconsidered their resolution of 19 March 2019 (CD 4.4), but previous objectors did not 

become aware of this until the Agenda for the Committee was noticed on the County 

Council’s website on the 23 October 2019. SLACC had no time to submit a further 

objection, but a representative was able to make a short verbal presentation to the 

Committee. SLACC again drew attention to UK and EU steel industry proposals to 

transition away from coal within the proposed lifetime of the coal mine. 

1.14. The Key Events timeline within the Statement of Common Ground between the 

Applicant and the Council does not include the letter from WCM to the Council on the 

10 March 2020.  SLACC was only aware of this letter when it was appended to the 

Applicant’s Statement of Case but considers this to be relevant information. The letter 

argued that changes to the market and new technology could enable 100% of the coal 

extracted to be sold as metallurgical coal.  

1.15. On 6 May 2020 a further Amended Application was submitted by the Applicant (CD 

1.58), together with a new Chapter added to the ES (CD 1.145 Ch 19) together with two 
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Appendices, one from Dr Neil Bristow whose previous evidence had been quoted by 

the Council to support their conclusions, and the other from AECOM (CD 1.146-147). 

1.16. SLACCs third objection to the proposed mine was submitted to the Council on the 21 

June 2020 (CD 3.5). At that time SLACC had not noticed the amended definition of 

metallurgical coal (as up to 2% sulphur and 9% ash content) that was included in a single 

table at paragraph 6.1 in the WCM Planning Statement. 

1.17. Further submissions related to coal quality and processing from the applicant were 

published on the County Council’s website on the 21 September 2020, and additional 

documents from the County Council were published on the 23 September 2020. These 

documents included the Wardell Armstrong Report, and letters and emails from steel 

industry representatives.  

1.18. On the 24 September the Council’s Committee Report was published on the Council’s 

website, including amended proposed conditions, including a more precise definition 

of the type of coal “High Volatility A Coking Coal” that could be extracted rather than 

simply “metallurgical coal”; and “compromise” sulphur and ash limits. The proposed 

conditions indicated an expiry date of December 2049, arguably two further changes 

to the proposal.   

1.19. MHCLG issued an Article 31 Direction on the 28 September 2020, preventing the 

Council from making a final decision at the Committee taking place on the 2 October. 

1.20. SLACC submitted a further objection on 1 October 2020 (CD 3.10) although there was 

insufficient time to engage expert advice or adequately consider the submissions from 

the Applicant, or reports and evidence from the Council.   

1.21. On the 9 October 2020 SLACC wrote to the Secretary of State (MHCLG) citing issues of 

national importance, and asking for further consideration of a call-in, but the Article 31 

Direction was withdrawn by MHCLG on the 6 January 2019.   

1.22. However, on the 9 December 2020, i.e. between the 9 October 2020 and 6 January, the 

Committee on Climate Change had published the 6th Carbon Budget (CD8.10). SLACC 

considered that this was a relevant matter that had not been taken into account, and 
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Richard Buxton Solicitors (RBS) wrote on SLACCs behalf to again ask the Secretary of 

State to consider “calling in” the application for his own determination. 

1.23. Further letters and emails were sent to the Secretary of State at MHCLG seeking 

acknowledgement or response during January 2021, and on 29 January Lord Deben, 

Chair of the Climate Change Committee wrote to MHCLG (CD 8.13), but also MHCLG 

informed third parties that the application would not be “called in”. 

1.24. RBS wrote to the Council on 29 January asking them to reconsider the application, in 

the light of the 6th Carbon Budget and other matters, at their Development Control 

and Regulation Committee.  

1.25. RBS wrote to the again to MHCLG on SLACC’s behalf on 2 February 2021 and, having 

had no reply, issued a pre-action letter to SoS MHCLG on 25 February 2021. 
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2. Who are South Lakes Action on Climate Change (SLACC)

2.1. SLACC is a small charity with under 100 members, but includes a number of 

professionals and academics who, in combination, have relevant experience of climate 

change policy and minerals and waste planning.   

2.2. SLACC members have, educated themselves about climate change since 2007, when 

our group was inaugurated following a visit from Ricardo Navarro, a city councilor in 

San Salvador. He came to the UK to talk to civil society groups about the destruction 

being caused by climate change in his home city, where a number of people died in 

mudslides following extremely heavy rain.  

2.3. Some SLACC members, together with members of other Cumbrian sustainability 

groups, attended the civil society workshops at both COP 15 in Copenhagen (2009)   and 

COP21 in Paris (2015). In 2009 we attended talks (e.g. on Carbon Capture and Storage 

(CCS), Circular Economies, Carbon Taxes) exactly as previously presented to official 

delegates. In 2015, workshops were primarily with global south communities on the 

front line of climate change.  

2.4. Since our inauguration in 2007 SLACC has also run local programmes to investigate low 

carbon home improvements and sustainable transport options, encourage cycling, 

reduce food waste through a community café and more recently distribute good quality 

waste food. SLACC members also helped to enable the recent Kendal Climate Change 

Citizens Jury.  

10/8/2021 
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7/13/2021 Gmail - CL217070KR: Former Marchon Site,

Maggie Mason <maggiem.mason@gmail.com>

CL217070KR: Former Marchon Site,
1 message

CMBLNC Info Requests <Inforequests.cmblnc@environment-agency.gov.uk> 16 June 2021 at 13:21
To: Maggie Mason <maggiem.mason@gmail.com>

Dear Maggie

Enquiry regarding former Marchon site

Thank you for your enquiry and apologies for the delay in your response.

We respond to requests under the Freedom of Information Act 2000 and Environmental Information Regulations
2004.

1.The contents of the landfill.

In the correspondence, it appears that you have already been copied a copy of the Hutbank waste licence. Which will
contain information of the acceptable wastes conditioned by the waste disposal licence. Please also see attachment.

2.The nature of the leachate.

Please see attachment.

3.Where that leachate is currently transferred to, and how it is being treated and/or discharged.

Please see attachment.

4.The risks to groundwater from the landfill on to the planning application site and to the 4 United Utilities boreholes
mentioned in the attached letter.

See below.

5.Potential pollution risks from the proposed disturbance of and partial removal of the Hutbank landfill

4/5 A natural basal seal of shale forms a low permeable barrier to the vertical migration of leachate within the landfill
and this is why a leachate system was installed during and post operation to manage accumulations of leachate,
which is removed and treated. The site was capped with a low permeable bentonite geocomposite material to help
reduce rainwater infiltration and shed water away from the waste. The small corner of the landfill close to the former
drift mine entrance is noted to be within the planning development area and the consultants acting on behalf of the
applicant were made aware of Environment Agency concerns. Environment Agency confirmed that waste material
removed from the site could not be re-used on site and offsite disposal to an appropriately permitted site would be
necessary. The cap would need to be restored to current engineering standards to ensure the integrity of the capping
seal is not compromised. A plan to contain,  manage and treat any potential leachate outbreak  will need to be
agreed during temporary exposure of waste within the landfill.

The 4 boreholes are located over 6km to the south and the boundary of the source protection zone total catchment
for the boreholes is over 3km to the south. The source protection zone total catchment represents the area where the
boreholes will take groundwater from. The zones were created taking into account the faults in the sandstone. The
source protection zones are available to view on the Magic map application:  https://magic.defra.gov.uk/
magicmap.aspx

6.Any problems or remedial work to the UFEX landfill. The Ufex landfill is outside the planning boundary and it should
therefore be unaffected by the development.

Please refer to Open Government Licence which explains the permitted use of this information.

APPENDIX 2
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7/13/2021 Gmail - CL217070KR: Former Marchon Site,

Please get in touch if you have any further queries or contact us within two months if you’d like us to review the
information we have sent.

Thanks

Karen

Karen Rooke 
Customers and Engagement Officer, Cumbria and Lancashire 
Environment Agency | Ghyll Mount, Gillan Way, Penrith 40 Business Park, Penrith, Cumbria, CA11 9BP 

inforequests.cmblnc@environment-agency.gov.uk 

Hutbank & Ufex Information Request - CL217070KR.PDF 
360K
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Question 1; 

In the correspondence, it appears she has already been copied a copy of the Hutbank waste licence. Which will 
contain information of the acceptable wastes conditioned by the waste disposal licence.  

I can add the following; 

 The licence presented in document 00976511 details the permitted waste types which comprise paper,
packaging, canteen waste, contaminated detergent of a non-haz nature, fatty alcohol packages of a non-haz
nature, calcium sulphate, construction waste, and liquid waste in drums.

 Licence modification 00976509 adds soda ash, dicalite, asbestos sheeting and lagging.

 Document 00976527 suggests hazardous waste has been emplaced at the site.

 Documents 00976538, 00976543 confirms radioactive (low grade) waste containing thorium and uranium is
disposed of on site.

 Document reference 00976549 confirms red Phosphorus has been disposed of on site.

 Document reference 00976625 details the contents of the chemical waste disposed of in drums including
Mercurous Nitrate, Benzene Sulphuric Acid, Cadmium Acetate, Napthalene Sulphuric Acid, Phenols etc.
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Question 2 

Leachate is sampled from 3 locations at Hutbank – GP9, GP10 and MH595. 

Below is an extract from the most recent available Annual Monitoring Report from 2020 for the site. It shows the 
composition of leachate from each of the sampling points. 
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Question 3 

Leachate is currently pumped from the pumping chambers to two leachate tanks on the western margin of the 
landfill. From here, the leachate is pumped to a discharge point in the Irish Sea, via a pH correction facility.  

Question 4/5; 

 A natural basal seal of shale forms a low permeable barrier to the vertical migration of leachate within the landfill 
and this is why a leachate system was installed during and post operation to manage accumulations of leachate, 
which is removed and treated. The site was capped with a low permeable bentonite geocomposite material to help 
reduce rainwater infiltration and shed water away from the waste. The small corner of the landfill close to the 
former drift mine entrance is noted to be within the planning development area and the consultants acting on behalf 
of the applicant were made aware of EA concerns. EA confirmed that waste material removed from the site could 
not be re-used on-site and offsite disposal to an appropriately permitted site would be necessary. The cap would 
need to be restored to current engineering standards to ensure the integrity of the capping seal is not compromised. 
A plan to contain, manage and treat any potential leachate outbreak will need to be agreed during temporary 
exposure of waste within the landfill.  

Question 6 

The Ufex landfill is outside the planning boundary and it should therefore be unaffected by the development. 

Following a recent walkover of the site conducted by Environment Agency staff, there were some infrastructural 
improvements to be made to perimeter fencing around the site. Several gaps in the perimeter fencing were noticed 
which is allowing members of the public to enter the site boundary and walk dogs etc. Vandalism has also occurred 
to well heads on site where locks have been damaged and broken off. This has been flagged to the operator and 
remedial work suggested.  

It is important to note that designation of the former Rhodia site as a contaminated land ” Special Site” required 
assessment of contaminants in, on and under the land to protect quality of coastal, surface and groundwater, the 
environment and human health . These assessment actions were undertaken to the satisfaction of EA 

14



15



16



17



18



19



20



 

21



APPENDIX 3 

Timeline in relation to Applicant’s failure to provide relevant information 

No. Date Event 

1. 6 May 2021 Deadline by which the Statement of Common Ground should have been 
submitted. 

2. 6 May 2021 

Applicant’s Statement of Case 

For the first time the Applicant mentions: 

• the prospect of “Trenchless construction techniques for the
buried conveyor under the woodland areas” (para 118)

• “a policy of carbon offsetting” which is stated to include the
funding and development of “an accredited ‘carbon sink’ forest
scheme, planting more than 250,000 trees in every year of the
operation of the Colliery” as well as the use of renewable
electricity.  (para 20)

In respect of the conditions/planning obligations it is stated that “WCM 
will enter into further discussions with the Council to ensure that the 
wording of [conditions and the planning obligation] remains relevant and 
up-to-date.” (paras 131, 133) 

3. 7 June 2021 Case Management Conference (“CMC”) 

4. 7 June 2021 Draft Statement of Common Ground first copied to rule 6 parties by email 
from the Council to PINS 

5. 10 June 2021 

SLACC letter to Applicant raising points of clarification, as invited to do so 
by counsel for the Applicant at the CMC, including: 

(i) Whether the scheme promoted by the Applicant includes the
conditions that were imposed by the Council at the time of its
resolution to approve in October 2020 in relation to:

a. An end date of 31 December 2049
b. Limits on the chemical composition of the coal, namely a

maximum ash content of 8% and a maximum sulphur
content of 1.6% and an average (mean) sulphur content
of no more than 1.4%

(ii) Details of the proposed “carbon offsetting measures”, including
the proposed “carbon sink forest scheme”, including:

APPENDIX 3
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a. the location and whether or not this would be in the UK;
b. whether they will be “accredited … in full accordance

with up to date legislation government policy national
guidance and other nationally accepted standards” per
the draft Section 106 agreement definition of GHG
Mitigation, and if so, how;

(iii) The “trenchless construction” methods for the conveyor
including:

a. methods for such construction, the range of depths at
which this will occur, in which areas such method will be
used, and the distance from the edge of each woodland
at which trenchless construction will be used as opposed
to trenches;

(iv) Full details of the revised Coal Handling and Processing Plant
(CHHP), (which was first publicly mentioned in a note attached to
the October 2020 Officer’s Report), and the environmental
impacts likely to arise from the revised CHPP; and

(v) Full details of the revised paste and backfill plant/process and the
environmental impacts likely to arise from this plant/process,
including any further revisions necessary to comply with draft
condition 1 on the chemical composition of the coal.

The letter also requested: 

a. The draft planning condition or obligation by which it was
proposed to secure such measures in relation to items (ii)
and (iii); and

b. An update to the relevant environmental information to
reflect the environmental impacts that WCM asserts will
arise from the changes in relation to items (ii) – (v).

The letter noted that it was important that the information was received 
in sufficiently good time for SLACC to consider the requested information 
with its instructed experts well in advance of the date for submissions of 
proofs of evidence. 

6. 14 June 2021 

Inspector’s CMC Note set out, among other things, that: 

• the Main Statement of Common Ground was “required as soon as
possible” (para 20)

• that the “applicant confirmed the intention to prepare SoCG with
the Rule 6 Parties and in respect of topic-based matters wherever
possible” (para 21); and

• that certain further information would be required by means of
an addendum or update to the Environmental Statement,
including in relation to:

o The Sixth Carbon Budget
o Reptiles
o Site area
o Cumulative effects; and
o Traffic modelling
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(Detail in relation to each of these issues were set out at 
para 34) 

7. 25 June 2021 

Applicant letter to SLACC replying to SLACC’s letter of 10 June 2021, 
stating that: 

• WCM were not opposed to the condition setting an end date of
2049

• In relation to the condition on the composition of the coal “WCM
has yet to be persuaded that the requirement is necessary and
will make further submissions on the point in response to the
Inspector’s request for a review of the conditions, and then again
during the course of the inquiry.”  (SLACC is aware of no such
submissions having been made to date)

• WCM was “reviewing its proposed GHG mitigation as part of the
review of the implications of the Sixth Carbon Budget” and that
“[d]etails of these measures will follow as part of WCM’s response
to the awaited Regulation 22 request…” (paragraph 3).  No
indication was given in relation to the location of the scheme or
any other details; nor was any indication provided, as is apparent
from later correspondence, that the carbon sink forest scheme
had been abandoned.

• In relation to trenchless construction it was asserted that this
“will follow a method for construction that is well established. The
precise details will be subject to approval under a condition.
However, the intention is that the depths and separation
distances will ensure that there will be no adverse impact on the
ancient woodland.” No information was provided in relation to:
under which woodland areas the trenchless construction would
be used; setback distances, methods of construction, etc.

• The information in relation to the draft planning obligation or
conditions proposed would “be provided in accordance with the
timetable” in the Inspector’s CMC note.

• No information was provided at all in relation to the CHPP or
paste and backfill plant.

8. 5 July 2021 

SLACC letter to Applicant noting that: 

• No agreed statement of common ground had yet been provided
• WCM had declined to provide answers about most of the factual

aspects of the scheme that had been requested,
• WCM’s proposal to provide the conditions/planning obligations in

relation to new aspects of the scheme in accordance with the
timetable in the CMC note prevented the Rule 6 parties from
preparing proofs of evidence in relation to these aspects of the
scheme

• Reiterating (with reference to the letter of 10 June 2020)
unanswered questions in relation to the “carbon sink forest
scheme” and “trenchless construction” and noting that without
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the requested details significant aspects of the scheme were 
entirely opaque; 

• The relevance of certain information was then explained further, 
and it was stated that “These are not mere details of the scheme 
which can be left to be approved under condition. Each of these 
aspects of the scheme, it seems to us, constitute potentially 
significant amendments to the scheme for which no details 
(beyond a sentence in the WCM statement of case) currently exists 
to allow parties and the public to consider them and make 
representations” 

• In relation to the composition of the coal, it was noted that given 
WCM’s position as set out in its 25 June 2021 letter that it did not 
accept the condition previously imposed by the Council in this 
regard,  

o WCM was asked to clarify whether it intends that no 
limits on the chemical composition of the coal should be 
imposed at all, or if different limits are promoted, what 
these were; 

o WCM was requested to indicate what is the composition 
of the coal that WCM anticipates will be (1) extracted, and 
(2) produced as a result of any grant of planning 
permission?  The relevance of these questions was 
explained, in particular noting that “the composition of 
the coal extracted will influence the extent of processing 
needed (and potentially the process itself, water usage, 
etc) and the composition of the coal to be produced 
clearly has a direct bearing on where the coal can be sold 
(and in particular whether the coal can be sold to the 
UK/EU steel industry).”   

o It was also noted that the environmental impacts of the 
revised CHPP and the revised paste and backfill 
plant/process “may be influenced by the extent of sulphur 
which WCM intend to remove from the coal by washing, 
and any sulphur removed from the coal will have to be 
dealt with in an environmentally acceptable manner.” 

• SLACC noted that most of the information requested was of a 
factual nature and should be disclosed well in advance of the 
deadline for proofs of evidence.  SLACC at this point explicitly 
reserved its position in relation to whether these amendments 
should be permitted under Wheatcroft principles, and noted the 
potential costs implications to preparing abortive evidence or 
having to prepare additional evidence after disclosure of the 
relevant information.   

9.  12 July 2021 

Applicant letter to SLACC stating that:  

• the offsetting measures “would relate to the acquisition of Gold 
Standard verified emission reductions in full accordance with up-
to-date legislation, government policy and national guidance.” 
This was the first reference to the gold standard offsetting and no 
further information was provided. It was not clear at that stage 

25



whether “Gold Standard” related to a particular scheme, or was 
simply a turn of phrase.  Nothing was said to indicate that the 
“carbon sink forest scheme” was no longer relied upon. 

• In relation to trenchless construction, certain limited details were
provided including:

o The method would involve “the construction of two
temporary access shafts on either side of the woodlands
under which the tunnel will pass. The exact locations are
still to be finalised, but they will be at least 15m from the
edge of the woodlands. The concrete tunnel will be driven
through the underlying strata to connect between the two
access shafts.” (nothing was said about under which
woodlands the method would be used)

o “The depth of the works will be finalised following specific
ground site investigation and detailed design.”  It was
“currently anticipated” that the “invert of the tunnel
would will be at least 5m below ground level”

o “Surface drainage will be controlled by the usage of
temporary diversion of any existing water course via
pumps and pipework”

o It was then asserted that:
 “Subsurface drainage and hydrology will not be

impacted and will pass by the installed concrete
pipe, which will be sealed and grouted during
installation, such that there will be no disruption
of water flows;”

 “All of the proposed trenchless tunnelling works
can be undertaken within the existing red line
boundary”

 “The proposed tunnelling method will not create
vibration related impacts and noise will be strictly
controlled to meet all imposed limits”

• It was asserted that the changes do not constitute significant
amendments to the scheme and “even if they did…[would not]
deprive those who should have been consulted on any changes the
opportunity of such consultation.”

• In relation to the composition of the coal, it was asserted that
“very clear and detailed technical evidence in relation to coal
quality” had already been made available.  (No indication was
given what was considered to constitute such evidence)

o WCM then asserted that “coal produced from the coal
processing plant (CPP) will have an average ash content
of 7% and an average sulphur content of 1.4%. Further,
the highest limit on the sulphur content has been designed
into the CPP and capped at 1.6%. Likewise, this product
will have ash less than 8% at all times.” No further details
of the CHPP were given, how the limits would be
achieved, how such limits had been “designed into” the
CHPP.  Nor was any information provided in relation to
the coal to be extracted, before processing.
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10. 16 July 2021 

Applicant letter to PINS Environmental Services Team indicating the 
items considered to be subject to the Regulation 22 request and  

• Stating that WCM had commissioned the Council to carry out the
initial stage of the traffic modelling “earlier this month” but “the
likely timescale in which results will be available means that it is
unlikely that the proposed updated or amended ES Chapter will be
available until 3 September 2021.”

• Asserting that if any of the other information “becomes available
ahead of the updated traffic information, we will so far as we are
able share that remaining information with the parties at the
earliest possible moment.”

11. 24 July 2021 

SLACC letter to Applicant in response to Applicant’s letter of 12 July 2021. 

• SLACC reiterated that WCM had not provided answers to a
number of questions posed in previous letters, including

• In relation to “trenchless construction”:
o The precise areas in which tunnelling is proposed to be

used and which woodlands would be crossed using this
method.

o The depth of tunnelling (as the only information
previously given had related to the lowest point of
tunnelling – i.e. the invert)

o In relation to the newly-mentioned diversion of
watercourses in the 12 July letter, which watercourses
this applies to, where the diversions would start and end,
and for how long diversion would occur

o It was explained why hydrological impacts could certainly
occur despite the assertions in the 12 July letter, and
information was again requested on “the precise
dimensions and location of tunnelling and access shafts
and the resultant underground structure”

o It was explained why the bare assertions that there would
be no vibration or noise impacts were impossible to
evaluate

o It was noted that no information was provided about the
proposed reclamation of the area of tunnelling after 2049

o It was noted that there was “also, for instance, no
information on the amount of excavated material and
how this will affect the cut and fill balance calculations in
the ES, or whether – if there is an additional volume of
excavated material – this will be stored or disposed of.”

o It was noted that “In combination, the lack of detail
provided, … means there is a clear lack of information on
which an assessment of potential impacts of the
“trenchless construction” can be assessed.

• In relation to the content of the coal:
o It was noted that no information had been provided on

the composition of the coal that it is expected will be
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extracted from the mine, prior to processing.  It was 
noted that SLACC’s 5 July 2021 letter had made clear the 
relevance of this information.  

o WCM’s claim to have provided “clear and detailed
technical evidence in relation to coal quality” was
challenged, and it was noted that despite WCM
identifying “at least 12 borehole/sample locations where
it has taken core samples from target coal seams for seam
composition and coal quality analysis (among other
characteristics) across three phases of investigation” and
having provided one of its potential suppliers lab data and
an analysis of the raw coal, SLACC was not aware of any
data showing the coal composition.

• It was reiterated that no information had been provided in
response to SLACC’s questions about the specifications of the Coal 
Handling and Processing Plant and Paste and Backfill Process.
Again it was explained why this information was relevant to the
environmental effects of the scheme.

• It was reiterated that no information had been provided in
relation to the “carbon sink forest scheme”

• It was noted that the Statement of Common Ground was still
unavailable, contributing to the set of circumstances preventing
the Rule 6 parties from being able to address key matters when
preparing their evidence

• It was noted WCM had failed to provide any assurance that draft
agreed conditions in relation to new aspects of the scheme would
be provided before the deadline for proofs of evidence

• It was noted that WCM had not provided any assurance that any
environmental information would be made available before 3
September, leaving only one business day before the start of the
Inquiry

• It was asserted that these factors caused “obvious prejudice to the
Parties’ ability to compile evidence and prepare for the inquiry and
an equally obvious likelihood that the inquiry timetable will be
prejudiced”

• It was again re-emphasised that most of the information
requested by SLACC was of a factual nature, “which WCM must
already know” and that the failure to provide basic factual
information was unreasonable and causing wasted costs

• Finally it was noted that during the course of SLACC’s and its
experts’ review of the AECOM Report dated 6 May 2020, that it
had come to SLACC’s attention that the estimates of GHG
emissions were materially incomplete, and that this would be
addressed in SLACC’s evidence, as FOE had already indicated it
would do in its own Statement of Case.

12. 26 July 2021 FOE letter to Applicant confirming FOE shared the concerns raised by 
SLACC and looked forward to a detailed response to SLACC’s 24 July letter, 

28



and also requesting certain additional information in relation to the 
proposed “carbon sink forest scheme.” 

13. 27 July 2021 

SLACC letter to Applicant in respect of ecology in which it was noted that 
SLACC’s instructed ecologist, after having secured an (accompanied) site 
visit to b access to the site, advised that (amongst other conclusions): 

• It is considered most likely that both Bellhouse Gill Wood and
Roskapark/Benhow Woods are ancient semi-natural woodlands

• Given, species such as bats and birds are likely to use the whole
of the woodlands, surveys should include the whole of the
woodlands

• Phase 2 botanical surveys or NVC surveys would have been
expected to have been undertaken on both woodlands given their
status and quality

• Certain surveys were absent or poorly timed for assessing key
woodland species, including in relation to bats, birds and dingy
skipper (butterfly)

• The complex topography with “steeply incised streams in places
and significant differences in ground levels” makes “accurate
assessment of the effects on these woodlands of conveyor
construction, operation and decommissioning, from the
information provided, very problematic” especially given the lack
of detailed survey data.

• SLACC’s ecologist therefore advised that the current ecological
information is not sufficient for the Inspector and recommended
that WCM provide:

o Updated survey data
o The mapping history of the two ancient woodlands
o Detailed mapping of ancient woodland indicator plant

species in the woodlands
o A 3-D wireline model of the detailed topography in the

vicinity of the two crossing points and the horizontal and
vertical alignment of the proposed construction works
and final conveyor tunnel

o Input from a professional hydrologist on likely effects on
the woodland and downstream wetland habitats from
conveyor construction, operation and decommissioning

o A 2-D model of the ancient woodland plant communities
overlain onto a precautionary construction corridor
developed from the 3-D model and areas likely to be
affected by changes in hydrology.

14. 30 July 2021 

Applicant-only Statement of Common Ground 

The Applicant sends “SOCG Matters Agreed” and “SOCG Matters not 
Agreed” to PINS and the parties, along with an email from the Council 
dated 13 July 2021 (some 17 days earlier) that suggested that if there were 
remaining areas of disagreement, the Applicant send a track changes 
version to the Inspectorate and the parties showing the areas where there 
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was remaining disagreement.  The email from the Applicant to PINS 
indicated it considered the Council’s proposed method unhelpful, and 
therefore stated WCM had “taken the decision to sign the Statement 
substantially in the form in which the Council have returned it and to 
present alongside that statement another such Statement that documents 
the matters not agreed”   (It may be noted that this version differed from 
to some degree from the version finally agreed on 6 August, but in any 
event, it was not clear to what extent the Council would agree that the 
Statement was “substantially” the same as the version they had attached 
to their 13 July email (which was not received by the Rule 6 parties), as it 
was unclear what changes had been made.   

15. 30 July 2021 

Applicant letter to SLACC in response to SLACC letter of 24 July 2021. 

It was stated that it was “not accepted that our previous responses have 
not provided answers to the questions which you have raised” and 
contended that “many of these questions have been re-phrased or have 
shifted in emphasis.”  It was then stated that “much of the outstanding 
information that you have requested will comprise part of our client’s 
Regulation 22 response, which we have already undertaken to provide as 
soon as it is complete. In this context, the repeated request for various 
details, which form part of wider pieces of work, to be drip-fed through 
correspondence to your arbitrarily imposed deadlines is unhelpful and will 
inevitably provide an incomplete picture.” 

Certain responses were then made, including that: 

• Trenchless construction would be used to cross under
Roskapark/Benhow Wood and Bellhouse Wood. The minimum
depth of the tunnel would be 2m, and its external diameter 3m.
It was indicated that “We anticipate being able to provide a
method statement that will provide more detail on the
construction method that is proposed to you next week.”    (No
such method statement has been received to date)

• the existing watercourses which might be temporarily diverted
were Bellhouse Gill and the unnamed watercourse through
Rosapark Wood.  It was stated that “If they are flowing, they will
be over-pumped, if needed, during construction activity.”

• It was asserted that “adequate safeguards exist as part of the
planning conditions proposed at Committee in October” 2020 in
relation to subsurface drainage and hydrology

• In relation to noise and vibration it was stated that “the trenchless
construction method is a well-established technique for tunnelling
which would not involve any large vibrating or noisy equipment or
anything different to that which would be used for the normal cut-
and-cover trench works.”

• It was asserted that it was “simply untrue” that no information
had been provided in relation to the reclamation of the areas
subject to tunnelling, because this was in Chapter 5 of the ES
(which related to the proposals for installation of the conveyor via
trench construction) “is very clear that the decommissioning of
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the conveyor will involve removal of the conveyor but the 
surrounding concrete sections will be left in situ to avoid ground 
disturbance.”   

• It was stated to be “self-evident” that the cut and fill balance
calculations in the ES would be unaffected because “there will be
no additional material, given that the dimensions of the tunnel are
materially unaffected”  (It is not clear if this is correct, given that,
e.g., access shafts will also be required, for instance; in any event,
it is also noted that the dimensions of the tunnel had not been
provided prior to this letter)

• A specification sheet was provided as to the coal that it is stated
WCM will export from the site.  It was then stated that WCM were
“at more of a loss as to the relevance or significance of your
enquiry regarding to the precise composition of the coal "prior to
processing" or how the raw composition of the coal is relevant to
any of the planning issues in this case” despite this having been
explained in SLACC’s letters of 5 July and 24 July 2021.

• It was unambiguously indicated for the first time that the
offsetting proposed by WCM related to a particular scheme
labelled "The Gold Standard" and that the planning obligation
would be worded “by reference to the Gold Standard Scheme ‘or
such equivalent’”.

• It was stated in response to SLACC’s concerns about the
incomplete nature of the AECOM Report that “as you are already
aware, the GHG assessment is currently being updated in
response to the regulation 22 request and we would caution
against undertaking any work in respect of the old assessment
which is clearly subject to change.”

16. 2 August 2021 

Draft Section 106 agreement provided by Applicant to the parties, under 
cover of an email to FOE stating that the “revised GHG mechanism that is 
now proposed … is contained at para 12 of Schedule 1 on page 86 of the 
enclosed document”.   

Upon examination it appears that: 

• The proposed carbon sink forest scheme has been entirely
abandoned

• The AECOM assessment, which had been incorporated in the
prior section 106 agreement, has been replaced entirely by a
report by “Ecolyse” which (though referred to) is not appended to
the draft

17. 4 August 2021 

Council-only Statement of Common Ground, 

The Council sent a “Matters Agreed SOCG” signed only by the Council and 
differing to that provided by the Applicant on 30 July 2021 
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18. 6 August 2021 Main Statement of Common Ground countersigned by the Applicant 
provided to PINS and all parties 

19. 6 August 2021 

Updated species survey data 

The Applicant emailed SLACC on the afternoon of 6 August (12:42 pm) 
with a link for downloading a 52-page document entitled “Ecology Survey 
Update Report”.  Given the length of this document and the short time it 
was provided prior to the deadline for proofs of evidence, it has not been 
possible to consider this. 

20. 6 August 2021 
FoE letter to PINS setting out, in detail, concerns about the lack of 
information provided by the Applicant in response to FOE and SLACC 
requests. 
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Date:  9th August 2021 

Our ref: 6698 L01 

Maggie Mason 

South Lakes Action on Climate Change 

Dear Maggie 

ECOLOGICAL COMMENTS ON WCM ENVIRONMENTAL STATEMENT 

1. E3 Ecology Ltd were commissioned by SLACC to undertake an initial review of the

ecological evidence provided in support of the planning application for a new deep coal

mine near Whitehaven in Cumbria.  As you are aware the timings for the submission

of a proof of evidence and for the PI meant that we could not be confident of having

the time required to provide a POE or attend the PI.  I have therefore provided this

letter as a review of my key findings.

2. My aim was to assess whether robust ecological data had been available to inform the

planning application and Environmental Statement, and therefore whether Cumbria

County Council had all the information required to reach a planning decision.

3. I did not consider in any detail the work undertaken in relation to SACs, SPAs and

SSSIs as Natural England is the government’s advisor on these issues and was

involved in discussions on these elements.   My focus was on habitats and species

with the potential to be important in the Cumbria context, as the LPA no longer have a

county ecologist to advise the planning committee on these issues, increasing the risk

that important issues will be overlooked.

4. The review of ES documents suggested a number of gaps:

4.1 The conveyor line ran through a woodland, Bellhouse Gill Wood, identified as

ancient and a Local Wildlife Site, but very little detailed botanical information was 

provided on the woodland to allow its quality to be assessed. 

4.2 The conveyor line ran through the junction of two other woods, Roskapark and 

Benhow, identified as Local Wildlife Sites, but again with little detailed botanical 

data provided. 

4.3 For all the woodlands the extent of botanical survey appeared very limited. 

APPENDIX 4
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4.4 Bat survey work in the vicinity of these woodlands did not follow national 

guidance, which was surprising as the construction would sever them and result 

in habitat loss.  There appeared to be no work near Roskapark/Benhow woods 

and no bat monitoring using remote detectors on the line of the conveyor route in 

any of the woods 

4.5 Breeding bird survey recorded a surprisingly limited abundance and diversity of 

bird species, particularly around Roskapark Wood. 

4.6 Invertebrate surveys had not covered the flight period for dingy skipper butterfly, 

a UK BAP species on the edge of its distribution which is particularly associated 

with brownfield land. 

4.7 Whilst I would not have expected a biodiversity metric assessment for the initial 

application, in the time that has elapsed since these have become a widely adopted 

tool to assess whether developments conserve and enhance biodiversity in habitat 

terms, and for this inquiry I would expect a metric to have been made available in a 

timely manner to demonstrate whether the site delivers net gain, particularly during 

construction and operation. 

5. We sought access to the sites to allow a review of the habitats and the species that

they may support, and WCM were slow to provide access and initially sought payment

for providing access for a simple walk-over survey.

6. Accompanied access was provide on 23rd June, which was later than ideal for

assessing breeding birds and woodland herb flora.

7. From a short walk-over survey it was quickly evident to me from the flora that there

was a high likelihood that all three woodlands were of ancient origin and should be

treated in planning terms as ancient woodland.

8. In such circumstances I would generally expect the ES to be supported by both

detailed botanical assessments and mapping, and a review of historical maps to

provide more confidence in their status.  I find the supporting ecological documents

confusing, even the August 2021 BSG Ecology Survey Update Report only refers to

ancient woodland in the context of Bellhouse Wood and fails to assist the Inspector by

providing any context to the presence of a good range of ancient woodland indicator

species that is now reported for all three woodlands.  This updating survey has a

methodology that includes assessment of plant abundance, but no such information is

provided in the reports for the woodland, and for Benhow Wood the survey area

focusses on the area of woodland that is to a greater extent affected by grazing and
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disturbance and does not assess the higher quality woodland habitats down-stream 

that could be affected by changes in hydrology. 

9. I have sought to summarise the data provided in the documents I reviewed on ancient

woodland indicator species in the table below.

Records of Groundflora Species which tend to be associated with Ancient Woodland 
ES and Appendices 2020 Update 2021 update 

Roskapark Ecology Chapter 
11.7.67 
Ramsons 
Bluebell 
Wood anemone 
Primrose 

Appendix 11.4 
Botanical Appendix, no 
species lists for 
woodlands. 
 Appendix 11.6 No 
botanical data 

No botanical species data for 
individual woods. 

Table 2 for the conveyor 
route only lists  ancient 
replantation (sic) woodland 
for woodland habitats on the 
conveyor route.  It states The 
habitat is unchanged since 
the previous report. No 
previously unrecorded 
species were Identified. 

And in respect to limitations 
to the survey it states: 

Limitations to methods 2.8 
There are not considered to 
be any significant limitations 
to the 2020 update survey. 
Access was available to all 
sections of the Site. 2.9  

Survey was completed at the 
beginning of the usual 
growing season, however 
given the existing 
understanding of the Site and 
the habitat types present, this 
is not considered to be a 
significant limitation to the 
results of the survey 
undertaken. 

Ramsons 
Dog’s mercury 
Bluebell 
Wood millet 
Wood sedge 
Remote Sedge 
Sweet woodruff 
Scaly Male fern 
Soft shield fern 
Hart’s tongue fern 
Primrose 

Benhow Appendix 11.4 
Botanical Appendix, no 
species lists for 
woodlands. 

Appendix 11.6 no 
botanical data. 

Ramsons 
Bluebell  
Primrose 
Opposite leaved golden 
saxifrage 

Bellhouse Gill Ecology Chapter 
11.7.70 a very similar 
composition of trees 
and ground flora to 
those recorded in 
Roska Park 
Woodland….scaly 
male fern 

Appendix 11.4 
Botanical Appendix, no 
species lists for 
woodlands. 

Appendix 11.6 Phase 1 
Habitat Survey: Rail 
Loading Facility, Access 
and Conveyor Route 
Survey on 11th April 
and  22 May so ideal for 
woodland herbs. 

Ramsons 
Bluebell 
Wood anemone 
Male fern 
Primrose 

Limitations to 
methods  
2.16 Full access was 
available to all parts of 

Ramsons 
Dog’s mercury 
Bluebell 
Wood sorrel 
Wood sedge 
Remote Sedge 
Sweet woodruff 
Scaly Male fern 
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the site during the 
survey. The survey was 
completed in 
accordance with 
industry guidance, and 
therefore no significant 
limitations have been 
noted. 

If survey had been 
undertaken to guidance 
descriptions of Benhow 
and Roskapark would 
have been included and 
the report would have 
target notes for features 
of interest. 

10. It does appear that it is only now that botanical data is being provided that allows the

start of an assessment of the quality of all the woodlands and their potential to be

ancient woodland sites.  Although Benhow Wood could be significantly affected by

changes in hydrology no botanical data appeared to inform the ES.

11. It is possible that there are documents that I have not reviewed that assist in these

issues.

12. It should be noted that ES Appendix 11.6 does state in para 3.4:

3.4     There are four non-statutory Local Wildlife Sites within 2 km of the Site: Roska

Park LWS; Bellhouse Gill Woods LWS, Stanley Pond LWS and Woodhouse Quarry

LWS. Summary descriptions of these LWSs are provided below:

 The Roska Park LWS (500m south-east of the Site) and Bellhouse Gill Woods LWS

(650m south-east of the Site) are three blocks of ancient semi-natural woodland and 

semi-natural broadleaved woodland (on an ancient site) located to the south of 

Whitehaven. 

So BSG appear to acknowledge an ancient status for the three sites, but the ES Chapter 11 

only seems to highlight the ancient nature of Bellhouse Gill Wood (Para 11.8.96) and states: 

11.8.124 The conveyor will pass through two areas of woodland (one ancient 

replantation woodland, and one mature deciduous woodland).  

The main body of the ES therefore only appears to treat Bellhouse Gill Wood as ancient and 

the significant implications of potential impacts on other ancient woodlands are not addressed. 

The ES assesses site value and the effects of the development on a geographic scale: 
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11.6.4 The importance of an ecological feature should be considered within a defined 

geographical context. The following frame of reference has been used in this case: 

• International (European)

• United Kingdom

• England

• Regional (North West England)

• County (Cumbria)

• District (Copeland)

• Parish (Whitehaven)

• Local (Between Site and Parish)

• Site (The immediate boundary of the Site)

• Negligible

13. The woodlands are identified as being of County value because of their Local Wildlife

Site status, with no consideration of their ancient status in the assessment section.

Evaluation of non-statutory sites 

11.7.46     Roska Park, Bellhouse Gill Woods, and Woodhouse Quarry LWS are 

designated by the Cumbria Local Wildlife Sites Partnership, and are considered to be 

sites of County importance 

14. What I find incredible and undefendable is that proposals for a cut and cover conveyor

route through the woodlands is considered to have a residual adverse impact of no

more than local (less than Parish) significance.

11.8.103    As previously noted, the installation of the conveyor will impact on 0.7% of

Roska Park LWS and will result in the loss of trees along a 7m wide route. The LWS

is currently divided into two sections by the B5345, which results in a gap of c.33m

between the two sections. The conveyor will also impact on 0.6% of Bellhouse Gill

Wood LWS, also resulting in the loss of trees along a 7m wide route. Whilst trees and

ground flora will be lost as a result of this work, the soils and their associated seedbank

will be replaced. The effects of the conveyor trench are likely to be adverse, permanent

and significant at a Local level. There is a high level of confidence in this assessment.

15. And for operation:

11.8.124    The conveyor will pass through two areas of woodland (one ancient

replantation woodland, and one mature deciduous woodland). These habitats are

considered to be sensitive ecological features of County importance, and both are
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Section 41 (NERC Act 2006) and LBAP priority habitats. Post-construction, it is 

possible that (in the absence of appropriate mitigation during the construction phase) 

the adjacent retained trees within the woodland and woodland flora may be impacted 

by soil compaction around the conveyor box-culvert sections. Changes in the soil 

hydrology and restriction in tree rooting zones may occur, which may affect tree and 

plant survival. These additional effects, if they occur, are expected to be adverse, 

temporary and significant at a Site level due to their limited extent. There is a moderate 

level of confidence in this assessment. 

16. And following mitigation:

11.10.7    The loss of ancient semi-natural woodland soil structure is a much more

long-term impact that cannot be entirely mitigated and so a long-term adverse residual

effect is anticipated in these areas. As both woodlands are designated LWS they have

been evaluated as being of importance at the County level; however, it is considered

that the installation of the conveyor will result in a residual effect that is adverse and

only significant at a Local level due to the relatively small proportion of the habitat

affected and the fact that the woodland soils (and their associated seedbanks) will be

replaced. There is a high level of confidence in this assessment.

17. One only has to walk through these woodlands on the alignment of the conveyor route

to be aware of the steep topography associated with the wooded gills, the streams at

the base, and hence the vertical alignment required of the conveyor if all of the

structure is to remain below ground.  Whether the cut and cover options considered by

the ES, or the directional drilling now propose, it will be a major engineering operation

with a high risk of changing the drainage over a large area of ground, particularly

downstream of the conveyor.  This then affects  areas of woodland where little survey

work has been undertaken and which support ancient woodland indicator species

which prefer moister soils such as opposite leaved golden saxifrage and wild garlic.

Given that MAGIC maps only identifies four small areas of ancient woodland in the

parish of Whitehaven to conclude with a “high level of confidence” that residual effects

will only be significant at a Local level is extraordinary.

18. Given that the ES identifies these woodlands as being the most important habitats

directly affected by construction of the conveyor some of the species survey work

appears surprisingly light.  Bat transects and remote monitoring has only been

undertaken on a seasonal basis, and bat remote monitoring and transect surveys for

the ES do not seem to have covered the Roskapark/Benhow Woods area at all.

Monitoring data have now been provided for the woodlands for May/June, but no
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transect survey has been undertaken to assess bat movements associated with the 

woodland. 

19. BCT survey guidance1 recommends up to two survey visits per month (April to

October) for transect surveys and remote monitoring for bat activity in three locations

per transect for five days in each month for high suitability habitat for bats.  The

guidance identifies high quality foraging and commuting habitat (P35) as:

Continuous, high-quality habitat that is well connected to the wider landscape 

that is likely to be used regularly by commuting bats such as river valleys, 

streams, hedgerows, lines of trees and woodland edge. 

High-quality habitat that is well connected to the wider landscape that is likely 

to be used regularly by foraging bats such as broadleaved woodland, tree-lined 

water courses and grazed parkland. 

20. Given the likely zone of influence through factors such as severance and hydrological

changes, it is clearly reasonable to consider these woodlands as potentially high

quality habitat and to undertake sufficient survey work to assess their value to bats,

and hence the potential effects of development.  Reports submitted including that from

2021 do not provide any useful assessment of how bats are using these woodland

corridors for foraging, roosting or commuting though the wider landscape.

21. Similarly the bird diversity and abundance, particularly in Roskapark/Benhow Wood,

seems much lower than would be anticipated.  The breeding bird survey appendix had

5 bird species recorded as likely to be breeding in the woodland, whereas leaving

recording devices in the vicinity of the conveyor crossing point for around an hour after

dawn on one occasion recorded the song of 20 species with the potential to be nesting

in the woodland, including lesser whitethroat which are often over-looked by less

skilled surveyors.

22. In conclusion my view is that:

22.1 Ecological information to reliably assess the conservation value of the woodlands 

affected by the conveyor route was not available to the planning committee and 

the potential significance of effects upon the woodland were greatly under-

estimated. 

1

https://cdn.bats.org.uk/pdf/Resources/Bat_Survey_Guidelines_2016_NON_PRINTABLE.pdf?mtime=2
0181115113931&focal=none  Page 58 Table 8.3 
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22.2 As the time of writing the applicant has still not made available data to allow the 

Inspector to robustly assess the conservation value of the woodlands, how they 

are used by bats or birds,  or the likely impacts of the development upon them. 

22.3 It is most likely that the woodlands are ancient woodland sites and should be 

considered as such in planning terms. 

22.4 Supporting information on bats and breeding birds in the ES was inadequate to 

reliably assess the conservation value of the woodland, how these species used 

them, and hence the potential effects of the development. 

22.5 Using the Biodiversity Metric would be a valuable tool to assess the habitat 

changes associated with the development in the short, medium and long term. 

23. I trust that this is of assistance.

Yours sincerely 

Dr A D Martin 

Director 

E3 Ecology Ltd 
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St. Bees Circular Walk 7 : Wood Lane & Stanley Pond 
This walk follows the St. Bees valley and joins the “Coast to Coast Walk” near Stanley 

Pond.  The options for the return route are :- 

1) Via High Walton and High House Road (or via Loughrigg and Pitman’s Trod).
(Time : approx. 2 hours ; Distance 5.8 km : 3.6 miles ) (Time : approx. 2 5 hours ; Distance 7.0 km : 4.4 miles ) 

2) Via Bell House Farm, Demesne Farm and the Byerstead Road.
(Time : approx. 2.5 hours ; Distance 6.5 km : 4.1 miles ) 

3) Via Sandwith or St. Bees Head (This requires the map from Circular Walk 3).

Some of the paths can be muddy after wet weather and suitable footwear is advisable.

The walk starts from the Station car park in the centre of the village.  From the car 

park, cross the Railway and walk towards St. Bees Priory.   

If time permits, the interior of the Church, some parts of which date from the 12th century, is 

well worth a visit.  There are descriptive pamphlets and postcards available inside. 

At the Lych gate cross the road by the original entrance to St. Bees School. 

The principle buildings form three sides of a quadrangle facing the church.  The northern wing 

was built in 1588 and the other two wings date from the 19th century.  The school owes its 

existence to Edmund Grindal, Archbishop of York (1570-75) and Canterbury (1575-83).  He 

remembered his birthplace and in his will provided for a free Grammar School for St. Bees. 

Walk around the first part of the double bend until a road into the School campus is 

reached on the right by the post box.  Follow this road to its end. 

On the left is the Whitelaw Building, the management centre, opened by Prince Charles in 1993 

- named after the Conservative politician, William Whitelaw, a past Chairman of Governors.

Go through the kissing gate onto Wood Lane, which previously was a major route along 

the valley towards Whitehaven.  Follow the lane below the large patch of gorse (a mass 

of yellow in spring) until the far end of Abbey Wood is reached.  This can be muddy 

after wet weather.  Cross a double stile over a hedge bank (which is the boundary 

between two farms). 

In the field beyond, the route divides and those intending to return via Options (2) or (3) 

should take the grassy track up the hill to the left.   

(1) Return via High Walton and High House Road  (or Loughrigg and Pitman’s Trod)

Although the official Public Right of Way crosses into the Stanley Cottage woodland, the 

popular route continues along the valley floor, crossing one stile before a tunnel under 

the railway is reached at the far end of the field.  This is the junction with the “Coast to 

Coast” walk.  Go under the railway, cross Pow Beck and follow the path left across a 

field to a stile at the corner by Stanley Pond. 

The pond was created following mining subsidence on 

1st March 1792 when the workings of the nearby 

Scalegill colliery suddenly collapsed, sending up a 

torrent of water and creating a large funnel-like 

aperture, 60 - 70m in diameter.  The colliery was almost 

worked out and luckily no one was in there at the time. 

Today it is difficult to see the pond owing to the banks of 

reeds and now it is a haven for wild ducks and the 

occasional heron. 

Past the stile, continue the walk along the field boundary (avoiding the wetter patches) 

until a step stile is reached in the corner. 

Here the “Coast to Coast” walk goes left towards the village of Moor Row. 

This walk turns to the right.  Go along the boundary, over step stiles in the fence and 

across the field on a raised bank until a ladder stile is reached - hidden behind trees. 

Do not try to cross Scalegill Beck to the obvious gate in the field boundary - it is very muddy. 

Once over the stile, cross the beck on the foot-bridge and go directly across the field to 

the corner to meet the Linethwaite road at a bend.  Turn to the right and follow the 

road up the hill to the junction by High Walton Farm.   

Looking back there is a view of Stanley Pond and, in front, fine views of St. Bees and the Head. 

For the alternative return via Loughrigg and Pitman’s Trod (Part of Walk 5), turn left up the 

hill and follow the route as indicated on the map.  The views improve as you get higher.  

Continue along High House Road which descends into St. Bees past a number of fine old 

houses.  When Cross Hill is reached, walk down Finkle Street, passing the Village Hall 

(which was the former Liberal Club).  By the Albert Hotel, cross over Main Street and 

return to the Station car park.   

2) Return via Bell House Farm, Demesne Farm and the Byerstead Road.

Follow the grassy track diagonally up the hill past Stanley Cottage from where you can 

look down on Stanley Pond and then through Bell House Farm to the main road.  Take 

care crossing it and follow the track ahead a short distance to Demesne Farm.   

Demesne is the medieval name for the home farm, which originally belonged to the Priory, but 

following its dissolution in the 1539 passed to the Crown.  In 1599 it was sold to Thomas 

Wyberg, a local gentleman, but by 1686 it had passed into the Lowther family (Lord Lonsdale), 

where it remained until the middle of the 20th century. 

Turn left past the farmhouse and follow the zigzag lane to Lanehead (the site of a 

former smithy) and the Byerstead Road.  Turn left (south) and follow the road past 

Byerstead Farm and in and out of the dip by the side of Thorneybeck Quarry. Continue 

along this road until it meets the main St. Bees to Whitehaven road. 

From the rise before the descent into the village, there are fine views of the meandering Pow 

Beck in the valley, the School, the Priory and over the railway, the southern part of St. Bees. 

Keep on the grass verge and follow the main road towards the village.  From Abbey 

Farm, retrace steps around the zigzag bends keeping to the left (school) side of the road. 

Cross the road by the Lych gate and make your way back to the Station Car Park. 

3) Return via Sandwith or St. Bees Head. (Requires Map from Walk 3)

Those wanting a longer walk should proceed into Sandwith Village from Lanehead and 

then either return via Rottington or take the private road towards the Lighthouse to 

make the circuit of the Head, or via Hannamoor Lane to Fleswick Bay and then over 

Tomlin back to St. Bees. 

To find out more about St Bees, you may like to visit the Village Web Site on www.stbees.org.uk 

Tony Pennick and Bob Mayow November 2000 (Updated April 2021) 
--------------------------------------------------------------------------------------------------------------------------------------------

Published in 2000 by St. Bees Parish Council (Updated 2006 and 2021).
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employmenEmployees
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Date
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2015 0 0 0
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This publication is available from: www.gov.uk/government/collections/digest-of-uk-energy-
statistics-dukes 

If you need a version of this document in a more accessible format, please email 
enquiries@beis.gov.uk. Please tell us what format you need. It will help us if you say what 
assistive technology you use. 

This is a National Statistics publication 

The United Kingdom Statistics Authority has designated these statistics as National Statistics, 
in accordance with the Statistics and Registration Service Act 2007 and signifying compliance 
with the UK Statistics Authority: Code of Practice for Statistics.  

The continued designation of these statistics as National Statistics was confirmed in 
September 2018 following a compliance check by the Office for Statistics Regulation. The 
statistics last underwent a full assessment against the Code of Practice in June 2014.  

Designation can be broadly interpreted to mean that the statistics: 

• meet identified user needs

• are well explained and readily accessible

• are produced according to sound methods, and

• are managed impartially and objectively in the public interest

Once statistics have been designated as National Statistics it is a statutory requirement that 
the Code of Practice shall continue to be observed. 

© Crown copyright 2020 

This publication is licensed under the terms of the Open Government Licence v3.0 except where otherwise stated. 
To view this licence, visit nationalarchives.gov.uk/doc/open-government-licence/version/3 or write to the 
Information Policy Team, The National Archives, Kew, London TW9 4DU, or email: 
psi@nationalarchives.gsi.gov.uk.  

Where we have identified any third-party copyright information you will need to obtain permission from the 
copyright holders concerned. 

Any enquiries regarding this publication should be sent to us at: energy.stats@beis.gov.uk 
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Introduction 
 
I This issue of the Digest of United Kingdom Energy Statistics (DUKES) continues a series which 
commenced with the Ministry of Fuel and Power Statistical Digest for the years 1948 and 1949, published in 
1950.  The Ministry of Fuel and Power Statistical Digest was previously published as a Command Paper, the 
first being that for the years 1938 to 1943, published in July 1944 (Cmd. 6538).   
 
II The current issue updates the figures given in the Department for Business, Energy and Industrial 
Strategy’s (BEIS) Digest of United Kingdom Energy Statistics 2019, published in July 2019.  
 
III This publication consists of seven chapters and four annexes. The first chapter deals with overall 
energy.  The other chapters cover the specific fuels, renewable sources of energy and combined heat and 
power.  The annexes cover conversion factors and calorific values, a glossary of terms, further sources of 
information and major events in the energy industries. 
 
IV  Some additional information appears elsewhere on the internet.  The tables on the internet are 
provided in Microsoft Excel format.  Most internet versions of the tables include data for earlier years, which 
are not referenced in this publication.  For example, commodity and energy balances (see VII and VIII, 
below) for 1998 to 2016 are included in the tables on the internet, and tables that reference five years in this 
publication show twenty-two years in their internet form.  In addition, the following appear on the internet: 
 

Long term trends tables  
Major events from 1990 to 2020 - Annex D 
(only Major events for 2018 to 2020 appear in this publication)  
Energy and the environment – Annex E  
UK oil and gas resources - Annex F  
Foreign trade – Annex G 
Flow charts – Annex H 
Energy balance: net calorific values – Annex I 
Heat reconciliation – Annex J 

 
V Annual information on prices is included in the publication Energy Prices.  The data are also 
available on the Department for Business, Energy and Industrial Strategy (BEIS) section of the GOV.UK 
website. Further information on these publications can be found in Annex C. 
 
VI Where necessary, data have been converted or adjusted to provide consistent series. However, in 
some cases changes in methods of data collection have affected the continuity of the series.  The presence 
of remaining discontinuities is indicated in the chapter text or in footnotes to the tables. 
 
VII  Chapters 2, 3, 4, 5 and 6 contain production and consumption of individual fuels and are presented 
using commodity balances.  A commodity balance illustrates the flows of an individual fuel through from 
production to final consumption, showing its use in transformation (including heat generation) and energy 
industry own use.  Further details of commodity balances and their use are given in Annex A, paragraphs A.7 
to A.42. 
 
VIII The individual commodity balances are combined in an energy balance, presented in Chapter 1, 
Energy.  The energy balance differs from a commodity balance in that it shows the interactions between 
different fuels in addition to illustrating their consumption.  The energy balance thus gives a fuller picture of 
the production, transformation and use of energy showing all the flows.  Expenditure on energy is also 
presented in energy balance format in Chapter 1.  Further details of the energy balance and its use are given 
in Annex A, paragraphs A.43 to A.58.  
 
IX Chapter 1 also covers general energy statistics and includes tables showing energy consumption by 
final users and an analysis of energy consumption by main industrial groups.  Fuel production and 
consumption statistics are derived mainly from the records of fuel producers and suppliers.  
 
X Chapters 6 and 7 summarise the results of surveys conducted by Ricardo Energy & Environment on 
behalf of BEIS which complement work undertaken by BEIS.  These chapters estimate the contribution made 
by renewable energy sources to energy and combined heat and power (CHP) production and consumption 
in the United Kingdom. 
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XI Some of the data shown in this Digest may contain previously unpublished revisions and estimates 
of trade from HM Revenue and Customs and the Office for National Statistics. These data are included in 
Annex G. 

Definitions 
XII The text at the beginning of each chapter explains the main features of the tables.  Technical notes 
and definitions, given at the end of this text, provide detailed explanations of the figures in the tables and 
how they are derived.  Further information on methodologies are also provided on the BEIS section of the 
GOV.UK website for each fuel  

XIII Most chapters contain some information on ‘oil’ or ‘petroleum’; these terms are used in a general 
sense and vary according to usage in the field examined.  In their widest sense they are used to include all 
mineral oil and related hydrocarbons (except methane) and any derived products. 

XIV An explanation of the terms used to describe electricity generating companies is given in Chapter 5, 
paragraphs 5.85 to 5.93. 

XV Data in this issue have been prepared on the basis of the Standard Industrial Classification (SIC 
2007) as far as is practicable.  For further details of classification of consumers see Chapter 1, paragraphs 
1.57 to 1.61.   

XVI Where appropriate, further explanations and qualifications are given in footnotes to the tables. 

Proposed change to use net calorific values when producing energy statistics 
XVII A consultation was launched in the 2005 edition of the Digest seeking views of users as to whether 
Net Calorific Values (NCVs) should be used in place of Gross Calorific Values (GCVs). As a result of this 
consultation, it was recognised that there are good arguments both for and against moving from GCV to 
NCV.  However, it was concluded that there would be no demonstrable advantage to changing the method of 
presenting UK Energy statistics, and so GCVs continue to be used in this edition and will be used in future 
editions of the Digest.  The fuel specific NCVs will continue to be published, and are shown in Annex A.  The 
total energy balances on a net calorifc basis are now produced as part of the additional content of the Digest, 
Annex I. 

Geographical coverage 
XVIII The geographical coverage of the statistics is the United Kingdom.  However, within UK trade 
statistics, shipments to the Channel Islands and the Isle of Man from the United Kingdom are not classed as 
exports.  Supplies of solid fuel and petroleum to these islands, from the UK, are therefore included as part of 
United Kingdom inland consumption or deliveries. 

Periods 
XIX Data in this Digest are for calendar years or periods of 52 weeks, depending on the reporting 
procedures within the fuel industry concerned.  Actual periods covered are given in the notes to the 
individual fuel chapters  

Revisions 
XX The tables contain revisions to some of the previously published figures, and where practicable the 
revised data have been indicated by an ‘r’.  The ‘r’ marker is used whenever the figure has been revised from 
that published in the 2019 Digest, even though some figures may have already been amended on the 
published version of the tables.  A table showing the size of revisions to key aggregates is available (Chapter 
1, table 1J).  Statistics on energy in this Digest are classified as National Statistics.  This means that they are 
produced to high professional standards as set out in the UK Statistics Authority’s Code of Practice for 
Official Statistics.  The Code of Practice requires that all the public bodies that produce official statistics 
“Publish a revisions policy for those outputs that are subject to scheduled revisions, and provide a statement 
explaining the nature and extent of revisions at the same time that they are released”. The following 
statement outlines the policy on revisions for energy statistics. 

Revisions to data published in the Digest of UK Energy Statistics. 
It is intended that any revisions should be made to previous years' data only at the time of the publication of 
the Digest (i.e. in July 2020 when this Digest is published, revisions can be made to 2018 and earlier years).  
In exceptional circumstances previous years' data can be amended between Digest publication dates, but 
this will only take place when quarterly Energy Trends is published.  The reasons for substantial revisions will 
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be explained in the 'Highlights' sheet of the table concerned.  Valid reasons for revisions of Digest data 
include: 

• revised and validated data received from a data supplier; 
• the figure in the Digest was wrong because of a typographical or similar error. 

 

In addition, when provisional annual data for a new calendar year (e.g. 2020) are published in Energy Trends 
in March of the following year (e.g. March 2021), percentage growth rates are liable to be distorted if the prior 
year (i.e. 2019) data are constrained to the Digest total, when revisions are known to be required. In these 
circumstances the prior year (i.e. 2019) data will be amended for all affected tables in Energy Trends and all 
affected Digest tables will be clearly annotated to show that the data has been updated in Energy Trends.  
 

Revisions to 2020 data published in Energy Trends prior to publication in the 2021 edition of the 
Digest of UK Energy Statistics. 

• All validated amendments from data suppliers will be updated when received and published in the 
next statistical release. 

• All errors will be amended as soon as identified and published in the next statistical release. 
• Data in energy and commodity balances format will be revised on a quarterly basis, to coincide with 

the publication of Energy Trends. 
 

Further details on the UK Statistics Authority’s Code of Practice for Official Statistics can be found at: 
www.statisticsauthority.gov.uk/code-of-practice/. BEIS’s statements of compliance with the Code are 
available at:  
www.gov.uk/government/organisations/department-for-business-energy-and-industrial-
strategy/about/statistics#corporate-procedures-and-standards. The UK Statistics Authority undertake regular 
assessments of BEIS’s energy statistics, and their reports can be accessed at:  
www.statisticsauthority.gov.uk/publications-list/?keyword=&type=assessment-report.  
The authority’s recommendations have been incorporated into this publication and other BEIS energy 
statistical publications and outputs.   
 
Energy data on the internet  
XXI Energy data are held on the BEIS section of the GOV.UK website, under “statistics”.  The Digest is 
available at: www.gov.uk/government/collections/digest-of-uk-energy-statistics-dukes. Information on further 
BEIS energy publications is given in Annex C.  
 
XXII The Department for Business, Energy and Industrial Strategy was created on 14 July 2016. This 
Department took over energy policy from the former Department of Energy and Climate Change.  Within this 
publication references to BEIS’s predecessor Department refer to DECC.   
 
XXIII Short term statistics are published: 

• monthly, by BEIS; 
• quarterly, by BEIS in Energy Trends, and Energy Prices;  
• quarterly, by BEIS in a Statistical Press Release which provides a summary of information published 

in Energy Trends and Energy Prices. 
 

Table numbering 
XXIV Page 10 contains a list showing the tables in the order in which they appear in this issue, and their 
corresponding numbers in previous issues. 
 
Symbols used 
XXV The following symbols are used in this Digest: 
  .. not available 
 - nil or not separately available 
 r revised since the previous edition 
 
Rounding convention 
XXVI Individual entries in the tables are rounded independently and this can result in totals, which are 
different from the sum of their constituent items. 
 
Acknowledgements 
XXVII Acknowledgement is made to the main coal producing companies, the electricity companies, the oil 
companies, the gas pipeline operators, the gas suppliers, National Grid, the Institute of Petroleum, the Coal 
Authority, the United Kingdom International Steel Statistics Bureau, Ricardo Energy & Environment, the 
Department for Environment, Food and Rural Affairs, the Department for Transport, OFGEM, Building 
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Contacts 
XXVIII For general enquiries on energy statistics contact: 
 
BEIS Energy Statistics  
(e-mail:energy.stats@beis.gov.uk)            

  

 
Department for Business, Energy and Industrial Strategy 
Energy Statistics Team 
5th Floor – Victoria 3,  
1 Victoria Street,  
London SW1H 0ET 

 
XXIX For enquiries concerning particular data series or chapters contact those named on page 9 or at the 
end of the relevant chapter. 
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Contact List 
The following people in the Department for Business, Energy and Industrial Strategy may be 
contacted for further information about the topics listed: 

Topic Contact Telephone E-mail

Total energy Warren Evans 0300 068 5059 energy.stats@beis.gov.uk 

Solid fuels and 
derived gases 

Chris Michaels 0300 068 5050 coalstatistics@beis.gov.uk 

Oil and upstream 
gas resources 

Zoe Clark 020 7215 8170 oil-gas.statistics@beis.gov.uk 

Petroleum 
(downstream) 

Steve Rose 0300 068 5101 oil-gas.statistics@beis.gov.uk 

Gas supply 
(downstream) 

Jeremy Burton 0300 068 5785 oil-gas.statistics@beis.gov.uk 

Electricity Vanessa Martin 020 7215 2995 electricitystatistics@beis.gov.uk 

Renewable 
sources of energy 

William Spry 020 7215 5394 renewablesstatistics@beis.gov.uk 

Combined heat 
and power 

Liz Waters 0300 068 5735 energy.stats@beis.gov.uk 

Prices and values, 
industrial, 
international 
and oil prices 

Anwar Annut 0300 068 5060 energyprices.stats@beis.gov.uk 

Regional and 
Local Authority 
Energy 

Michael Testa 0300 068 5946 energyefficiency.stats@beis.gov.uk 

Calorific values 
and conversion 
factors 

Warren Evans 0300 068 5059 energy.stats@beis.gov.uk 

General enquiries BEIS Energy Statistics energy.stats@beis.gov.uk 
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Tables as they appear in this issue and their 
corresponding numbers in the previous three 
issues
Chapter 2017 2018 2019 2020 Chapter 2017 2018 2019

ENERGY - - - 1.1 ELECTRICITY 5.1 5.1 5.1
- - 1.1 1.2 5.2 5.2 5.2
- 1.1 1.2 1.3 5.3 5.3 5.3

1.1 1.2 1.3 - 1.9 5.4 5.4
1.2 1.3 - - 5.4 5.5 5.5
1.3 - - - 5.5 5.6 5.6
- - - 1.4 5.6 5.7 5.7
- - 1.4 1.5 5.7 5.8 5.8
- 1.4 1.5 1.6 5.8 5.9 5.9

1.4 1.5 1.6 - 5.9 5.10 5.10
1.5 1.6 - - 5.10 5.11 5.11
1.6 - - - 5.11 7.10 7.10
1.7 1.7 1.7 1.7 5.12 5.12 5.12
1.8 - - -
1.9 5.4 5.4 5.4 RENEWABLE - - -

SOURCES OF - - 6.1
SOLID FUELS - - - 2.1 ENERGY - 6.1 6.2
& DERIVED - - 2.1 2.2 6.1 6.2 6.3
GASES - 2.1 2.2 2.3 6.2 6.3 -

2.1 2.2 2.3 - 6.3 - -
2.2 2.3 - - 6.4 6.4 6.4
2.3 - - - 6.5 6.5 6.5
2.4 2.4 2.4 2.4 6.6 6.6 6.6
2.5 2.5 2.5 2.5 6.7 6.7 6.7
2.6 2.6 2.6 2.6
2.7 2.7 2.7 2.7 COMBINED 7.1 7.1 7.1

HEAT AND 7.2 7.2 7.2
PETROLEUM 3.1 3.1 3.1 3.1 POWER 7.3 7.3 7.3

- - - 3.2 7.4 7.4 7.4
- - 3.2 3.3 7.5 7.5 7.5
- 3.2 3.3 3.4 7.6 7.6 7.6

3.2 3.3 3.4 - 7.7 7.7 7.7
3.3 3.4 - - 7.8 7.8 7.8
3.4 - - - 7.9 7.9 7.9
3.5 3.5 3.5 3.5 5.11 7.10 7.10
3.6 3.6 3.6 3.6
3.7 3.7 3.7 3.7 ANNEX A A.1 A.1 A.1
3.8 3.8 3.8 3.8 CALORIFIC A.2 A.2 A.2

VALUES A.3 A.3 A.3
NATURAL GAS 4.1 4.1 4.1 4.1

4.2 4.2 4.2 4.2
4.3 4.3 4.3 4.3
4.4 4.4 4.4 4.4
4.5 4.5 4.5 4.5
4.6 4.6 4.6 4.6
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Chapter 2 
Solid fuels and derived gases 

 

Introduction 

2.1 This chapter presents statistics on supply and demand for coal (tables 2.1 - 2.4) and 
manufactured solid fuels, including coke oven coke, coke breeze, patent fuel, coke oven gas, blast 
furnace gas, benzole and tar (tables 2.5 and 2.6). A full list of tables is available at the end of the 
chapter. 

2.2 In 2019, coal comprised 2.8 per cent of UK primary energy demand. This is down from 
4.0 per cent the previous year and 16 per cent since 2000. Most coal is used for electricity 
generation, coke manufacture, or in blast furnaces in the steel industry. 

2.3 Below, an energy flow chart for 2019 shows the flows of coal from production and imports 
through to consumption. It is a way of simplifying the figures that can be found in the commodity 
balance for coal in Table 2.4. The chart illustrates the flow of coal from the point of supply (on the left) 
to its eventual final use (on the right). 

Revisions 

2.4 Splits of coal production by coal type for 2016-2018 have been revised in line with new data 
received from UK coal producers. 

Key points 
• In 2019, coal comprised 2.8 per cent of UK primary energy demand. This is down

from 4.0 per cent the previous year and 18 per cent in 2013. (Table 1.1)

• Coal demand in the UK is at a record low because of falling demand for electricity
generation. Demand fell by 33 per cent from 11.9 million tonnes in 2018 to 8.0 million
tonnes in 2019 (Table 2.4), with a 56 per cent decrease in the use of coal for electricity
generation to a record low. In May 2019 electricity was generated from coal on only 5 days
with the longest coal free spell (18 days and 6 hours) since the 1880's. Just over a third -
36 per cent - of demand for coal was for electricity generation. Overall demand has
fallen by 87 per cent since 2013 as coal generation decreased following government
initiatives that resulted in gas being favoured for generation. (Table 2.1)

• Coal production fell by 16 per cent compared to last year, down to an all-time low of 2.2
million tonnes, less than a fifth of the production recorded in 2013 (Table 2.4). This
decrease was mainly due to lower demand for coal-fired electricity and coal mines closing
and other collieries producing less coal as they near closure.

• In 2019, 6.5 million tonnes of coal was imported, down by 36 per cent compared to
2018. Net imports accounted for 73 per cent of the UK’s supply. Russia was the UK’s
largest supplier of coal imports with a share of 37 per cent. The other main suppliers
were the USA with a 27 per cent share and Colombia with a 17 per cent share. (Table 2B)

• Total stock levels marginally fell in 2019 to 5.3 million tonnes, compared to 2018. (Table
2.4)
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Coal flow chart 2019 (million tonnes of coal) 

Notes: This flow chart is based on the data that appear in Tables 2.1 and 2.4. 
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Coal supply and demand (Table 2.1) 

2.5 With reduced demand for coal, supply has contracted substantially with an abrupt fall 
in 2014 and following years. In 2019, coal production fell 16 per cent compared to 2018 to an 
all-time low of 2.2 million tonnes. Net imports fell 39 per cent to 5.8 million tonnes and accounted for 
73 per cent of the UK’s supply, but were 12% of the peak of 50.0 million tonnes in 2013, (Chart 2.1).  

Chart 2.1: UK coal supply and demand 2000 - 2019 

2.6 Deep mined production in the UK was only 4.6 per cent of production, despite quadrupling to 
99 thousand tonnes due to Aberpergwm colliery increasing production. In 2015 deep mined production 
provided nearly a third of total coal production. This was the year that the last large deep mines in 
operation closed - Hatfield, Thoresby and Kellingley. Surface mined production decreased 19 per 
cent, to a new record low of 2.1 million tonnes due to lower demand for coal-fired electricity and coal 
mines closing and other collieries producing less coal as they near closure. Surface mined coal was 
13 million tonnes in 2000.  

2.7 Steam coal, mainly used by power stations, accounted for 45 per cent of total coal production 
in 2019, with 32 per cent coking coal and 23 per cent anthracite (Table 2.1). In 2015 steam coal 
accounted for 89 per cent of production, with 10 per cent anthracite and 1 per cent coking coal. No 
coal slurry has been produced since the last UK sites closed in 2013.  
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2.8 Table 2A shows how production of coal is divided between England, Wales and Scotland. In 
2019, 54 per cent of coal output was in Wales, 26 per cent in England and 20 per cent in Scotland. 
Wales became the main producer of coal when the last remaining large deep mines, which were in 
England, closed in 2015. Only smaller deep mines remain in England and Wales. There is no longer 
any deep mining of coal in Scotland (Map 2A). 

Table 2A: Output from UK coal mines and employment in UK coal mines 1, 2

 Million tonnes   Number 
Output Employment 

2017 2018 2019 2017 2018 2019 

Deep 
mined 

England 0.02 0.01 0.00 48 37 8 
Wales 0.00 0.01 0.10 4 90 134 
Total 0.02 0.02 0.10 52 127 142 

Surface 
mining 

England 1.0 0.9 0.6 115 110 144 
Scotland 0.8 0.6 0.4 159 73 87 
Wales 1.2 1.0 1.1 294 280 326 
Total 3.0 2.6 2.1 568 463 557 

Total 

England 1.0 0.9 0.6 163 147 152 
Scotland 0.8 0.6 0.4 159 73 87 
Wales 1.2 1.1 1.2 298 370 460 
Total 3.0 2.6 2.2 620 590 699 

 Source: The Coal Authority 
1. Output is the tonnage declared by operators to the Coal Authority, including estimated tonnages. It excludes estimates of

slurry recovered from dumps, ponds, rivers, etc.
2. Employment includes contractors and is as declared by licensees to the Coal Authority at 31 December each year.

2.9 Table 2A also shows how numbers employed in the production of coal have changed over the 
last three years. During 2019 total employment, including contractors, was 18 per cent higher 
than in 2018. As of 31 December 2019, 66 per cent of the 699 people employed in UK coal mining 
worked in Wales, while 22 per cent were employed in England and 12 per cent in Scotland. Deep 
mined employment in Wales increased from 90 in 2018 to 134 in 2019 as a result of Aberpergwm 
coming out of care and maintenance and producing again from September 2018. Surface mining 
employment rose in Wales from 280 in 2018 to 326 in 2019, mainly due to Nant Helen coming out of 
care and maintenance in January 2019. England’s surface mining employment also showed a rise 
from 110 in 2018 to 144 in 2019, mainly due to Shotton taking on more staff as the main site went into 
restoration and the extension produced more coal. 

2.10 In 2019 UK imports at 6.5 million tonnes fell by 36 per cent compared to 2018 and has 
fallen by 72 per cent since 2000 as demand for coal has fallen. Net imports comprise 73 per cent 
of the UK’s demand, compared to 38 per cent in 2000. The proportion of net imports increased over 
the last 19 years as coal mine closures saw domestic production fall faster than imports. 

2.11 The majority of UK coal imports came from four countries, as shown by the map below. In 
2019, 37 per cent of the UK’s total coal imports came from Russia (2.4 million tonnes), 27 per cent 
(1.8 million tonnes) came from the USA and 17 per cent (1.1 million tonnes) came from Colombia and 
6 per cent (0.4 million tonnes) came from Australia.  
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Chart 2.2: UK Coal Imports in 2019 (thousand tonnes) 
 
 
 
 
 
 
 
 
 
 
 

 
  
 
 
 
 
 
 

 Table 2B: Imports of coal in 20191 
       Thousand tonnes 
   Steam coal Coking coal Anthracite Total 
  Russia 1,707 710 4 2,421 
  United States of America 799 970 - 1,769 
  Australia - 423 - 423 
  Colombia 1,078 - - 1,078 
  European Union2 307 33 80 420 
  Republic of South Africa  158 - - 158 
  Other countries 201 41 19 260 
 Total all countries 4,249 2,177 102 6,529 
  
Source: HM Revenue and Customs, ISSB 

1. Country of origin basis.  
2. Includes non-EU coal routed through the Netherlands. 

 
 
2.12 Steam coal accounted for 65 per cent of the total imports. Of the rest, 33 per cent was coking 
coal, with anthracite accounting for the remainder. In 2019, Russia accounted for 40 per cent of total 
steam coal imports. A further 25 per cent came from Colombia. The UK imported 45 per cent of coking 
coal from the USA with a further 33 per cent from Russia and 19 per cent from Australia. The small 
volume of imported anthracite was mainly from the European Union (78 per cent). 
 
2.13 In 2018, the latest year for which EU data is available, the UK remained as the seventh largest 
importing country in the EU and accounted for 6 per cent of total EU imports (164 million tonnes). 
From 1999 to 2015 the UK had been in the top two largest importers with Germany but fell to the sixth 
largest in 2016 due to lower demand. In 2018, Germany was the top importing country in the EU 
accounting for 27 per cent, followed by Poland with a 12 per cent share and Spain with a 10 per cent 
share of the total. 
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Coal Consumption 

Chart 2.3: Coal consumption, 2000 - 2019 

2.14 The transformation sector represented 75 per cent (6 million tonnes) of overall demand 
for coal in 2019. Electricity generation accounted for 36 per cent of demand for all types of coal and 
86 per cent of demand for steam coal. Most coking coal was used in coke ovens (61 per cent) and the 
rest in blast furnaces (39 per cent) in the UK iron and steel industry. Coking coal used in blast 
furnaces decreased from 1.2 million tonnes in 2018 to 1.1 million tonnes in 2019. An energy balance 
flow chart for manufactured fuel, similar to that at the start of this chapter, is included in annex H. 

2.15 Electricity generation use of coal by major power producers fell by 56 per cent from 7 
million tonnes in 2018 to 3 million tonnes (a new record low) in 2019. Coal use by autogenerators 
was broadly stable at 16 thousand tonnes in 2019. Electricity generation favoured gas, nuclear and 
renewables over coal. Additionally, generation capacity which had fallen in recent years continued to 
fall with the following power stations closing in the last year - Fiddlers Ferry unit 1 (March 2019), 
Cottam Power Station (September 2019) and Aberthaw B (December 2019). There were only 5 major 
power stations remaining at the end of 2019. In May 2019 electricity was generated from coal on only 
5 days breaking the record for the longest coal free spell (18 days and 6 hours) since the 1880's. This 
was broken again in May 2020. 

2.16 Coal consumption by final consumers fell 8.7 per cent compared to 2019, to 2.0 million 
tonnes. This comprised 25 per cent of total demand (DUKES Table 2.4). Final consumption mainly 
covers steam raising for industrial processes, space or hot water heating, or heat for processing. 
Steam coal accounted for 79 per cent of this final consumption (up marginally from 2018). 

2.17 The industrial sector is the largest final consumer (accounting for 73 per cent of total final 
consumption in 2019). Eighty-four per cent of the coal used in the industrial sector was steam coal and 
manufacturers of mineral products (e.g. cement, glass and brick) were the largest users. The domestic 
sector accounted for 25 per cent of the final consumption of coal, with 63 per cent of this demand 
being for steam coal and the remainder for anthracite. Domestic consumption fell by 5.0 per cent in 
2019 compared with 2018.  

2.18 In 2018, the UK was the seventh largest consumer of coal among the EU countries for 
the second year running. It had been the third largest in 2016. The UK accounted for 5 per cent of 
total coal consumption in the EU. The top consumer was Poland accounting for 32 per cent of total EU 
consumption, while Germany was second accounting for 22 per cent. 
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Coal Stocks 

2.19 In line with much of what we see with coal, the main changes to coal stocks came post 2014 
when stocks began to decline year on year. Coal stocks fell to 5.3 million tonnes in 2019, which was 
0.3 per cent lower than in 2018 (Chart 2.4). Stocks at major power stations fell 5.1 per cent from 3.9 
million tonnes to 3.7 million tonnes, a record low in the published time series. Stocks held by coke 
ovens fell 1.8 per cent to 0.4 million tonnes. 

Chart 2.4: Coal stocks in the UK 2000 – 2019 
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Coal Resources 

2.20 As of June 2020, the Coal Authority estimates that overall there are 3,906 million tonnes 
of coal resources, including prospects (Table 2C), down marginally from 3,910 million tonnes 
assessed in June 2019. Of the economically recoverable and minable coal resource in current 
operations (including those in the planning or pre-planning process) 1,033 million tonnes is in 
underground mines and 46 million tonnes in surface mines. Overall England had a 77 per cent share 
of UK current mines and licenced resources, followed by Scotland with 14 per cent and Wales 9 per 
cent. 

2.21 In prospects, there were 2,050 million tonnes suitable for underground mining and 777 million 
tonnes suitable for surface mining. Table 2C gives details of the resource assessment by England, 
Scotland and Wales as at 12 June 2020. 

Table 2C: Identified GB coal resource assessment at 12 June 2020 

 UNDERGROUND MINING 

Million tonnes 
England Scotland Wales Total 

Operational mines 0 0 23 23 
Planning granted 5 0 0 5 
In planning process 340 0 0 340 
Pre-planning 480 107 78 665 
Prospects 2,000 0 50 2,050 
Closed mines still in licence 0 0 0 0 
Total 2,825 107 151 3,083 

 SURFACE MINING 

Million tonnes 
England Scotland Wales Total 

Operational mines 0 0 2 2 
Planning granted 0 0 0 0 
In planning process 4 0 0 4 
Pre-planning 0 40 0 40 
Prospects 516 115 147 777 
Total 520 155 149 823 

Source: Coal Authority 
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1 Includes non-coastal ports: Immingham (River Humber), Avonmouth (River Avon) and Tilbury (River Thames) 

Map 2A: UK coal production sites and ports as the end of December 20191  
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Manufactured Solid Fuels (Tables 2.5 and 2.6) 

Production, Trade and Consumption 

2.22 Manufactured Solid Fuels cover coke oven coke, coke oven breeze and patent fuels. Coke is 
a high-carbon, low impurity fuel produced by heating coal in an airless kiln. It is principally used in 
blast furnaces to smelt iron ore but is also burnt in stoves and forges as a low smoke fuel. Coke 
breeze consists of small pieces of coke (less than 19mm) separated by screening. Iron and steelworks 
use coke breeze in the sintering process whereby fine pieces of iron ore are agglomerated to a 
useable size for the main blast furnace. Patent fuels are mainly solid smokeless fuels for the domestic 
market for use in both open fires and in boilers. 

2.23 In 2019, home produced coke oven coke rose to 1.3 million tonnes, which was 2.6 per cent 
higher than in 2018 (Chart 2.5). Monckton Coke and Chemicals, the only dedicated coke plant in the 
UK closed in December 2014. However, coke is still being produced and used at steelworks, mainly 
Port Talbot and Scunthorpe. In 2019, 67 per cent of the UK’s supply of coke oven coke was 
domestically produced, with the remainder being imported.  

Chart 2.5: Total manufactured solid fuels production in the UK 2000 - 2019 

2.24 The main purpose of coke oven coke is for use in blast furnaces in the UK iron and steel 
industry. In 2019, blast furnace use had risen to 1.7 million tonnes, up 9.6 per cent from 2018. 
However, blast furnace use has fallen by 40 per cent since 2015. This is due to reduced steel 
production in the UK. Notably, SSI steelworks at Redcar ceased production in mid-September 2015 
(with the subsequent closure in October). 

2.25 Most of the supply of coke breeze is from re-screened coke oven coke, with direct production 
accounting for only 3.0 per cent of total supply in 2019. In that year, 55 per cent of coke breeze was 
used in blast furnaces (0.3 million tonnes) for transformation and 45 per cent used for final 
consumption.  

2.26 Other manufactured solid fuels (patent fuels) are manufactured smokeless fuels, produced 
mainly for the domestic market. A small amount of these fuels (only 9 per cent of total supply in 2019) 
was imported.  
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Chart 2.6: Total manufactured solid fuels consumption in the UK 2000 - 2019 

2.27 Overall, consumption of manufactured solid fuels (MSF) fell by 63 per cent from 2000 to 2019. 
Transformation of coke and coke breeze in blast furnaces remained the principal use, with an 81 per 
cent share of MSF demand in 2019. Final consumption of coke and coke breeze by industrial users 
saw the largest drop, by 77 per cent from 2000 to 2019. Final consumption of manufactured solid fuels 
by domestic users fell by 69 per cent over the same time period. 

MSF by-products - Blast furnace & coke oven gas, benzole and tars (Table 2.6) 

2.28 The carbonisation and gasification of solid fuels in coke ovens produces coke oven gas as a 
by-product. In 2019, production of coke oven gas was 3.6 TWh, 2.6 per cent higher than in 2018. 
Some of this (36 per cent) was used to fuel the coke ovens themselves. Another 26 per cent was used 
for electricity generation, 26 per cent for iron, and steel and other industrial processes (including heat 
production), 8 per cent in blast furnaces and 4 per cent was lost. 

2.29 Blast furnace gas is a by-product of iron smelting in a blast furnace. A similar product is 
obtained when steel is made in basic oxygen steel (BOS) converters and “BOS” gas is included in this 
category. Most of these gases are used in other parts of integrated steel works. Production increased 
by 3.0 per cent in 2019 compared with 2018. The generation of electricity in 2019 used 53 per cent of 
total blast furnace gas and BOS gas, while 35 per cent was used in coke ovens and blast furnaces 
themselves, 9 per cent was lost or burned as waste and a further 3 per cent was used in the iron and 
steel industry.  

2.30 Demand for benzole and tars increased by 4.3 per cent to 581 GWh in 2019, all of which was 
met by domestic production. From 2009, based on information from the EU-ETS, all consumption of 
these products has been allocated to non-energy use – see also paragraph 2.53 (d) and (e). 
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List of DUKES coal tables 

Table Description Period 
2.1-
2.3 

Commodity balances for coal – supply, demand & final consumption 1998-2019 

2.4 Supply and consumption of coal 1996-2019 
2.5 Supply and consumption of coke oven coke, coke breeze and other 

manufactured solid fuels 
1996-2019 

2.6 Supply and consumption of coke oven gas, blast furnace gas, benzole and 
tars 

1996-2019 

2.7 Deep mines and surface mines in production, December 2019. 2019 

2.1.1 Coal production and stocks 1970-2019 
2.1.2 Inland consumption of solid fuels 1970-2019 

Technical notes and definitions 
2.31 These notes and definitions are in addition to the technical notes and definitions covering all 
fuels and energy as a whole in Chapter 1. Additional guidance on the compilation of the solid fuels and 
derived gases statistics can be found in the document ‘Data Sources and Methodologies’, available on 
the BEIS section of the GOV.UK website at: www.gov.uk/government/collections/coal-statistics. For 
notes on the commodity balances and definitions of the terms used in the row headings see Annex A.  

Coal production 
2.32 Deep mined: The statistics cover saleable output from deep mines including coal obtained 
from working on both revenue and capital accounts. All licensed collieries (and British Coal collieries 
prior to 1995) are included, even where coal is only a subsidiary product. 

2.33 Surface mines: The figures cover saleable output and include the output of sites worked by 
operators under agency agreements and licences, as well as the output of sites licensed for the 
production of coal as a subsidiary to the production of other minerals. The term ‘surface mining’ has 
now replaced opencast production as defined in DUKES pre-2011. Opencast production is a particular 
type of surface mining technique. 

2.34 Other sources/ slurry: Estimates of slurry etc recovered and disposed of from dumps, ponds, 
rivers, etc. 

Steam coal, coking coal and anthracite 
2.35 Steam coal is coal classified as such by UK coal producers and by importers of coal. It tends 
to have calorific values at the lower end of the range. 

2.36 Coking coal is coal sold by producers for use in coke ovens and similar carbonising 
processes. The definition is not therefore determined by the calorific value or caking qualities of each 
batch of coal sold, although calorific values tend to be higher than for steam coal. 

2.37 Anthracite is coal classified as such by UK coal producers and importers of coal. Typically it 
has a high heat content making it particularly suitable for certain industrial processes and for use as a 
domestic fuel. Some UK anthracite producers have found a market for their lower calorific value output 
at power stations. 

Allocation of imported coal 
2.38 Although data are available on consumption of home-produced coal, and also on consumption 
of imported coal by secondary fuel producers, there is only very limited direct information on 
consumption of imported coal by final users. Guidance on how BEIS allocate imports to final users is 
outlined in paragraph 3.2.5 of the ‘Data Sources and Methodologies’ document. This guidance can be 
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found on the BEIS section of the GOV.UK website at: www.gov.uk/government/collections/coal-
statistics. 

Coal consumption 
2.39 Figures for actual consumption of coal are available for all fuels and power producers and for 
final use by the iron and steel industry. The remaining final users’ consumption figures are based on 
information on disposals to consumers by producers and on imports. 

2.40 Annex A of this Digest outlines the principles of energy and commodity balances and defines 
the activities that fall within these parts of the balances. However, the following additional notes 
relevant to solid fuels are given below: 

Transformation: Blast furnaces: Coking coal injected into blast furnaces is shown separately within 
the balance tables. 

Transformation: Low temperature carbonisation plants and patent fuel plants: Coal used at 
these plants for the manufacture of domestic coke such as Coalite and of briquetted fuels such as 
Phurnacite and Homefire. 

Consumption: Industry: The statistics comprise sales of coal by the six main coal producers and a 
few small producers to the iron and steel industry (excluding those used at coke ovens and blast 
furnaces) and to other industrial sectors, estimated proportions of anthracite and steam coal imports, 
and submission made to the EU Emissions Trading Scheme. The figures exclude coal used for 
industries’ own generation of electricity, which appear separately under transformation. 

Consumption: Domestic: Some coal is supplied free of charge to retired miners and other retired 
eligible employees through the National Concessionary Fuel Scheme (NCFS). The concessionary fuel 
provided in 2019 is estimated at 22.9 thousand tonnes. This estimate is included in the domestic 
steam coal and domestic anthracite figures. 

Stocks of coal 
2.41 Undistributed stocks are those held at collieries and surface mine sites. It is not possible to 
distinguish these two locations in the stock figures. Distributed stocks are those held at power stations 
and stocking grounds of the major power producing companies (as defined in Chapter 5), coke ovens, 
low temperature carbonisation plants and patent fuel plants.  

Coke oven coke (hard coke), hard coke breeze and other manufactured fuels 
2.42 The statistics cover coke produced at coke ovens owned by Corus plc, Coal Products Ltd and 
other producers. Low temperature carbonisation plants are not included (see paragraph 2.38). Breeze 
(as defined in paragraph 2.43) is excluded from the figures for coke oven coke. 

2.43 Breeze can generally be described as coke screened below 19 mm (¾ inch) with no fines 
removed, but the screen size may vary in different areas and to meet the requirements of particular 
markets. Coke that has been transported from one location to another is usually re-screened before 
use to remove smaller sizes, giving rise to further breeze. 

2.44 The coke screened out by producers as breeze and fines appears as transfers in the coke 
breeze column of the balances. Transfers out of coke oven coke have not always been equal to 
transfers into coke oven breeze. This was due to differences arising from the timing, location of 
measurement and the practice adopted by the iron and steel works. Since 2000, however, the Iron 
and Steel Statistics Bureau have been able to reconcile these data. Since 2007, most of the supply of 
coke breeze was reclassified to coke oven coke following better information received by the Iron and 
Steel Statistics Bureau. 

2.45 Figures are derived from returns made to HM Revenue and Customs and are broken down in 
greater detail in Annex G on the BEIS section of the GOV.UK website at: 
www.gov.uk/government/collections/digest-of-uk-energy-statistics-dukes. 
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2.46 In Table 2.5, the export figures used for hard coke, coke breeze and other manufactured solid 
fuels for the years before 1998 (as reported on the BEIS web site) are quantities of fuel exported as 
reported to BEIS or its predecessor Departments by the companies concerned, rather than quantities 
recorded by HM Revenue and Customs in their Trade Statistics. A long-term trend commentary and 
tables on exports are on the BEIS section of the GOV.UK website at:  
www.gov.uk/government/collections/digest-of-uk-energy-statistics-dukes. 

2.47 In 1998, an assessment using industry data showed that on average over the previous five 
years 91 per cent of imports had been coke and 9 per cent breeze and it is these proportions that 
have been used for 1998 and subsequent years in Table 2.5.  

2.48 The calorific value for coke breeze has been set the same as for coke oven coke. This is 
following information from the iron and steel industry on the similarities between the two types of 
manufactured fuels.  

2.49 Imports and exports of manufactured smokeless fuels can contain small quantities of non-
smokeless fuels. 

2.50 Other manufactured solid fuels are mainly solid smokeless fuels for the domestic market for 
use in both open fires and in boilers. A smaller quantity is exported (although exports are largely offset 
by similar quantities of imports in most years). Manufacture takes place in patented fuel plants and 
low-temperature carbonisation plants. The brand names used for these fuels include Homefire, 
Phurnacite, Ancit and Coalite. 

2.51 Consumption of coke and other manufactured solid fuels: These are disposals from coke 
ovens to merchants. The figures also include estimated proportions of coke imports. 

Blast furnace gas, coke oven gas, benzole and tars 
2.52 The following definitions are used in the tables that include these fuels: 

(a) Blast furnace gas: includes Basic Oxygen Steel furnace (BOS) gas. Blast furnace gas is the gas
produced during iron ore smelting when hot air passes over coke within the blast ovens. It contains
carbon monoxide, carbon dioxide, hydrogen and nitrogen. In a BOS furnace the aim is not to introduce
nitrogen or hydrogen into the steel making process, so pure oxygen gas and suitable fluxes are used
to remove the carbon and phosphorous from the molten pig iron and steel scrap. A similar fuel gas is
thus produced.

(b) Coke oven gas: is a gas produced during the carbonisation of coal to form coke at coke ovens. In
2009, some coke oven gas was produced using a combination of gases other than natural gas and
blast furnace gas. This total has been added to the production of coke oven gas rather than transfers
because it is specifically defined as the mixture of natural gas, blast furnace gas and BOS gas. See
the paragraph below on synthetic coke oven gas for a complete definition of this.

(c) Synthetic coke oven gas: is mainly natural gas that is mixed with smaller amounts of blast
furnace and BOS gas to produce a gas with almost the same qualities as coke oven gas. The
transfers row of Table 2.6 shows the quantities of blast furnace gas used for this purpose and the total
input of gases to the synthetic coke oven gas process. There is a corresponding outward transfer from
natural gas in Chapter 4, Table 4.1.

(d) Benzole: a colourless, liquid, flammable, aromatic hydrocarbon by-product of the iron and steel
making process. It is used in the UK as a solvent in the manufacture of styrenes and phenols. All
consumption of benzole has been allocated to non-energy use from 2009 onwards.

(e) Tars: viscous materials usually derived from the destructive distillation of coal, which are by-
products of the coke and iron making processes. All consumption of tars has been allocated to non-
energy use from 2009 onwards.
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Contact: Chris Michaels 
 Energy Statistics Team  
 coalstatistics@beis.gov.uk 
 0300 068 5050 
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Standard conversion factors 
This Digest uses the tonne of oil equivalent (toe) as the common unit of energy for 
comparing and aggregating fuels.  The following table gives factors for converting 
between this unit and alternative units of energy found in this and other publications. 
(See Chapter 1, Technical notes and definitions and Annex A). 

  to: 
Thousand toe Terajoules  (TJ) Gigawatt hours 

(GWh) 
Million therms 

from: multiply by 

Thousand toe 1 41.868 11.630 0.39683 

Terajoules (TJ) 0.023885 1 0.27778 0.0094778 

Gigawatt hours 
(GWh) 

0.085985 3.6000 1 0.034121 

Million therms 2.5200 105.51 29.307 1 

A selection of estimated average gross calorific values 
The following selection of estimated average gross calorific values apply to 2019.  
(For further information and more detailed calorific values see Annex A). 

Solid fuels GJ per 
tonne 

Renewable sources GJ per tonne 

Coal Domestic wood 16.3 
All consumers (weighted 
average)  

26.9 Industrial wood  20.3 

Power stations (including 
imports; weighted 
average) 

26.5 Municipal solid waste 9.9 

Iron and steel 30.4 
Other industries 
(weighted average) 

26.7 Petroleum 

Imported coal (weighted 
average) 

28.4 Crude oil (weighted 
average) 

45.7 

Exported coal (weighted 
average) 

28.0 Petroleum products 
(weighted average) 

46.1 

Motor spirit 47.0 
Coke 29.8 Gas/diesel oil 45.3 
Coke breeze 29.8 DERV 45.6 
Other manufactured solid 
fuel 

29.6 Fuel oil 43.4 

Gases 
Natural gas (produced) 39.8 
Landfill gas 21-25
Sewage gas 21-25
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Annual Business Inquiry employee analysis : open access
ONS Crown Copyright Reserved [from Nomis on 9 August 2021]

sex Total
industry 1010 : Mining and agglomeration of hard coal

Date

number Flags number Flags number Flags

2001 40 10 10
2002 10 0 0
2003 10 0 0
2004 10 0 0
2005 0 0 0
2006 0 0 0
2007 0 0 0
2008 0 0 0

Annual Business Inquiry employee analysis : open access
ONS Crown Copyright Reserved [from Nomis on 9 August 2021]

sex Total
industry 101 : Mining and agglomeration of hard coal

Date

number Flags number Flags number Flags

2001 40 10 10
2002 10 0 0
2003 10 0 0
2004 10 0 0
2005 0 0 0
2006 0 0 0
2007 0 0 0
2008 0 0 0

uacounty09:Cumbria ualad09:Allerdale ualad09:Copeland

uacounty09:Cumbria ualad09:Allerdale ualad09:Copeland
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Economic Development and Infrastructure 

From: Hatcher, Alison  
Sent: 14 June 2017 14:42 
To: Perigo, Stuart; Greenup, Philip M 
Cc: Jones, Angela 
Subject: OFFICIAL:FW: West Cumbria Mining 
Classification:OFFICIAL 
Dear Stuart 
Thanks for sharing the socio-economic chapter of the WCM application. As set out in the ES chapter, 
there is a clear commitment from WCM to recruit people from the local area, with a target of 80% of 
the 500 direct jobs being created locally. This is to be supported, however, it does raise some 
challenges. There is the opportunity to try to mitigate some of the challenges through negotiations 
with West Cumbria Mining. Set out below are some thoughts on mitigation and rationale for why 
that might be appropriate. I understand it is not a land-use planning issue, however, it is an impact 
from the development. I will leave it you to consider whether you want to explore this any further.  
From the pre-registration exercise that WCM have undertaken, there are 1,600 people who have 
expressed an interest in a job, with the vast majority living within 20 miles of the mine. This is a 
positive response, but of those interested 1350 are already in employment and 260 are unemployed. 
Given that the local labour market is already constrained, we can anticipate a high level of ‘poaching’ 
of staff from existing businesses which could have a detrimental impact on other businesses. 
Although, 260 unemployed people expressed interest, it does not mean they are employable or will 
be employed. Given the constrained labour market it would be a positive outcome from this 
development if WCM could commit to recruiting a target number of unemployed in the same way 
they are making a commitment to recruiting up to 50 apprentices in order to help mitigate the 
impact of ‘poaching’ from other businesses. For info, here are some of the key background stats: 

 In April 2017 the claimant count in Copeland was 1,170 (2.7%) and in Allerdale it was 1,445
(2.5%), both higher than the UK (2.0%). In particular, claimant rates among young people in
West Cumbria are nearly double the national average. Because of the introduction of
Universal Credit it’s difficult to be completely accurate on long term unemployment but
analysis of underlying data suggests that over a quarter of claimants in West Cumbria have
been out of work for more than 6 months (higher among males than females) indicating that
they are not immediately job ready and increasing the risk that the development will source
much of its labour from among the already employed population with the knock on effects
that causes;

 Median earned incomes for workplaces in Copeland are among the highest in the country
due to the Sellafield effect - £762 (141.4% of the UK average of £539), although earnings are
lower in Allerdale at £470 (87.3% of the UK average). This already causes wage pressure on
other businesses in the area competing for labour. These figures are referenced in the
document but there is no acknowledgement of the pressure it creates on other businesses,
particularly those operating in less high value sectors;

 ONS population projections suggest that Copeland’s working age population will decline by -
8.5% (-3,680 people) between 2015 and 2025, Allerdale’s by -6.1% (-3,542 people) against a
rise of 3.2% nationally;

 In the 2015/16 Cumbria Business Survey, 29% of businesses in Copeland and 30% in
Allerdale had tried to recruit staff in the previous 12 months. Of these, over half had
experienced difficulties in recruiting with particular difficulties in skilled trades (31%
Copeland, 22% Allerdale). Main reasons given for this were a lack of applicants with the right
skills (29% Copeland, 35% Allerdale) and transport/location (19%/29%). This and the decline
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in working age population suggests that the 80% local recruitment may not be realistic and 
there could therefore be unintended impacts elsewhere.  

If WCM could agree to a target of 10% (or even 5%), this could see up to 50 (or 25) unemployed 
people being brought back into work. To support this target, there would need to be a programme 
of support to help the individuals get to a place where they are employable. This could include WCM 
providing a financial contribution to a training programme to help people to become work-ready and 
by offering work placement experience. In order to get more details on how a programme might 
work, I suggest you liaise with Amanda Towers. For information, Amanda has already established a 
Traineeship programme supported with funding from Copeland Local Committee, working with DWP 
and Inspira. There are 20 trainees on the training programme and work experience placements are 
being offered with CCC and some of the trainees are going on to secure full time employment. If a 
similar programme was established for WCM, this could involve a financial contribution towards the 
training costs together with a commitment to the provision of work placement experience and a 
guaranteed interview for those who successfully complete their work experience. 
For info, there are some inaccuracies in the documentation submitted. Further detail can be 
provided on this if it would be helpful. 
I hope the above is helpful and I am sure Amanda would be more than willing to work with you to 
develop this further if appropriate. 
Many thanks 
Alison Hatcher 
Senior Manager Economic Development and Infrastructure Planning 
Economy & Highways Directorate | Cumbria County Council | Parkhouse Building 
Kingmoor Business Park | Baron Way | Carlisle | CA6 4SJ 
m: 07799 035380 
www.cumbria.gov.uk 
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1. INTRODUCTION 
 

1.1. My name is Rebekah Diski.  I am Senior Researcher in the Environment and 

Green Transition team at the New Economics Foundation (NEF), which is a 

charitable think tank wholly independent of political parties.  I lead the 

organisation’s work on Just Transition. This work focuses on research and 

policy development on ways to ensure that the transition to a low-carbon 

economy does not leave workers and communities which rely on carbon-

intensive industry behind. 

1.2. In my current role I regularly analyse the dynamics of local economies and 

local labour forces as part of my research on the costs and benefits of potential 

trajectories towards a low-carbon economy and the implications for local, 

regional and national industrial strategies. This involves analysis of official 

datasets – including on employment and skills – as well as engagement with 

stakeholders including local authorities, local enterprise partnerships, trade 

unions, employers, training providers and civil society, to identify opportunities 

to provide high-quality, well-paid, secure jobs that contribute to the net-zero 

agenda and, conversely, which industrial paths entail the greatest risks to 

workers and their communities, including through stranded assets. 

1.3. Other recent projects include (through NEF Consulting) reviewing the National 

Recovery and Resilience Plans of EU member states applying for the 

European Commission’s Recovery and Resilience Fund, to assess their likely 

impact on the creation of good, green jobs and support of workers and 

communities in industrial areas. I was also a member of the advisory panel for 

the Government of Jersey’s Citizens’ Assembly on Climate Change. 

1.4. I have a dual masters (MA and MSc) in international history from the University 

of Columbia, New York and the London School of Economics and Political 

Science. My background is in research and policy development and before my 

current role I worked as a policy adviser in various government departments 

including the Cabinet Office and the Department for International 

Development. Before that I worked at the London School of Economics and 
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Political Science as a research analyst. Throughout my career I have used 

quantitative and qualitative research methods to inform evidence-based policy-

making. 

1.5. I am providing this evidence on behalf of South Lakes Action on Climate 

Change (SLACC), acting pro bono as an independent expert. My evidence 

addresses the employment aspects of the Applicant’s economic benefits case, 

addressing the claimed employment figures and other employment benefits 

relied on in the Applicant’s evidence. 

1.6. The evidence which I have prepared and provide for this public inquiry is true 

to the best of my knowledge and belief. I confirm that the opinions expressed 

are my true and professional opinions based on the facts I regard as relevant 

in connection with the inquiry. 
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2. THE PROJECTED NUMBER OF JOBS 
 

2.1. The Applicant claims that over 500 jobs will be created when the mine is 

operational with further indirect employment anticipated to be ‘up to’ 1,000 and 

‘up to’ 50 apprenticeships.1 No methodology has been provided for these 

projected employment numbers. 

2.2. In relation to construction jobs, the Applicant provides a single basic table 

setting out a stated daily average employment in five categories over the 2-

year construction period of the mine.2  The total of these five categories 

indicates a daily average employment of 146 workers. However, no justification 

or explanation is given for any of the component daily average figures. 

2.3. The Applicant indicates that 518 operational jobs are anticipated to be created 

in the course of operating the mine. The Applicant indicates the main 

operational roles required, but with no justification or explanation of the 

‘anticipated’ numbers required.3 

2.4. In my view, in order to calculate the number of Full Time Equivalent (‘FTE’) 

jobs for each role, I would expect to see a calculation for each that breaks down 

how long an activity takes: for example, how long would each shuttle car 

journey take and how many journeys would be completed in an 8-hour day. In 

the absence of details in respect of the calculations and methodology, it is 

simply not possible to verify the figures provided. 

2.5. Given the significance of the proposed development and its potential impacts 

on the local and global environment, and the central importance of the claimed 

economic benefits to the case for approval, I would regard the absence of detail 

or methods as concerning. Decision makers can have no confidence in the 

figures put forward, nor do they have any reliable way of appraising the 

scheme's net impact from a public interest perspective. 

                                                            
 
1  Eg. CD 1.86 ES Ch.7; CD 15.1 Applicant’s Statement of Case para 18. 
2  CD 1.86 ES Ch. 7, Table 7.11. 
3  CD 1.86 ES Ch.7 paras. 7.5.11 – 7.5.19. 
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3. LOCAL SKILLS SHORTAGES 
 

3.1. The Applicant states that 80% of the operational workforce will be sourced 

locally (CD 1.86 pg 26) and that accordingly it is not anticipated that there will 

be a significant influx of mine workers and associated supportive workers into 

the area (CD 15.1 pg 9). However, the Applicant’s survey of the local labour 

supply found that only 47 individuals (out of 1617 people who filled out 

expressions of interest in working at the mine) claimed to be experienced 

miners (CD 1.86 pg 23). 

3.2. Given that the vast majority of jobs – some 429 – including 348 underground 

miners and 27 underground supervisors, require previous relevant experience, 

it does not seem that a full complement could realistically be employed from 

the local workforce. 

3.3. Furthermore, the Applicant’s claim that there would not be a significant influx 

of non-local mine workers therefore appears doubtful as under 3% of those 

local residents expressing an interest in working at the mine are currently 

capable of taking up a role there, and even in the event the 47 people with 

relevant experience were all employed, this would leave 382 jobs which would 

have to be filled by non-local workers. 

3.4. Since the last major deep coal mine in Cumbria, Haig Colliery, closed in 1986, 

local mining jobs have all but disappeared. According to the latest Business 

Register and Employment Survey, in 2018 and 2019 there were 10 people 

employed in coal mining in Cumbria (Appendix 1). In context, statistics 

provided by the Coal Authority confirm that as of December 2019 only 8 people 

were employed in deep coal mining in the whole of England (Appendix 2, page 

34). As far back as 2001, there were 40 people employed in coal mining in 

Cumbria, including 10 in Allerdale and 10 in Copeland. (Appendix 3). 

3.5. Given the length of time that has elapsed since there was any significant coal 

mining employment in Cumbria, it is highly likely that anyone with relevant skills 

would need training to bring their qualifications up to date and/or be nearing 
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the end of their working life. The Applicant provides no analysis on available 

local skills or of the skills base of those who have already applied. 

3.6. The Applicant indicates that it will provide up to 50 apprenticeships4 but gives 

no detail of any training offer for non-apprentice applicants who may not have 

the requisite skills. In the absence of details on precisely which skills are 

required for each role it is not possible to give a view on whether or not the 

training capacity exists locally. It can be assumed that there will be specialist 

skills required for various roles and for supervisors and managers. In the 

absence of an analysis that demonstrates the requisite local skills exist and 

absence of a plan to provide them, it is difficult to see how the bulk of positions 

could be filled locally.  

3.7. More broadly, coal mining is a shrinking industry within the UK, with an ageing 

population of workers.  Given the lack of any clear commitment by the 

Applicant to train UK-based workers, many of the proposed positions would 

likely end up being filled by workers from countries with a larger coal mining 

industry and a consequently larger pool of skilled workers, such as elsewhere 

in Europe.   

  

                                                            
 
4  CD 1.86 ES Ch 7 Table 7.14 and para 7.526, pg 23; para 7.7.1 pg 29. CD 51.1 SOC para 18. 
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4. PRESSURE ON THE EXISTING LABOUR MARKET 
 

4.1. The Applicant says the proposed employment potentially provided by the 

development ‘would complement that of the nuclear industry providing 

employment for those who need it most’,5 noting that there are pockets of 

deprivation including in nearby Sandwith. This implies that employment would 

benefit those who are currently unemployed. However, as the Council’s own 

Economic Development team has pointed out, a large proportion of 

unemployed people have been out of work for more than six months, 

suggesting they are not immediately ready for work (Appendix 46). The 

Applicant gives no indication that it has plans to target this group specifically 

and offer training or employability programmes as part of their recruitment 

process. Furthermore, the Applicant states that only 16% of existing applicants 

were unemployed, suggesting that the large majority of recruits are likely to 

move from existing jobs. This will therefore put pressure on the existing local 

labour market. 

4.2. Cumbria Local Enterprise Partnership (LEP) describes in its 2021 skills report 

(‘the LEP Report’) the constrained nature of Cumbria’s current labour market, 

with an ageing workforce, a shrinking population and a shortage of skills, 

particularly high-level skills (CD 9.9). The overall available labour force is 

projected to fall by over 20,000 over the next 15 years in the absence of a 

change in current population trends. The LEP Report identifies sectors where 

recruitment is challenging and skills are in short supply, including advanced 

manufacturing (including engineering), construction and professional services 

including project management, health and safety and facilities management. 

Many of these skills are likely to be required for the projected jobs associated 

with the Applicant’s mine during both the construction and operation periods.  

                                                            
 
5  CD 1.59 West Cumbria Mining Company, Planning Statement (2020), paragraph S.23 
6  SLACC requested this document from the County Council after the comments of the Council’s 

Economic Development and Infrastructure team were referenced in the March 2019 Officer’s Report 
(CD 4.1). 
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4.3. It is likely that the Applicant will therefore find it difficult to recruit people with 

these skills locally who are not already employed. Recruitment of already-

employed people with these skillsets is therefore likely to have an impact on 

existing businesses already relying on these valuable skills. The Council’s 

Economic Development team has also raised this concern, stating that the 

development would involve a ‘high level of poaching’ from other employers 

(Appendix 4).  
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5. IMPACT ON ZERO CARBON AND TOURISM JOBS 
 

5.1. Furthermore, by recruiting from a relatively small pool of people with existing 

technical, construction and professional services skills, WCM would also be 

competing with projects much more aligned to Cumbria’s planned Net Zero 

future. The LEP Report notes: 

“The Green Jobs Taskforce launched in November 2020 
looks to ensure we have the immediate skills needed for 
building back greener, such as in offshore wind and home 
retrofitting.  It aims to develop a long-term plan that charts 
out the skills needed to help deliver a net zero economy and 
will support workers in high carbon transitioning sectors, like 
oil and gas, to retrain in new green technologies.  

Cumbria’s ambition is to become a net positive contributor 
to the UK on clean energy, decarbonising heat, power and 
transport through offshore wind, nuclear and hydrogen, 
driving clean growth to support the achievement of net zero 
by 2050.  The SAP [Skills Action Plan] will work with the 
LEP’s Clean Energy panel and other local partnerships to 
identify the skills and support required for this transition and 
support the skills system to continue to develop and provide 
a skills offer that enables employers to build the workforce 
of the future.” (CD 9.9 pg 19) 

 
5.2. Recent research by Green House Think Tank and Opal Research and 

Consulting for Cumbria Action for Sustainability (“the Green Jobs Report”) 

found that 9,000 jobs could be created in renewable energy, retrofitting 

buildings, transport and reducing waste (CD 9.10). Half of these transition jobs 

(over a period of 15 years) would be in West Cumbria, while nearly 2,000 long-

term jobs could be created in West Cumbria.7  

5.3. The Green Jobs Report identifies workforce and skills shortages, particularly 

in retrofitting buildings, as one of the key obstacles to meeting Cumbria’s 

climate targets.8 Investment in skills should therefore be concentrated in the 

                                                            
 
7  CD 9.10  Cumbria Action for Sustainability; Green House Think Tank and Opal Research and 

Consulting Ltd The Potential for Green Jobs in Cumbria (March 2021) pg 12 
8  CD 9.10  eg pg 9. 
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future growth sectors needed to support a low-carbon economy. Investing in 

skills attached to one particular site with a lifetime considerably shorter than 

the average career (if the mine is operational 2024-2049) would be at odds 

with regional and national growth strategies and would risk stranding the mine 

workers and the communities that rely on them. 

5.4. Turning to the impact on tourism jobs, the Copeland Vision 2040 document 

establishes the Borough’s stated aims for the future in line with a number of 

key principles and economic objectives (CD 9.15). Copeland Vision 2040 sees 

new employment opportunities through increased tourism to the Lake District 

Coast9. The Local Plan (CD 5.8) envisages enhancing the Cumbria coast walk 

and Wainwright coast to coast walk to attract more tourists. This ambition, and 

the associated increase in jobs, is likely to be undermined by the development 

of the mine in the middle of where these paths would connect. 

  

                                                            
 
9  CD 9.15 Copeland Borough Council ‘Copeland Vision 2040’ (January 2021) p.24. 
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6. DEPRIVATION AND UNEMPLOYMENT 
 

6.1. The Applicant’s Statement of Case claims that the local area ‘suffers from high 

levels of deprivation and unemployment’.10 However, the Applicant’s own 

assessment of the baseline shows that the local area (defined as the ‘selected 

wards’ in table 7.1 of Ch.7 of the ES, (CD 1.86)) is broadly in line with national 

figures and is, in fact, better than the national figures in a number of respects; 

with higher than average economically active full and part-time employees, 

and lower than average economically active unemployed;11 and in terms of 

deprivation, ‘marginally better’ percentages than regionally and ‘marginally 

worse’ percentages than the national average.12 The Applicant’s claims are 

therefore contradicted by its own figures and the claims it makes in its 

Statement of Case are apparently inaccurate exaggerations. 

  

                                                            
 
10  CD 15.1 WCM Statement of Case, page 46 
11  CD 1.86 ES Ch.7, Table 7.5 and noted in paragraphs 7.4.8 & 7.4.9 
12  CD 1.86 ES Ch.7, paragraph 7.4.17 
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7. CONCLUSION 
 

7.1. The Applicant overstates the economic benefits of the development and does so 

using unverifiable, unjustified employment figures with no obvious methodology. 

Despite the claim (or ambition) to source 80% of the operational workforce from the 

local area, the reality is that there exists a significant local skills gap that is not 

addressed by the Applicant. Many potential local workers are already employed and 

do not presently have the requisite skills and experience for the majority of roles 

described by the Applicant. This will lead to ‘poaching’ of employees from local 

businesses, who will need to spend some unspecified time undergoing training or, 

more likely, to non-local employees with sufficient skills and expertise being 

employed in their place. This will also squeeze the availability of suitably skilled 

employees needed for Cumbria’s planned transition to zero carbon jobs and green 

technologies. 

7.2. Overall, the purported benefits of the development are likely to be much less than 

claimed by the Applicant because there is little evidence to support the magnitude of 

the claimed benefits and there is an array of negative impacts which have been 

overlooked, but which would have a material impact on the assessment of the overall 

effects of the development in relation to jobs. 

 

 
Declaration 

The evidence which I have prepared and provide for this appeal reference 

APP/H0900/V/21/3271069 in this proof of evidence is true, and I confirm that the opinions 

expressed are my true opinions. 
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