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This study presents the 2050 Marginal Abatement Cost Curve (MACC) 
for the EU-27. A MACC is a chart that ranks different greenhouse gas 
mitigation measures by how much emissions they can reduce and how 
much each ton of avoided emissions would cost1. The MACC that is at 
the heart of this project analyzes 128 key mitigation measures across the 
buildings, energy supply, industry, and transport sectors. In addition to 
the cross sectoral perspective, the study includes a dedicated industry 
section. The analysis highlights both the potential and the limits of 
carbon price signals for driving the overall transformation and identifies 
where complementary policy instruments – such as public support and 
regulation – are necessary to achieve net zero emissions by 2050. 
 
This project is timely because the EU – from the European Commission 
to Member States, as well as local actors and stakeholders – faces the 
challenge of combining industrial competitiveness, energy resilience 
and climate ambition.  
 
At this point, a reality check is needed: which mitigation measures will 
deliver the biggest cuts in emissions for the least cost? How can we 
close the remaining gap to reach climate neutrality? What is our cost-
effective approach to climate neutrality? 
 
This, in short, is the scope and ambition of our paper, with the MACC 
providing the analytical foundation to answer these questions.2  
 

Executive Summary

E X E C U T I V E  S U M M A R Y
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1	 At their core, MACCs are a tool which supports decision-makers in finding the cheapest and most impactful mitigation measures,  
	 so they can prioritize climate action more effectively. MACCs reduce large amounts of data and assumptions into a simple and  
	 easy-to-interpret diagram, which can be used as a starting point for discussion about climate action and policy across all sectors.  
	 Nevertheless, MACCs are also subject to several limitations, which need to be taken into account when interpreting results.  
	 See section “The CO2₂ Abatement Cost Curve for the EU-27” for more details. 
2	 The analytical MACC foundation and key findings presented in this paper were developed by FfE, while the policy interpretation  
	 and recommendations have been developed in collaboration with EPICO KlimaInnovation.



Key findings: 
 
1.	 200 €/t CO2₂ will incentivize 75 % CO2₂ mitigation.  
	 Current EU ETS I prices of 80 €/t CO2₂ and the expected  
	 45 €/t CO2₂ for EU ETS II certificates can deliver substantial CO2₂  
	 cuts but stall at mitigation levels beyond roughly 50 % of the total 
	 potential. Higher prices approaching 200 €/t CO2₂ unlock deeper 
	 abatement of 75 %, underscoring the ETS as an indispensable		
	 element of the EU’s climate policy architecture. Nonetheless, the 
	 cost curve shows that the EU ETS alone won’t achieve full net zero 
	 and must be complemented by additional measures.  
 
2.	 Cheap to abate – expensive to invest: Targeted public support is  
	 essential for households to overcome the initial investment hurdle 
	 and leverage private capital. 
	 Electrification is key for abating emissions in the household sector 
	 via heat pumps and electric vehicles – with largely negative 
	 abatement costs3. However, the higher upfront capital expenditure 
	 remains a major barrier for many households to embark on 
	 electrification. Targeted CAPEX support can help overcome this 
	 initial hurdle and accelerate adoption. One effective approach is to 
	 redistribute ETS revenues to support these investments. 
	 “Frontloading” of future ETS II revenues has already been 
	 implemented by the European Investment Bank to a limited extent 
	 but should be scaled to ensure households are prepared for 
	 increasing ETS prices. Those increasing ETS prices will be felt less 
	 acutely the sooner investments are undertaken.  
 
3.	 Carbon pricing is necessary, but not sufficient to incentivize  
	 the hydrogen economy. Therefore, targeted OPEX support will be 
	 needed to build a business case for hydrogen measures.  
	 Hydrogen-based technologies will be necessary for climate 
	 neutrality. However, green hydrogen prices can be expected to 
	 stabilize around 4 times the natural gas price in 2050. This makes a 
	 carbon price of around 200 €/t CO2₂ (see Key Message #1)  
	 a necessary, but by itself insufficient condition for achieving 
	 cost parity vis-à-vis status quo technologies. Even at 200 €/t CO2, 
	 economies-of-scale are not, or only achieved to a limited extent.  
	 For the “molecules” sector, the worst-case scenario would be to 
	 lose natural gas market shares while also failing to invest in emerging 
	 hydrogen opportunities – undermining both its present and future 
	 role in the energy system. 
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3	 “Negative abatement costs” indicate that the mitigation measure lowers costs per ton of CO2₂ avoided compared to the reference  
	 fossil technology in 2050.



	 Therefore, targeted OPEX support will be needed to build solid 
	 business cases for hydrogen and secure the market ramp-up.  
	 To ensure timely adoption, business cases must be synchronized 
	 with upcoming reinvestment cycles in the capital stock of  
	 hydrogen-reliant industries – which are scheduled over the next  
	 few years. 
 
Findings for industry: 
 
1.	 Recycling is the true “no‑regret” option. It is already being used 
	 today to save costs and reduce emissions.  
	 Shifting to secondary production routes delivers CO2₂ reductions 
	 and reduces operating costs. But the mitigation potential is limited, 
	 e.g. by scrap availability in steel or non-ferrous metals. To fully tap into 
	 the mitigation potential, the EU must step up circular‑economy 
	 policies to secure the demand of recycled products. 
 
2.	 Electrification cuts the first half of emissions in the near term and 
	 becomes a no‑brainer once the right carbon price level is in place. 	
	 Electrification already pays off where efficiency gains reduce OPEX, 
	 as possible with industrial heat pumps. Process route changes in 
	 energy-intensive industries (e.g. paper machines with electrode 
	 boilers, foundries with inductive electrification, hybrid glass furnaces, 
	 ammonia trough electrolysis) can often be incentivized with higher 
	 carbon prices (90 to >200 €/t). That being said, in absolute terms 
	 costs will often rise vis-à-vis the status quo, particularly for many 
	 energy-intensive processes. 
 
3.	 The European Union should rely on robust price signals to direct 
	 sustainable biomass to sectors where it delivers the highest climate 
	 value. 
	 Feedstock use in industry and hard-to-electrify energy applications 
	 like the provision of high temperature process heat is to be preferred 
	  over energy use, where viable alternatives exist. Moreover, we 
	 need to close material loops and step up the use of residues and 
	 waste streams. 
 
4.	 A rapid carbon infrastructure roll-out and legislative clarity for 
	 carbon storage is required to unlock industrial mitigation potentials 
	 in sectors with unavoidable process emissions.  
	 At first glance, carbon prices around today’s level (~70 €/tCO2) 
	 appear to be sufficient to incentivize oxyfuel carbon capture 
	 technologies according to the MACC. However, the technology has 
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	 not yet been fully tested in the market. The amine-based capture, 
	 which is already commercially viable but energy-intensive and more 
	 expensive in terms of investment, would require ~140€/tCO2 in 2050 
	 to reach cost parity.  
	 These abatement costs cover capture technologies only. Accounting 
	 for infrastructure and storage could double abatement costs. 
	 For carbon capture technologies to be able to scale in time, rapid 
	 infrastructure roll-out and legislative clarity for carbon storages is 
	 needed, besides the certainty that the carbon price will increase 
	 sharply in the next two decades and stay largely free of political 
	 meddling.  
	 Policymakers must address carbon infrastructure and storage gaps 
	 to avoid bottlenecks in the decarbonization. 
 
5.	 Europe’s primary steel sites are at a critical turning point and require 
	 tailored support instruments to transform. Even though they 
	 account for 15 % of the abatement potential, they are responsible 
	 for 40% of the additional costs.  
	 The highest abatement costs in primary steel production arise 
	 from the switch to OPEX-intensive hydrogen-based direct reduction 
	 routes. These measures cannot be delayed: integrated steel plants 
	 face a single remaining reinvestment window. Hence, the proposed 
	 Industrial Accelerator Act is a crucial step for the transformation of 
	 primary steel production. Moreover, Carbon Contracts for Difference 
	 could help cover the additional OPEX costs in the beginning but are 
	 not a long-term solution. Only the combination of an effective 
	 CBAM, a strong EU ETS I, lead markets as well as a European 
	 Hydrogen Backbone can render a climate neutral steel industry 
	 futureproof. Especially in the steel industry, the use of hydrogen 
	 unlocks a huge abatement potential and increases European 
	 resilience, but this comes with a price in terms of continued OPEX 
	 support for hydrogen. ETS revenues should be used to finance such 
	 targeted measures, especially for creating necessary transformation 
	 conditions for industry rather than plugging national budget holes.  
 
6.	 Europe’s basic chemicals sites are at stake and require tailored 
	 support instruments. Even though high value chemical production  
	 in steam cracker units account for around 1 % of the abatement 
	 potential, they are responsible for 15% of the additional costs.  
	 The highest abatement costs driven by OPEX for biomass and 
	 synfuels arise at chemical sites where a switch from steam cracker 
	 units with fossil naphtha to electrically heated crackers with biogenic 
	 or synthetic naphtha is needed. This does not mean these measures 
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	 should come last. The plants face a single remaining reinvestment 
	 window. Carbon Contracts for Difference could help cover the 
	 additional OPEX costs in the beginning but are not a long-term 
	 solution. Only an effective CBAM can protect a climate neutral 
	 chemical industry. Direct Air Capture for methanol-to-olefins/ 
	 aromatics may offer substantially lower additional costs than shifting 
	 to electrically heated crackers. To secure Europe’s industrial base, 
	 technology readiness and infrastructure development must advance 
	 rapidly.

Executive Summary 8



To pave the path toward CO2₂-neutrality in the 
EU, Marginal Abatement Cost Curves (MACCs) 
(see methodology in Chapter 5) can be used 
to take an overarching view of the energy 
transition. MACCs are a well-established tool 
that enables the comparison of CO2₂ mitigation 
measures by ranking them according to 
their abatement costs relative to a reference 
technology, while simultaneously illustrating 
their emission reduction potential. This 
whitepaper aims to visualize (almost) the entire 
European CO2₂ abatement potential within a 
single curve by consolidating major mitigation 
measures across sectors and regions on a 
MACC. 
 
In 2023, EU-27 CO2₂ emissions amounted to 
approximately 2,735 Mt CO2

4. More than 95 % 
of these emissions originated from the main 
activity sectors: buildings, energy supply, 
industry, and transport. Consequently, the 
MACC is constructed around these four 
sectors. In total, 128 mitigation measures are 
selected and assessed, a selection of which is 
presented in Table 1. Together, these measures 

address 93 % – or 2,555 Mt CO2₂ – of the total 
EU CO2₂ abatement potential based on 2023 
emission levels. As CO2₂ constitutes by far the 
largest share of greenhouse gas emissions in 
these sectors, this analysis focuses exclusively 
on CO2₂, excluding other greenhouse gases. 
Other sectors, such as agriculture and waste, 
account for a comparatively small share of total 
EU CO2₂ emissions and are therefore excluded 
from the scope of this whitepaper.  
 
Our analysis is timely, because central pillars of 
EU climate policy are under review and subject 
to intensive public debate. At the time of 
writing, legislative proposals by the European 
Commission for updating the EU’s Emissions 
Trading System (ETS I) are imminent – expected 
for mid-July 2026 -, bringing many of these 
discussions to fruition5. Moreover, last year, the 
EU decided to postpone the implementation 
of the EU ETS II, following political backlash 
against CO2 pricing in buildings and for 
transport6. This debate is also reflected on the 
national level7.

1. Introduction to the CO2₂ Abatement Cost Curve for the EU-27

 

1 . 
I N T R O D U C T I O N  T O  T H E  C O 2  A B AT E M E N T 

C O S T  C U R V E  F O R  T H E  E U - 2 7

4	 European Environment Agency (2026). EEA greenhouse gases – data viewer.  
	 https://www.eea.europa.eu/en/analysis/maps-and-charts/greenhouse-gases-viewer-data-viewers (Accessed: 14.04.2026).  
	 Reported baseline emissions include international transport but exclude removals from LULUCF. 
5	 epico and frontier economics (2026). The EU ETS at a Turning Point: Balancing Competitiveness and Decarbonisation. 
6	 epico and frontier economics (2025). The EU ETS 2 at the Crossroads: Evaluating Reform Options. 
7	 Investitionen statt Symbolpolitik: Die ETS-Reform als wirtschaftspolitische Richtungsentscheidung – Gemeinsamer Aufruf von  
	 Prof. Ottmar Edenhofer, Prof. Andreas Löschel, Prof. Stefan Kolev und Dr. Bernd Weber.  
	 https://epico.org/de/investitionen-statt-symbolpolitik-die-ets-reform-als-wirtschaftspolitische-richtungsentscheidung.
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The year 2050 is selected as the analysis 
horizon, as it represents the EU’s target year 
for reaching net-zero emissions. By this point, 
the full abatement potential associated with 

2023 emissions can – and should – be realized 
through currently available or realistically 
deployable technologies, as reflected in the 
mitigation measures considered in this analysis. 

Sector 
 
 
Building 
 
 
 
 
Energy 
supply 
 
 
 
Industry 
 
 
 
 
 
 
 
Transport

Subsector 
 
 
Heat supply in 
residential and 
commercial buildings  
 
 
Power and district 
heating generation 
 
 
 
Iron and steel, non-
ferrous metals, basic 
chemicals, non-metallic 
minerals, paper, pulp 
and print, others 
(process heat) 
 
 
Road, maritime, air and 
rail transport

Exemplary measures covered  
in the MACC 
 
Building renovation, heat pumps, 
biomass and hydrogen heating 
systems, district heating from 
renewable sources 
 
Renewable energies, biomass 
CHP, hydrogen-powered plants, 
CO2₂ capture 
 
 
Process electrification, fuel 
switches to CO₂-neutral fuels, 
process route changes (e.g. via 
Power-to-X), CO₂ capture 
 
 
 
 
Electric vehicles of various types 
and sizes, hydrogen solutions for 
heavy road transport, synthetic 
and biogenic fuels for domestic 
and international aviation and 
shipping

Addressed emissions 
 
 
352 Mt CO₂2 

 

 

 

 

567 Mt CO₂₂2 

 

 

 

 

625 Mt CO₂₂₂2 

 

 

 

 

 

 

 

1,011 Mt CO₂₂₂₂2

Table 1: Considered sectors, subsectors and exemplary measures covered in the MACC to address the European 
emission abatement potential.
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The MACC is parameterized using results 
from FfE energy system models and sectoral 
transformation pathways.8,9,10,11 CO2₂ abatement 
potentials are quantified through application 
factors, which define the share of emissions 
from the reference technology that can be 
addressed by each mitigation measure. The 
application factors employed in this analysis 
reflect a transformation pathway centered 

on low-emission-intensity electricity as an 
abatement means. Additionally, energy carrier 
prices are a key determinant of abatement 
costs and therefore exert a strong influence on 
the ranking of measures within the MACC. The 
central price assumptions, aligned with recent 
trends, underlying this analysis are illustrated in 
Figure 1. 

The MACC displays the mitigation potential 
in case all measures are fully implemented in 
the target year. It does not capture dynamic 
transition pathways or the evolution of costs 
over time and it assumes that the required 
electricity, hydrogen and CO2₂ infrastructure 
exists. 
Figure 2 presents the resulting MACC for 
the EU 27 in 2050, with mitigation measures 

grouped by sector. Overall, of the 128 
measures analyzed, 52 have negative 
abatement costs, while 76 entail positive 
abatement costs. “Negative abatement costs” 
indicate that the mitigation measure lowers 
costs per ton of CO₂2 avoided compared to the 
reference fossil technology in 2050. “Positive 
abatement costs,” by contrast, mean that 
reducing emissions through the measure is 

2. A Cross-sectoral View of the EU-27 Cost Distribution

 

2 . 
A  C R O S S - S E C T O R A L  V I E W 

O F  T H E  E U - 2 7  C O S T  D I S T R I B U T I O N

8	 Guminski, A. et al. (2021) eXtremOS Summary Report. Modeling Kit and Scenarios for Pathways Towards a Climate Neutral Europe.  
	 https://extremos.ffe.de. 
9	 Engwerth, V. et al. (2025). Modeling Transformation Pathways of European Final Energy Consumption in the Transport 
	 and Buildings Sector Using Country Clustering. Energy Technol., 13: 2300951. https://doi.org/10.1002/ente.202300951. 
10	 FfE (2026). Unlocking Energy System Efficiency: The Strategic Role of Hydrogen Infrastructure in Sector Coupling.  
	 Study commissioned by Gas Infrastructure Europe (GIE). 
11	 FfE and consentec (2024). Energiesystemanalyse – Bayern klimaneutral: Abschlussbericht. https://www.stmwi.bayern.de/fileadmin/user_ 
	 upload/stmwi/Energie/Energiewende/Energieplan_Bayern_2040/240313_Energiesystemanalyse_Bayern_klimaneutral.pdf. 
12	 Fuel prices: average EU market prices & World Energy Outlook 2025. Paris: International Energy Agency (IEA), 2025. Electricity,  
	 hydrogen & synfuel prices: own calculations based on energy system model.

0 25 50 75 100 125 150

Energycarrier prices
in €2023/MWh | EU-27 | 2050

hard coal
lignite

natural gas
biomass

oil
electricity

diesel
biofuel

hydrogen
synfuel

Figure 1: Energy carrier price prognosis12 used for parameterizing the MACC.
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https://www.stmwi.bayern.de/fileadmin/user_upload/stmwi/Energie/Energiewende/Energieplan_Bayern_2040/240313_Energiesystemanalyse_Bayern_klimaneutral.pdf.
https://www.stmwi.bayern.de/fileadmin/user_upload/stmwi/Energie/Energiewende/Energieplan_Bayern_2040/240313_Energiesystemanalyse_Bayern_klimaneutral.pdf.


more expensive per ton of CO2₂ avoided than 
maintaining the existing technology. Both 
investment and operating costs are included, 

while transfer payments – such as taxes and 
carbon prices – are excluded, as they are 
redistributed within the system (see Chapter 5). 

Measures with negative abatement costs 
account for approximately half (51 %) of 
the total addressed abatement potential 
of 2,555 Mt CO2₂. A substantial share of the 
negative abatement potential is found in the 
transport sector (48 %), primarily driven by the 
electrification of light road transport.  
The energy supply sector contributes a  
further 34 % to the negative potential, mainly 
through the integration of renewable energies. 
In other words, regardless of the carbon price 
level, many abatement options in these sectors 
will, prima facie, not need additional subsidies 
in order to be economical.13 
 
In contrast, industry accounts for 40 % of the 
positive abatement potential, with measures 
frequently relying on green hydrogen and 

carbon capture and storage (CCS). Importantly, 
the order of measures does not indicate 
the timeline in which measures should be 
deployed in practice. The implementation 
of measures depends not only on cost-
effectiveness but furthermore on factors 
such as technological maturity, infrastructure 
availability, regulatory frameworks, financing 
conditions, and reinvestment cycles. As a result, 
measures with relatively higher abatement 
costs, like in the industry sector, may still need 
to be implemented early to fit the reinvestment 
cycles, such as hydrogen-based steel 
production. This point will be explored further 
in Chapter 4.

13	 As we discuss below, however, this is not always so clear cut in reality and assumes, for example, that the electricity grid  
	 can support the integration of these technologies.

2. A Cross-sectoral View of the EU-27 Cost Distribution

Figure 2: Marginal Abatement Cost Curve (MACC) for the EU-27 in 2050, classified by sectors.
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Ranking patterns emerge not only across 
sectors but also within individual sectors.  
For example, CO2₂ mitigation options in aviation, 
maritime transport, and heavy road transport 
are associated with positive abatement 
costs, in contrast to the largely cost effective 
mitigation options observed in light road 
transport. In the power sector, technologies 
that complement renewables in decarbonizing 
the electricity – such as hydrogen fired gas 
turbines (1,352 €/t CO2₂) and nuclear power 

(213 €/t CO2₂) – also exhibit positive abatement 
costs. In the building sector, replacing  
coal-fired and oil fired heating systems yields 
negative to low positive abatement costs  
(–481 to 36 €/t CO2₂), depending on the 
considered mitigation heating measure.  
On the other hand, the replacement of natural 
gas heating systems results in moderate  
to high positive abatement costs, ranging  
from 116 to 628 €/t CO2₂ (see calculation 
example in Chapter 5). 

Now, looking beyond the ranking of measures 
to the areas outlined by the blocks, aggregated 
abatement cost differences become apparent. 
When taking the cumulative abatement costs 
across all measures – calculated as the 
sum product of the abatement costs over 
the potential – the negative cost segment 
amounts to -608 billion €, while the positive 
cost segment sums to 357 billion €, as shown 
in Figure 3. Taken together, this indicates 
that, from a system perspective, the full 
implementation of the assessed measures 
in 2050 can be cost effective in terms of CO₂ 
mitigation. I.e., abatement saves money. 
 

However, this net cost advantage of 
abatement measures in comparison to 
reference technologies does not imply that 
the decarbonization is financially trivial or 
that it will take care of itself. Achieving these 
abatement potentials requires substantial 
upfront investments across sectors. These 
investments include private and public 
investments, for example, in electric vehicles, 
building renovations, and infrastructure. Even 
if many measures yield cost savings over their 
lifetime, the required capital expenditures 
pose significant challenges for households, 
companies, and public budgets. Mobilizing 
this level of investment demands stable 

2. A Cross-sectoral View of the EU-27 Cost Distribution

-800

-600

-400

-200

0
0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750

CO₂ abatement potential
in tCO₂/a

Cumulative CO₂ abatement costs
in billion €2023 | EU-27 | 2050 | system perspective (excl. infrastructure costs & CO₂ price)

+ 357 billion €2023

- 608 billion €2023

Negative abatement costs Positiveabatement costs

Figure 3: Cumulative CO2₂ abatement costs over all sectors (building, energy supply, industry and transport)  
for the EU-27 in 2050.
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policy frameworks, access to financing, and 
mechanisms to distribute costs fairly across 
stakeholders.  
 
At the same time, the distribution of costs and 
savings across sectors and stakeholder groups 
is highly uneven, creating sector specific 
and actor specific challenges. Moreover, 

this apparent cost effectiveness must be 
interpreted with caution, as the MACC provides 
a static depiction of the energy transition.  
A closer look at the MACC is therefore required 
to identify key levers that can incentivize 
implementation and address sector-specific 
and actor-specific needs. 

3. Four General Takeaways for Incentivizing CO2₂ Neutrality 

200 €/t CO2₂ will incentivize 75 % CO2₂ 
mitigation.  
 
Current EU ETS I prices of 80 €/t CO2₂ and the 
expected 45 €/t CO₂2 for EU ETS II certificates 
can deliver substantial CO2₂ cuts but stall at 
mitigations levels beyond roughly 50 % of the 

total potential. Higher prices approaching  
200 €/t CO2₂ unlock deeper abatement of  
75 %, underscoring the ETS as an indispensable 
element of the EU’s climate policy architecture. 
Nonetheless, the cost curve shows that the EU 
ETS alone won’t achieve full net zero and must 
be complemented by additional measures.

 

3 . 
F O U R  G E N E R A L  TA K E A W AY S 

F O R  I N C E N T I V I Z I N G  C O 2  N E U T R A L I T Y 

Figure 4: Marginal Abatement Cost Curve (MACC) for the EU-27 in 2050, showing the carbon price needed  
to activate 75 % abatement levels.
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Under the European Emissions Trading System 
(ETS), emitters are required to purchase 
certificates for each ton of CO2₂ emitted. The 
current EU ETS I covers, among others, the 
energy sector and energy intensive industries, 
with certificate prices of around 80 €/t CO2₂. 
As of 2028, the EU ETS II will extend carbon 
pricing to the building sector, road transport, 
and smaller industrial installations with 
expected starting prices of 45 €/t CO2₂.  
 
Within the MACC framework, positive 
abatement costs indicate the carbon price 
levels required for an abatement measure 
to become economical – in terms of CO2₂ 
mitigation – compared to the reference 
technology. At these price levels, it would 
then be more cost effective to implement the 
abatement measure than to continue emitting 
CO₂ and purchasing additional certificates.  
 
At current certificate prices, approximately 
55-60 % of the overall abatement potential 
should be realized since economic advantages 
of the abatement technology outweigh the 
reference. However, current price levels 
remain insufficient to incentivize the deeper 
abatement required on the path toward net 
zero emissions.  
 
Achieving abatement rates of ~75 %, as shown 
in Figure 4, would require a carbon price of 
213 €/t CO2₂ – roughly 2.5 to 4.5 times higher 
than today’s certificate prices. Such a price 
level incentivizes 86 out of the 128 considered 
abatement measures.  
 
Reaching full (100 %) abatement would 
necessitate carbon prices well beyond the 
current scope and functioning of the ETS, 
exceeding 1,000 €/t CO2₂. This steep increase 

highlights a key limitation of carbon pricing 
alone: while the EU ETS can drive substantial 
emissions reductions, prices needed to deliver 
full net zero far exceed nowadays politically 
acceptable price ranges. To compensate for 
this, it must be complemented by additional 
policy instruments. 
 
In sum, the above highlight important lessons 
for a reality check of the EU climate policy 
architecture.  
 
	 One is that, going forward, the ETS remains 

	 the “indispensable” instrument to reach our 
	 climate targets. The lion’s share of the 
	 required abatement, as evidenced above, 
	 can be unlocked by a sufficiently high price.  
 
	 At the same time, both ETS I and II face 

	 challenges. Previous EPICO analyses 
	 showed that, for example, the ETS I is now 
	 entering a new phase in which the shrinking 
	 emissions budget, higher carbon prices,  
	 and	the shift from free allocation to CBAM 
	 make it essential to balance industrial 
	 competitiveness with credible 
	 decarbonization incentives14.  
 
	 Similarly, the expansion through ETS II 

	 to buildings and road transport is required 
	 because these sectors must also face 
	 a reliable carbon price signal if the EU is 
	 to meet its climate goals. The key political 
	 task is therefore not to weaken the system, 
	 but – similarly to the ETS I – to make it  
	 socially and politically robust. This can 
	 be achieved, for example, through tools 
	 such as revenue frontloading, a reformed 
	 market stability reserve, and targeted social 
	 compensation rather than fragmented 
	 regional pricing or opt-outs15.

3. Four General Takeaways for Incentivizing CO2₂ Neutrality 

14	 epico and frontier economics (2026). The EU ETS at a Turning Point: Balancing Competitiveness and Decarbonisation. 
15	 epico and frontier economics (2025). The EU ETS 2 at the Crossroads: Evaluating Reform Options.
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	 Finally, for the scale-up of mitigation 
	 measures the actual CO2₂ price level as well 
	 as the expectation of rising CO2₂ prices in the 
	 future is highly relevant. Numerous measures,  
	 especially in the industry sector, require 
	 investments into mitigation measures that 
	 break even at prices of €200/t CO2₂ or higher. 
	 These prices will only be reached in the CO2 

	 end-game. Due to reinvestment cycles the 
	 optimal time to invest might be at a time 
	 when CO2₂ prices are still much lower. This 
	 means that the expectation that CO2₂ prices 
	 will rise further in the future is equally as 
	 important. This requires trust in the ETS, 
	 which can only be achieved if the mechanism 
	 has a strong political backing. 
 

Cheap to abate – expensive to invest: Targeted 
public support is essential for households to 
overcome the initial investment hurdle and 
leverage private capital. 
 
Electrification is key for abating emissions 
in the household sector via heat pumps 
and electric vehicles – with largely negative 
abatement costs. However, the higher upfront 
capital expenditure remains a major barrier for 
many households to embark on electrification. 
Targeted CAPEX support can help overcome 
this initial hurdle and accelerate adoption. 
One effective approach is to redistribute ETS 
revenues to support these investments.

3. Four General Takeaways for Incentivizing CO2₂ Neutrality 

Figure 5: Marginal Abatement Cost Curve (MACC) for the EU-27 in 2050 from two complementary perspectives, 
showing the same curve with two different measure classifications. In a., electrification measures are highlighted.  
In b., cost drivers indicate if additional CAPEX or OPEX costs arise for an abatement technology compared to its  
reference technology.
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Figure 5 presents the MACC from two 
complementary perspectives. In the upper 
curve (a.), electrification measures are 
highlighted in yellow. In the lower curve (b.), 
measures are classified by their primary cost 
drivers – CAPEX, OPEX, both, or none, the 
latter meaning that the costs differences are 
negative for both CAPEX and OPEX. These cost 
drivers indicate where additional costs arise 
for an abatement technology compared to its 
reference technology. 
 
Starting with the upper curve (a.), approximately 
half of the total abatement potential can 
be achieved through electrification. Of this 
potential, two thirds fall into the negative 
abatement cost range, indicating that 
electrification is often a cost‑effective 
solution.  Moreover, three quarters of the 
electrification potential are concentrated 
in the building and transport sectors. This 
underscores electrification as a central lever 
for transforming these sectors, most notably 
through the deployment of electric vehicles 
and heat pumps.  
 
However, negative abatement costs alone do 
not guarantee automatic uptake by households 
or commercial actors. The timing of the 
transition plays a crucial role for these actors. 
Investment decisions are often constrained by 
existing capital stock and reinvestment cycles. 
To avoid premature depreciation of current 
assets, actors typically wait until technologies 
reach the end of their technical lifetime before 
switching to CO2₂ neutral alternatives. Following 
these cycles can therefore significantly slow 
down the pace of technological diffusion, 
even when cleaner options are economically 
attractive in the long term. 

In addition, electrification solutions are 
associated with higher upfront investment 
costs, which can represent a significant barrier 
to adoption, particularly for lower‑income 
households and smaller businesses. A clear 
correlation emerges between electrification 
and either CAPEX‑driven costs or the absence 
of additional cost, when turning to the lower 
curve (b.). Of the 43 electrification measures 
identified, 28 fall into one of these two 
categories. When focusing specifically on 
the building and transport sectors, this share 
increases to 85 %. One notable exception is 
the direct replacement of a natural gas heating 
systems with a heat pump (excluding building 
renovation measures) (see 3 in Figure 5), which 
entails both higher CAPEX and higher OPEX. 
This outcome is driven by the projected energy 
price development in 2050, in which natural 
gas prices are expected to be approximately 
2.5 times lower than electricity prices.  
 
At the same time, the introduction of a carbon 
price for emissions from the building and 
transport sectors under the EU ETS II will 
create an additional financial burden for actors 
who have not yet transitioned and who have not 
yet been part of a national CO2₂ price regime 
(e.g., the German BEHG). Consequently, even 
where abatement costs are negative, targeted 
CAPEX support, such as those provided 
by the Social Climate Fund, and/or revenue 
frontloading to finance such support can play 
a critical role in helping these actors overcome 
initial investment hurdles and accelerating 
adoption. Reallocating ETS revenues provides 
another effective means of financing such 
support.   
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Beyond investment-related barriers, several 
other factors may impede the uptake of CO2₂ 
neutral technologies, which are not shown in 
MACCs. In the transport sector, for example, 
adoption patterns for electric vehicles differ 
across EU Member States, even if they show 
negative abatement costs (see 1 in Figure 
5). While countries such as Denmark have 
achieved high levels of electric vehicle 
deployment, other Member States experience 
significantly slower uptake, due in part to 
differences in consumer acceptance, income 
levels, infrastructure availability, national policy 
frameworks, and stakeholder influences. 
 
75 % reduction is not enough to reap 
economies of scale in gas replacement 
pathways: gas market shares fall by 50 %,  

but green molecules are only needed at 
limited scale and remain far from economical. 
 
In a 75 % abatement scenario, fossil gas use is 
largely displaced by renewable energies and 
electrified heat solutions such as heat pumps 
and e-boilers. Hydrogen applications, by 
contrast, are only required to a limited extent 
from a cost-effectiveness perspective to reach 
this abatement level. As a result, economies-
of-scale effects are not, or only to a limited 
extent, attained. For the “molecules” sector 
(which includes the hydrogen value-chain), 
the worst-case scenario would be to lose 
natural gas market shares while also failing to 
invest in emerging hydrogen opportunities – 
undermining both its present and future role in 
the energy system.

To illustrate this, Figure 6 shows the energy 
use per energy carrier required in a 0 %, 75 % 
and 100 % abatement scenario. Highlighted 
types are natural gas and oil, as well as 
their respective CO2₂-neutral alternatives. In 
general, total energy demand decreases due 
to efficiency gains associated with increased 
electrification. 
 

In the 0 % abatement scenario, which serves as 
the reference case, the applications targeted 
for abatement rely heavily on fossil fuels. Oil 
and oil products account for 5,100 TWh of 
energy use, driven primarily by the transport 
sector. Natural gas contributes to 2,800 TWh, 
mainly for energy generation as well as space 
heating and industrial process heat.

3. Four General Takeaways for Incentivizing CO2₂ Neutrality 

Figure 6: Energy demand by energy carrier across 0 %, 75 %, and 100 % abatement scenarios, with a focus on natu-
ral gas, oil, and their CO₂2 neutral substitutes.
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In the 100 % abatement scenario, these fossil 
fuels are almost entirely replaced by CO₂2 
neutral alternatives. Where electrification 
is technically or economically unfeasible, 
hydrogen and synthetic and biogenic fuels 
contribute to cutting emissions, representing 
respectively 1,600 TWh and 1,000 TWh. This 
applies, for example, to air and sea transport. 
A residual 200 TWh of natural gas demand 
remains in peak heat and power generation 
as well as in some industrial production 
processes, where emissions are mitigated 
through post combustion carbon capture and 
storage (CCS). I.e., molecules are needed to 
close gap between 75 % and 100 % abatement 

- green molecules serve as a clear transition 
pathway for oil and natural gas suppliers. 
 
The 75 % abatement scenario requires the 
simultaneous use of fossil fuels and CO₂₂2 
neutral alternatives. While large segments of 
road transport, power generation, and parts 
of the heating supply are already abated, 
other applications remain uneconomical to 
decarbonize and still require approximately 
1,000 TWh of oil and 1,400 TWh of natural gas. 
In this setting, oil demand declines by 80 %, 
significantly decreasing the role and weight of 
the refining and petrochemical sector, as in the 
100 % abatement scenario. 
 

By comparing the 100 % abatement scenario 
and the 75 % abatement scenario, we can 
see that the markets for molecules face 
greater structural challenges in the latter. 
Absolute natural gas demand falls by 50 %, 
while hydrogen demand rises only modestly, 
reaching approximately one third of the 
volume required in the 100 % abatement 
scenario. At the same time, gas suppliers are 
expected to play a key role in enabling the 
hydrogen ramp up by gradually repurposing 
sections of the existing gas network. From a 
cost optimal perspective, the transition to net 
zero in a 75 % world thus creates a tension for 
gas market participants: substantial volumes of 
fossil gas are no longer required, yet hydrogen 
demand has not reached the scale necessary 
to support robust business cases. 
 
Biomethane, by contrast, can be readily 
integrated into the existing gas infrastructure. 
However, its role remains constrained by the 
limited availability of biomass, which should be 
prioritized for applications that have few viable 
alternatives, such as green aviation. In the 
sectors, where electrification offers scalable 
solutions, biogenic energy carriers should 
therefore be used sparingly. 
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Figure 7 presents the MACC, analogously to 
Figure 5, with a specific focus on hydrogen and 
synfuel measures, which are highlighted in light 
blue on the upper curve (a.). These measures 
account for 19 % of the total abatement 
potential and play a critical role in reducing 
emissions in hard to electrify sectors.  
 

Within this potential, one third lies in the 
industrial sector, most notably in primary steel 
production via the direct reduction route (see 
2 in Figure 7) and in the substitution of gas 
based process heat with hydrogen. Significant 
contributions also come from peak power and 
heat generation in the energy sector, through 
hydrogen fired gas turbines (see 4 in Figure 7), 

Hydrogen prices can be expected to stabilize 
around 4 times the natural gas price in  
205016. This makes carbon prices of around 
200 €/t CO₂2₂ (see Key Message #1) insufficient 
for achieving cost parity vis-à-vis status 
quo technologies. Therefore, targeted OPEX 
support will be needed to build solid business 

cases for hydrogen and secure the market 
ramp-up. To ensure timely adoption, business 
cases must be synchronized with upcoming 
reinvestment cycles in the capital stock of 
hydrogen-reliant industries – which are 
scheduled over the next few years.

3. Four General Takeaways for Incentivizing CO2₂ Neutrality 

Figure 7: Marginal Abatement Cost Curve (MACC) for the EU-27 in 2050 from two complementary perspectives, 
showing the same curve with two different measure classifications. In a., hydrogen & synfuel measures are highlight-
ed. In b., cost drivers indicate if additional CAPEX or OPEX costs arise for an abatement technology compared to its 

Significant OPEX funding is required to build a business case for hydrogen measures – even in 
the long-run.

16	 FfE (2025). Von der Theorie zur Praxis: Warum grüner Wasserstoff teurer ist als gedacht.  
	 https://www.ffe.de/en/publications/why-is-hydrogen-more-expensive-in-practice-than-often-assumed/
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as well as from aviation and maritime transport, 
where e-fuel and ammonia are deployed as 
alternative fuels (see 3 in Figure 7). Almost all 
hydrogen and synfuel measures are located 
on the positive axis of the MACC, with fuel cell 
passenger cars constituting the sole exception. 
Although green molecules contribute only 
to 19 % to the total abatement potential, 
they account for a disproportionate 53 % 
of the positive cumulative abatement costs, 
corresponding to 188 billion €. This imbalance 
indicates that green molecule options are 
comparatively cost‑intensive.  
 
Indeed, the lower curve (b.) reveals a strong 
interdependency between hydrogen and 
synfuel measures and OPEX, or a combination 
of CAPEX and OPEX, as key cost drivers. 
Increases in OPEX are linked to the green 
hydrogen prices17, which are assumed to reach 
121 €/MWh in 2050, approximately 4 times the 
projected natural gas price18. Again, fuel cell 
vehicles constitute the only exception to this 
pattern, as their OPEX comparison is based on 
diesel rather than natural gas. Since projected 
diesel prices are only around 1.3 times higher 
than green hydrogen prices, fuel‑cell vehicles 
exhibit a distinctly different cost structure.  
 
At a carbon price of 200 €/t CO2₂, sufficient 
to incentivize 75 % abatement levels, only 
5 of the 26 hydrogen and synfuel measures 

become economically preferrable in terms 
of CO₂ mitigation. Consequently, additional 
OPEX-funding mechanisms are necessary to 
support the hydrogen ramp up and encourage 
economically viable adoption for end-users. In 
the long term, however, hydrogen prices must 
decline further for the market to become self 
sustaining. To reach cost parity with natural 
gas in 2050 – assuming a gas market price of 
30 €/MWh plus a carbon price of 200 €/t CO2₂ 
– green hydrogen would need to be available 
at 70 €/MWh. This corresponds to a price 
reduction of 40 % relative to the projected 
level of 121 €/MWh in the MACC. If carbon 
prices remain below 200 €/t CO2₂, hydrogen 
prices would need to fall even further to 
achieve parity. 
 
To ensure investment security, business cases 
should be timed to align with forthcoming 
reinvestment cycles in industrial assets. This 
is particularly critical given that significant 
reinvestments are scheduled before 2030 
in the steel and chemical industries – both of 
which rely heavily on hydrogen to achieve their 
transformation.19 

3. Four General Takeaways for Incentivizing CO2₂ Neutrality 

17	 Own calculation based on Kigle, S., Helmer, N., Schmidt-Achert, T. (2025). Fast enough? The Consequences of Delayed Renewable 
	 Energy Expansion on European Hydrogen Import Needs. Applied Energy. Volume 400, 126556.  
	 https://doi.org/10.1016/j.apenergy.2025.126556 and European Hydrogen Observator (2024). Leveled Cost of Hydrogen Calculator. 	
	 https://observatory.clean-hydrogen.europa.eu/tools-reports/levelised-cost-hydrogen-calculator. 
18	 World Energy Outlook 2025. Paris: International Energy Agency (IEA), 2025. 
19	 Ausfelder, F. et al. (2025). TransHyDE-Flagship Publication: European Hydrogen Infrastructure Planning.  
	 https://dechema.de/dechema_media/Downloads/Positionspapiere/2026_TransHyDE_Sys_en-p-20011772.pdf
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In the industry sector, around 80% of the 
industrial mitigation potential lies in the 
positive cost range. This means abating 
emissions is still more costly than continuing 
with the fossil reference process. This is 
markedly different from the cross-sectoral 
(see previous chapters) perspective, where 
almost half of the total mitigation potential is 
associated with negative marginal abatement 
costs. In the following we will zoom in on 
the situation in the industry sector and the 

implications of having many of the most 
costly decarbonization technologies being 
concentrated there. It should be noted 
upfront that positive abatement costs do not 
necessarily imply a loss of competitiveness 
for industry as a result of decarbonization. 
Already today, the industry sector, whilst relying 
on fossil fuels, is coming under increasing 
pressure from Chinese industrial policy. This 
underscores the need for a coordinated 

Figure 8 presents the marginal CO2₂ abatement 
cost curve for the EU industrial sector in 2050, 
clustered by mitigation measure types, which 
are recycling, electrification, biomass, carbon 
capture (CC), hydrogen and synthetic fuels. In 
the following sections, these categories will be 
analyzed from left to right along the cost curve, 
starting with cost saving options and ending 
with the most expensive measures.

What this in-depth MACC shows: In principle, 
technologies for full climate neutrality exist, 
with those not yet at full maturity expected to 
reach TRL 9 in the coming years. Industry can 
deliver deep emissions reductions by 2050. 
But most of the potential comes at a cost. 
Hence, to incentivize the decarbonization the 
industry sector requires the right framework, 
which is provided through strong carbon price 

4. Unlocking the Industrial Abatement Potential whilst Ensuring Economic Security and Resilience
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Figure 8: Marginal Abatement Cost Curve (MACC) for the EU-27 industry sector in 2050
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signals, protection against carbon leakage, 
market pull instruments, OPEX support where 
needed and infrastructure rollout.  
Recycling is the true “no‑regret” option. It is 
already being used today to save costs and 
reduce emissions. 
 
Recycling is the technology situated most 
to the left in the MACC – and firmly in the 
section denoting negative abatement costs. 
This means: Shifting to recycling (secondary 
production) routes delivers CO2₂ reductions 
and simultaneously reduces operating costs. 
Recycling therefore stands out as the true 
no regret option in the industrial sector. In 
principle, no further incentives or support 
measures (not even carbon pricing) are needed 
to unlock this abatement option. That being 
said, clear signaling and addressing market 
distortions or market failure might be needed 
to reap the full potential of this abatement 
option, as we elaborate below.  
 

The relevance of recycling for further 
mitigation can vary from business to business. 
In steel, recycling already plays a major 
role, as around 45% of EU steel production 
already uses scrap20. The remaining mitigation 
potential is therefore limited, as illustrated in 
Figure 9, and depends on whether increased 
secondary production displaces primary 
production or merely adds to overall steel 
demand. From a pure GHG abatement 
perspective, recycling is relevant mainly 
insofar as it avoids primary production. In our 
calculations, we assumed that 10 % of the 
EU primary steel in 2050 can be replaced by 
secondary steel. We dive deeper into the steel 
sector below.  
 
For ethylene production, we assumed that the 
share of synthetic recycling in 2050 will make 
up for 10 % of the production. To fully tap into 
the limited mitigation potential and to make 
use of this “no-regret” option, EU must step up 
circular‑economy policies. 

20	 European Commission, Joint Research Centre, Analysis of the EU Steel supply chain: current trends and circularity opportunities. 
	 Raw Material Information System Brief, Ispra, 2025, JRC142660.
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Figure 9: Marginal Abatement Cost Curve (MACC) for the EU-27 industry sector in 2050, highlighting  
recycling measures
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In this regard, chemical recycling will play an 
important complementary role for processing 
waste streams that cannot be mechanically 
recycled. New chemical recycling plants 
are increasingly coming online, and recent 
regulatory updates have improved the 
recognition of chemical recycling towards 
recycling targets, reducing the previous one 
sided prioritization of mechanical recycling. 
Nevertheless, chemical recycling still 
competes with waste incineration for many of 
the same carbon-containing plastic streams.  
 
The forthcoming EU Circular Economy Act, 
expected by Q3 2026, offers an important 
legislative window to address these issues. It 
is likely to focus on creating a single market 
for secondary raw materials, improving 
the supply and demand of high-quality 
recyclates, simplifying end-of-waste rules and 
strengthening access to circular feedstocks 
across the EU.  
 
Increasing secondary steel production  
 
Secondary steel production as an abatement 
measure for primary steel production from 
blast furnaces is situated somewhat more to 
the right than chemical recycling in our industry 
MACC, yet it still exhibits negative abatement 
costs – meaning it will save money.   
 
As indicated above, the share of secondary 
steel production in the EU can be increased 
further. However, this will depend on policies 
aimed at domestic scrap availability and 
today’s significant scrap exports to third 
countries. To improve availability, the EU should, 
for example, expand efforts to dismantle more 
wrecks (cars, ships) within Europe. The recently 
adopted End-of-Life Vehicles Regulation will 
help with this.

However, realizing any remaining potential will 
also depend on improving scrap quality and 
suitability for higher-value applications. For 
this, the EU should support advanced scrap 
sorting and recycling infrastructure, including 
alloy-sorting technologies such as laser-
induced breakdown spectroscopy, material-
flow tracking, AI-enabled processing, quality 
standards and R&D to enable lower-grade 
scrap to be used in higher-value products 
such as flat steel. It should also focus on 
avoiding scrap contamination from the start. 
This can be achieved by developing more 
vertically integrated scrap yards, which can 
help minimize contamination risks. Additionally, 
implementing better design solutions for new 
buildings can facilitate easier dismantling in the 
future. 
 
More generally, policymakers should integrate 
recyclers more systematically into EU steel, 
trade and environmental policymaking. Finally, 
a key challenge is that emerging EU labelling 
and low-emission steel standards must not 
neutralize or penalize the carbon advantage 
of scrap-based production, as this could 
discourage investment in recycling and 
undermine circularity21. 
 
At the same time, secondary steel alone will not 
meet all demand, particularly for high-quality 
flat products. Demand for high-quality, low-
carbon primary steel can therefore provide 
an additional market pull. For Germany, recent 
analysis highlights that public procurement can 
play a significant role in creating a lead market 
for green steel22. The Industrial Accelerator 
Act (IAA) is likely to boost this further, although 
green quotas should be set higher than 
currently envisaged23. 

21	 EPICO (2024): Ironing out the Transformation of EU Steelmaking: Actionable Pathways for Climate Neutrality 
22 	EPICO, iw and bellona (2026): Grüne Leitmärkte: Potenziale des Sondervermögens 
23 	EPICO (2026): Advancing Europe’s Industrial Competitiveness and Resilience
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However, private demand is likely to matter 
even more. The automotive sector is especially 
relevant because it is a major buyer of high-
quality primary steel and because carmakers 
face growing pressure to reduce supply-chain 
emissions. A recent study argues that, under 
the proposed EU Automotive Package, allowing 
carmakers to offset part of their residual fleet 
emissions with EU-made low-carbon steel 
could create demand of nearly 6 million tons 
per year of near-zero steel for cars produced 
in Europe – more than one third of total steel 

demand for passenger cars and roughly two 
thirds of the steel used in EU-market cars 
produced domestically24. This demand could 
correspond to around 50% of expected 
European direct-reduction capacity in the 
early-to-mid 2030s, providing investment 
security for green steel projects. Such a 
mechanism should, however, be designed 
carefully to avoid weakening the transition to 
zero-emission vehicles or double-counting 
emissions reductions already covered by the 
EU ETS. 

Electrification cuts the first half of emissions in the near term and becomes a no‑brainer once 
the right carbon price level is in place.

24	 Bertelsmann Stiftung (2026): Nachfrage schafft Wandel. Wie die Automobilindustrie klimafreundlichem Stahl zum Durchbruch  
	 verhelfen kann
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Figure 10: Marginal Abatement Cost Curve (MACC) for the EU-27 industry sector in 2050, highlighting  
electrification measures
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Electrification accounts for the largest share  
of industrial mitigation potential  
(40 %).25 It covers a wide range of measures, 
from industrial heat pumps to full process 
route changes. Depending on the business 
in question, electrification is situated at 
different points along the MACC, exhibiting 
in some cases positive and in others negative 
abatement costs (see above).  
 
Electrification already pays off where 
efficiency gains reduce OPEX, as possible 
with industrial heat pumps in the low- and 
medium-temperature-heat (e.g. Figure 10, 
Number 1). Compared to more costly carbon 
capture or hydrogen (see below p. 29 and 
31, respectively), electrification in this area is 
a “low hanging fruit” due to earlier economic 
viability and fewer infrastructure barriers. 
Abatement costs can vary, depending 
critically on the fuel being replaced, meaning 
switching from oil to electricity has lower 
abatement costs than switching from natural 
gas or coal, because oil as the reference 
energy carrier is more expensive than natural 
gas or coal. The assumed efficiency gains 
play a crucial role, too, because they are 
the reason industrial heat pumps in the low 
temperature heat level lower OPEX further 
than the combination with electrode boilers 
can do in the medium temperature heat 
level. In this study, we assumed that the final 
energy consumption which is not modelled 
through energy-intensive processes is being 
transformed by proxy measures (heat pumps 
in the low-temperature heat level with a COP 
of 3,0 and combinations of heat pumps and 
electrode boilers in the medium-temperature 
heat level with a COP of 2,2). Examples are 
depicted in Figure 10, Number 1 and 2. Note 

that infrastructure costs are not included in 
our calculations. This does not diminish the 
significance of the abatement cost curve, 
as infrastructure costs – whether driven by 
grid expansion in the case of electricity or by 
‘stranded investments’ in the case of natural 
gas – would be around a similarly high level.   
 
With carbon prices in the range of  
90–200 €/t, electrification becomes viable 
even for some energy intensive processes 
requiring heat on a high temperature level like 
glass furnaces (> 1000 °C), as can be derived 
from Figure 10, Number 3. Notwithstanding that 
direct electrification in industry often achieves 
cost parity to status quo technologies even 
at “reasonable” ETS prices because the fossil 
technologies are becoming more expensive, it 
should be noted that, on absolute levels, costs 
of electrified processes will typically be more 
expensive than the fossil status quo26. This 
is driven mainly by higher electricity prices 
compared to natural gas. Examples include 
electrode boilers in paper machines (Figure 
10, Number 4), induction heated foundries 
or ammonia production via electrolysis. 
Particularly high costs arise for electrical 
steam crackers, where OPEX is driven not only 
by electrification of process heat but also by 
expensive low carbon feedstocks (biogenic or 
synthetic naphtha) (Figure 10, Number 5). 
 
However, it should also be noted that in 
addition to emissions reduction, hybridization 
can enhance resilience, enabling cost-saving 
fuel switches and allowing industry to tap 
into demand side response (DSR). The latter 
will be crucial in the power market, as volatile 
renewables make up an ever-growing share in 
our electricity mix. 

25	 FfE (2025): Stromverbrauchsmodellierung des Industriesektors im Kontext der Dekarbonisierung. Study for the scenario  
	 framework for the TSOs’ network development plan  2040/2045. Project website in English available at  
	 https://www.ffe.de/en/projects/electricity-consumption-modeling-of-the-industrial-sector-in-the-context-of-decarbonization/ 
26	 FfE (2024): CO2₂-Verminderungskosten für die bayerische Industrie im Trendszenario. On behalf of Vereinigung der  
	 Bayerischen Wirtschat e.V. München. 
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With a view to policy, to fully unlock 
electrification, power market and regulatory 
framework that rewards flexibility and reduces 
structural cost disadvantages vis à vis fossil 
fuels is required. Policymakers should reform 
network tariffs to better reflect time  and 
location specific system costs, including 
lower charges for flexible, interruptible or 
grid supportive industrial loads. Industrial 
consumers should be fully enabled to 
participate in demand side response, 
balancing and ancillary services markets, 
including through simplified prequalification 
rules, aggregation models and clear treatment 
of on site grids and hybrid assets. At the 
wholesale level, faster renewable expansion 
must be complemented by measures that 
reduce curtailment and improve price 
signals for flexibility, such as strengthened 
interconnection, more granular bidding zones 
where appropriate, and investment frameworks 
for storage. Finally, permitting and regulatory 
processes for electrified industrial assets, grid 
connections and on site flexibility solutions 
should be streamlined and aligned across 
jurisdictions. 
 

Together, these measures would lower 
electricity costs for industry, increase system 
efficiency, and ensure that electrification 
becomes not only technically feasible but 
economically attractive at scale. For many of 
the above measures, the EU level and member 
states, including national regulatory agencies, 
need to work together. The European Grids 
Package, unveiled at the end of last year, is an 
important step in that direction. The next major 
policy window is the upcoming Electrification 
Action Plan, due in mid-July. Figure 11 
underscores the overarching policy message: 
To unlock a significant amount of abatement 
potential, electrification should be the first 
option considered wherever technically 
feasible. Electrification is the key abatement 
lever, but its scale-up depends on system 
readiness.
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Figure 11: Cumulated Abatement Costs and Potentials for the EU-27 industry sector in 2050 per measure type
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Biomass use is also situated at different points 
along the industry MACC (see Figure 12), but 
some of its applications are more to the right 
than previously discussed technologies and 
exhibit positive abatement costs, i.e. it is a more 
costly abatement option. Nevertheless, relying 
on robust price signals will direct sustainable 
biomass to the industry sector because in 
other sectors direct electrification measures, 
like heat pumps in buildings, bear advantages 
with regard to costs and infrastructure and 
energy carrier availability. According to the 
MACC in Figure 12, current carbon prices 
already provide meaningful incentives for 
fuel switching. The biomass price in 2050 is 
assumed to be at 32 €2023/MWh which is about 
the same level as today’s biomass price. 

Biomass use entails trade offs with other 
sustainability objectives. RED III prioritizes 
manure and waste based feedstocks, 
excluding energy crops. The EU Bioeconomy 
Strategy promotes the efficient and circular 
use of biomass by prioritizing extended 
high-value applications such as food, feed 
and bio-based materials, with energy use 
typically occurring later in the value chain, in 
line with climate and resource-efficiency 
objectives (COM/2025/960 final). There is also 

“competition” for biomass from other sectors. 
For example, biomass is potentially a source for 
negative emissions, via BECCS27. In transport, 
biomass is a potential source for bio-based 
aviation fuels (part of the so-called Sustainable 
Aviation Fuels (SAF) portfolio), where other 
options, such as eSAF or hydrogen is very 
costly.  

The European Union should rely on robust price signals to direct sustainable biomass to sectors 
where it delivers the highest climate value. 

27	 MVV Energie AG (2025): Wege zur Skalierung von Negativemissionstechnologien – Empfehlungen für Marktdesign,  
	 Infrastruktur und Finanzierung. Mannheim. Project website in English available at  
	 https://www.ffe.de/en/projects/pathways-to-scaling-negative-emission-technologies/
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Figure 12: Marginal Abatement Cost Curve (MACC) for the EU-27 industry sector in 2050,  
highlighting biomass measures
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By contrast, in the industry sector biomass 
is needed especially for providing biogenic 
feedstock for industrial processes and for 
decarbonizing high temperature process 
heat. The MACC in Figure 12 assumes that 
around 290 TWh of solid or gaseous biomass 
is needed for decarbonizing process heat in 
2050. Additionally, the demand for biomass 
as feedstock in the chemical industry could 
accumulate to a similar magnitude. 
 
On the supply side of biogenic energy 
carriers and feedstock, biomethane is one 
pillar of the EU’s decarbonization and energy 
security strategy. Under the REPowerEU 
plan (COM/2022/230 final), the EU has set a 
target of producing 35 billion cubic meters, 
equivalent to about 350 TWh, of biomethane 
annually by 2030. This amounts to an eightfold 
increase from 2025 levels28. Although the EU 
has sufficient sustainable biomass potential29 
if residues and waste streams are being 
used, current growth rates are not sufficient 
to meet the target. Willingness to pay on the 
demand side and costs of the supply side are 
currently not matching. Sufficient sustainable 
feedstock availability relies on a circular use of 
biomass, where residues can only be diverted 
to biomethane production to the extent that 
nutrient cycling and other ecosystem services 
are maintained. Another potential route is 
imports. From an infrastructure perspective, 
the issue of clustering biogas plants into 
biomethane plants must be addressed by the 
respective stakeholders.  
 

Forestry based biomass can make a valuable 
contribution to industrial decarbonization, as 
it as it represents a globally traded commodity. 
This distinguishes it from biomethane, which 
is typically produced and consumed locally 
due to infrastructure constraints. At the 
same time, forestry biomass is a limited and 
environmentally sensitive resource, and its 
climate benefits depend critically on how it is 
sourced. Without robust and therefore digital 
traceability, there is a risk of unsustainable 
harvesting and deforestation, which would 
undermine both climate and biodiversity 
objectives. 
 
The material use of agricultural and forestry 
based biomass offers significant long term 
decarbonization potential, particularly for the 
chemical industry, as it can substitute fossil 
feedstocks and store biogenic carbon in 
products. During its deployment the chemical 
industry faces issues similar to those of other 
product route changes (see p. 33). A rapid 
carbon infrastructure roll-out and legislative 
clarity for carbon storages are required to 
unlock industrial mitigation potentials in 
sectors with unavoidable process emissions. 

28	 European Biogas Association (Dec 2025): 15th Statistical Report.  
29	 Guidehouse Netherlands B.V. & Gas for Climate (2022): Biomethane production potentials in the EU.
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Moving more to the center of the MACC, given 
that a large share of emissions in cement and 
lime production is inherent to the process 
itself, carbon capture and storage (CCS) plays 
a crucial role in decarbonization strategies 
for these industries. Carbon prices around 
today’s level (~70 €/tCO2) appear to be 
sufficient to incentivize oxyfuel carbon capture 
technologies (e.g. Figure 13, Number 1 and 2) 
in the cement and lime industries. However, 
these technologies are still at the pilot and 
demonstration stage, and broad market 
deployment would require further operational 
validation and scale-up experience.  
 
The amine-based capture is a more mature 
technology and already applied in industrial 
contexts, but in cement applications large-
scale operational experience is still building  

up due to site-specific exhaust gas 
compositions and variable residual 
contaminants, which require process 
adaptation. Although more mature, amine-
based capture is energy-intensive and more 
expensive in terms of investment. It would 
require ~140€/tCO2 in 2050 to reach cost 
parity (e.g. Figure 13, Number 3 and 4). For 
carbon capture technologies to be able to 
scale in time, a rapid infrastructure roll-out 
and legislative clarity for carbon storages are 
needed as well as the certainty that the carbon 
price will increase sharply in the next two 
decades. Assumed abatement costs shown in 
Figure 13 reflect capture costs only. Transport 
and storage investments are not included. 
Infrastructure costs (pipeline) account for  
39 €/tCO2 according to Smith (2021)30. 
Offshore storage costs range between  

A rapid carbon infrastructure roll-out and legislative clarity for carbon storages are required  
to unlock industrial mitigation potentials in sectors with unavoidable process emissions. 

30	 Smith, Erin: The cost of CO2 transport and storage in global integrated assessment modeling. In: International Journal of  
	 Greenhouse Gas Control Volume 109, July 2021, 103367. Cambridge, MA, USA: Massachusetts Institute of Technology, 2021.
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Figure 13: Marginal Abatement Cost Curve (MACC) for the EU-27 industry sector in 2050, highlighting carbon 
capture measures
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56 and 113 €/tCO2 according to current 
projects. Onshore storage is slightly cheaper  
(45 €/tCO2)

31. This emphasizes the importance 
of a cost-efficient infrastructure and storage 
roll-out.  
 
Since the effective deployment of CCS  
at scale depends not only on the economic 
viability of capture technologies but also 
on the availability of carbon transport and 
storage infrastructure, policymakers must 
address those to avoid bottlenecks in the 
decarbonization. While multiple transport 
modes – including rail, truck and pipelines – 
are technically feasible, pipeline transport is 
the only practical option for handling the large 
and continuous CO2₂ volumes associated with 
cement and lime production. Consequently, 
dedicated pipeline infrastructure will be 
required. With regard to storage, offshore 
geological formations are expected to host a 
substantial share of captured CO2₂, particularly 
in the medium term, requiring timely permitting, 
development, and connection of offshore sites. 
Onshore storage could offer cost advantages 
due to shorter transport distances, but its 
technical feasibility and social acceptance 
requires further analysis and if necessary a 
regulatory framework.32  
 
Against this backdrop, the availability of a well-
developed carbon pipeline infrastructure, with 
reliable access to both onshore and offshore 
storage options, is becoming an increasingly 
relevant framework condition for industrial 
decarbonization in Europe.  

Delays in infrastructure rollout or unresolved 
regulatory issues – especially regarding 
storage permitting and long-term liability – risk 
turning carbon transport and storage into a 
bottleneck for CCS deployment.  
 
On the other hand, cross-border cooperation, 
for example in the North Sea, is crucial. Shared 
carbon transport and storage networks 
would allow industrial emitters to access the 
most suitable storage sites in Norway, the 
UK, Denmark and the Netherlands, reduce 
duplication of infrastructure, and generate 
economies of scale; to realise these benefits, 
the EU should  
 
	 harmonise carbon transport regulation,  
	 clarify liability and permitting rules,  
	 ratify or provisionally apply the London 

	 Protocol amendment,  
	 align EU/EEA and UK carbon accounting, and  
	 establish a European carbon network- 

	 planning body to coordinate infrastructure 
	 development, tariffs and third-party access. 
 
Cross-border cooperation is therefore 
not an optional add-on, but a central cost-
containment strategy for making CCS viable  
for hard-to-abate industries33.

31	 Mendelevitch, R.; Heinemann, Ch.; Matthes, F. Chr.; Krieger, S.; Somers, J.; Koch, M. (2025): Carbon Capture and Storage (CCS)  
	 in der Energiewende zur Klimaneutralität – Der infrastrukturelle und regulatorische Rahmen für CO2-Transport und -Speicherung. 
	 On behalf of the Agora Industry. Berlin, Freiburg. 
32	 FfE (2024): Analyse CO2₂-Infrastrukturbedarf in Bayern. On behalf of Vereinigung der Bayerischen Wirtschat e.V. München.  
	 Project website in English available at https://www.ffe.de/en/projects/analysis-of-co₂-infrastructure-requirements-in-bavaria/ 
	 For Germany, for example, the recently amended Gesetz zur dauerhaften Speicherung und zum Transport von Kohlendioxid 
	 (KSpTG) allows onshore storage. However, it is up to the regional Länder to use an opt-in clause in their respective jurisdictions.  
33	 EPICO (2025): European Carbon Management Dialogue: Cross-Border Infrastructure and Development in the North Sea Region
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In the above Figure 14, the decarbonization 
of primary steel production is situated to 
the right and in the “positive” section of the 
MACC, meaning abating emissions comes 
with additional costs. The highest abatement 
costs in primary steel production on the 
far right of the curve arise from the switch 
to OPEX-intensive hydrogen‑based direct 
reduction routes. In other words: Hydrogen 
is an essential component in the industrial 
decarbonization mix, but it is among the 
most expensive measures. At the same, 
decarbonization the steel industry cannot be 
delayed: integrated steel plants face a single 
remaining reinvestment window.  
 
To support this, the EU should aim for a 
multi-pronged strategy. Carbon Contracts 
for Difference (CCfDs) could help cover the 

additional OPEX costs in the beginning but are 
no long-term solution. ETS revenues should 
be used to finance such targeted measures 
creating necessary transformation conditions 
rather than plugging national budget holes. 
Medium-term the EU should turn the Industrial 
Accelerator Act into a genuine lead-market 
instrument for climate-neutral primary steel, 
rather than relying mainly on temporary OPEX 
support. Low-carbon and Union-content 
criteria should be applied jointly in public 
procurement and public support schemes, so 
that public spending rewards both emissions 
reductions and the build-up of resilient 
European industrial value chains. The currently 
proposed procurement quotas for low-
carbon materials should be complemented 
by a binding roadmap that raises them 
progressively over time, since static and low 

Europe’s primary steel sites are at a critical turning point and require tailored support 
instruments. Even though they account for 15 % of the abatement potential, they are responsible 
for 40% of the additional costs. 

4. Unlocking the Industrial Abatement Potential whilst Ensuring Economic Security and Resilience

Figure 14: Marginal Abatement Cost Curve (MACC) for the EU-27 industry sector in 2050, highlighting the switch to 
hydrogen-based direct reduction at primary steel sites
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quotas risk creating too little demand to unlock 
final investment decisions for large-scale DRI 
and hydrogen-based steel projects34. 
 
Public procurement should also be 
complemented by instruments that mobilise 
private demand, particularly in steel-using 
sectors such as automotive, machinery and 
construction. In parallel, the emerging EU 
steel labelling architecture should provide 
robust and technology-neutral definitions of 
low-carbon and near-zero steel, while avoiding 
rules that penalise scrap-based production 
or obscure the higher cost and strategic 
importance of decarbonizing ore-based 
primary steel (see also section on secondary 
steel above on p. 21).  
 
On the supply side, hydrogen needs to be 
more clearly targeted towards those uses 
where no scalable direct-electrification 
alternative exists – as is the case at hand. This 
implies a stronger role for sector-specific 
funding windows in the Hydrogen Bank, 
Innovation Fund and future CCfD schemes, 
with award criteria that account not only for bid 
price but also for avoided emissions, system 
value, regional resilience and the ability to 
anchor strategic industrial value chains in 
Europe35. 
 

At the same time, infrastructure policy should 
avoid a narrow focus on importing hydrogen 
molecules at any cost. Where economically 
superior, Europe should also support cross-
border value chains for hydrogen-derived 
intermediates such as hot briquetted iron, 
allowing renewable-rich regions to specialise 
in upstream reduction while existing industrial 
clusters retain downstream steelmaking, rolling, 
coating and finishing activities. 
 
Taken together, these measures would move 
policy beyond short-term compensation and 
create the investment certainty, infrastructure 
access and demand pull needed to keep 
climate-neutral primary steel production in 
Europe and increase European resilience.

34	 EPICO (2026): Advancing Europe’s Industrial Competitiveness and Resilience - EPICO - Energy and Climate Policy  
	 and Innovation Council 
35	 EPICO (2025): Electrifying Energy Intensive Industries: Ramping Up Hydrogen Production and Steering it Toward Industrial  
	 Decarbonisation
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As can be seen in Figure 15, the highest 
abatement costs driven by OPEX for biomass 
and synfuels arise at chemical sites where a 
switch from steam cracker units with fossil 
naphtha to electrically heated crackers with 
biogenic or synthetic naphtha is needed. 
This does not mean these measures should 
come last. The plants face a single remaining 
reinvestment window. CCfDs could help cover 
the additional OPEX costs in the beginning 
but are not a long-term solution. Direct Air 
Capture for methanol-to-olefins/aromatics 
may offer substantially lower additional costs 
than shifting to electrically heated crackers. To 
secure Europe’s industrial base, technology 
readiness and infrastructure development 
must advance rapidly (see section about 
carbon management on p. 29). Apart from high 
value chemical production in steam cracker 

units, the chemical industry mainly relies on 
steam. Today, steam on different temperature 
and pressure levels is heated through the 
combustion of natural gas, but with the right 
OPEX incentives and enough grid connection 
capacity in place, the steam could be provided 
through electrical heating. For example, in 
Germany industrial steam projects can be 
funded through CCfDs in the 2026 bidding 
process. However, key structural challenges in 
the basic chemical industry are the complex 
value chains and wide range of products which 
complicate the design of effective regulatory 
frameworks (CBAM as well as lead markets). 
If basic chemicals like Ammonia, Methanol or 
High Value Chemicals as intermediate products 
will be partially imported, the associated value 
chains in the EU can be preserved36. 

Europe’s basic chemicals sites are at stake and require tailored support instruments.  
Even though high value chemicals production in steam cracker units account for around  
1 % of the abatement potential, they are responsible for 15% of the additional costs. 

4. Unlocking the Industrial Abatement Potential whilst Ensuring Economic Security and Resilience

Figure 15: Marginal Abatement Cost Curve (MACC) for the EU-27 industry sector in 2050, highlighting the measures 
to switch from steam cracker units with fossil naphtha to climate-neutral production routes

36	 Philipp C. Verpoort, Lukas Gast, Anke Hofmann, Falko Ueckerdt (2024): Impact of global heterogeneity of renewable energy  
	 supply on heavy industrial production and green value chains. Nature Energy. [DOI: 10.1038/s41560-024-01492-z]
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The Marginal Abatement Cost Curve (MACC) 
(see37 for a more in-depth methodological 
description) consists of a series of blocks with 
varying height and width (see Figure 16). Each 
block compares two technologies: an emission 
abatement measure (e.g., a battery electric 
vehicle) and an emitting reference technology 
(e.g., an internal combustion engine vehicle). 
The width of each bock reflects the CO₂2 

abatement potential of the respective measure. 
Its height shows the added or reduced costs 
per abated ton of CO₂2₂ that would arise from 
the implementation of the measure compared 
to the reference. Accordingly, the block’s 
area provides an indication of the absolute 
additional costs or savings that occur when 
the measure is implemented to realize its full 
abatement potential.

The MACC enables the comparison of 
measures of different sectors and types, 
through the break down of the displayed 
characteristics to one ton of abated CO2₂: the 
abatement potential on the x-axis given in t CO2₂ 
and the abatement cost on the y-axis given 
in €/t CO2₂. Marginal abatement costs (MAC) 

are calculated as the ratio of the difference in 
costs (∆C) to the difference in emissions (∆E) 
of the abatement measure (M) compared to its 
reference (R):

5. The Method Behind the Curve

 

5 . 
T H E  M E T H O D  B E H I N D  T H E  C U R V E

Figure 16: Schematic representation of the MACC.

37	 Guminski, A. (2022). CO2₂ Abatement in the European Industry Sector: Evaluation of Scenario-Based Transformation Pathways  
	 and Technical Abatement Measures. Doctoral dissertation, Technische Universität München.
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38	 Based on KWW-Technikkatalog Wärmeplanung & Begleitdokument.  
	 https://www.kww-halle.de/service/infothek/detail/kww-technikkatalog-waermeplanung-begleitdokument and own calculations. 
39	 Based on 2006 IPCC Guidelines for National Greenhouse Gas Inventories. Prepared by the National Greenhouse Gas Inventories 
	 Programme. Eggleston H.S., Buendia L., Miwa K., Ngara T. and Tanabe K. (eds). Published: IGES, Japan and own calculations.

5. The Method Behind the Curve

Technology 
 
 
Oil heating system 
 
 
Natural gas heating system 
 

Calculation example:

Specific costs38 Specific emissions39

€
² ²

€
² ²

€
² ²

1 Reference: oil heating system, Measure: heat pump

② 2 Reference: natural gas heating system, Measure: heat pump 

€
²

€
²

² ²

€
²

²

€

€
²

€
²

² ²

€
²

²

€

The example highlights the importance of 
explicitly specifying the reference technology: 
although the abatement technology (a heat 
pump) is identical in both calculation cases, 

abatement costs vary substantially – and 
even change sign – depending on the heating 
technology used as the reference.
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While positive abatement costs are generally 
straightforward to interpret, negative 
abatement costs require more care. In cases 
where emission differences are smaller 
than 1, moderate cost savings can result in 
disproportionately large negative MAC values. 
This can distort comparisons across mitigation 
options with negative abatement costs. 
 
Within the MACC, blocks are sorted along the 
x-axis in ascending order of abatement costs, 
from low – or even negative – abatement cost 
measures on the left to high abatement cost 
measures on the right. The MACC therefore 
represents a cost ranking of CO2₂ abatement 
options, rather than a recommended sequence 
for implementation. This distinction is 
important, as emission mitigation measures 
across industrial, commercial, and private 
sectors are undertaken by a wide range 
of actors who face differing constraints 
and decision criteria. Measures positioned 
further to the right of the curve may still be 
implemented early due to sector specific 
investment cycles, regulatory requirements, 
or financing conditions. Accordingly, the 
common misconception that a cost efficient 
transition can be achieved by implementing 
measures strictly from left to right along the 
MACC must be discarded. Instead, the MACC 
should be understood as a framework for 
facilitating a differentiated discussion about 
the policy instruments, incentives, and enabling 
conditions required to realize mitigation 
measures, regardless of their position on the 
curve. 
 
All abatement costs presented in this 
analysis are expressed in real €2023 and are 
calculated from a system perspective. This 
macroeconomic approach evaluates mitigation 

measures based on their cost impact on 
the overall system rather than on individual 
actors. Both investment and operating costs 
are included, while transfer payments – such 
as taxes and carbon prices – are excluded, 
as they are redistributed within the system. 
In particular, including carbon pricing in the 
calculation would shift the cost comparison 
in favor of the mitigation measure. Investment 
costs for the reference are consistently treated 
as reinvestments in fossil based technologies. 
Accordingly, a comparison with the abatement 
measure is only meaningful at the reinvestment 
decision point, since the CAPEX of existing 
fossil assets are sunk and excluding them 
would artificially favor fossil technologies in the 
MACC framework. In addition, infrastructure 
costs for electricity, gas, hydrogen, and district 
heating networks are not included, given their 
heterogeneous nature across the EU-27.  
 
The abatement potentials are assessed from 
a Scope 1 perspective, encompassing direct 
CO2₂ emissions from the combustion of energy 
carriers in end-use technologies. Emissions 
associated with the use of electricity, hydrogen, 
and district heating are not attributed to the 
consumer but to the supplier.
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