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1 Definition and acronyms  
 

Acronyms Definitions 

BECCS Biomass combined with Carbon capture and storage 

BEV Battery electric vehicle 

CCS Carbon capture and storage 

CCU Carbon capture and Use 

CO2 Carbon dioxide 

CSP Concentrated solar power 

CDR Carbon Dioxide Removal 

DAC Direct Air Capture 

EC European Commission 

EU-LFS European Labour Force Survey  

EV Electric vehicle 

FIT Feed-in tariff 

GDP Gross Domestic Product 

GHG Greenhouse gas 

GW Gigawatt 

H2-DRI Direct reduced iron with hydrogen 

IAM  Integrated Assessment Model 

ICE Internal combustion engine 

IEA International Energy Agency 

LCOE Levelised cost of electricity 

LULUCF Land use, land use change and forestry 

PV Photovoltaic 

R&D Research and development 

RD&D Research, development and demonstration 

RES Renewable energy sources 

SSP Shared Socio-Economic Pathway 

WACC Weighted average cost of capital 
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2 Introduction and Context  
 

Climate change and global warming are affecting our societies through rising 

temperatures and extreme climatic events. Climate change is projected to have severely 

compromise global human health and safety, economic development, biodiversity, 

migration flows and socio-economic prosperity. The recent Intergovernmental Panel on 

Climate Change (IPCC) report1 indicates that human activity is responsible for 

approximately 1°C of global warming to date, and that catastrophic weather events will 

continue unless we engage in ambitious climate action worldwide.  

 

Acknowledging that climate change represents an urgent threat to societies and the 

planet, the Paris Agreement has set the global goal of keeping global warming well 

below 2°C and pursuing efforts to limit the increase to 1.5°C. To achieve this, global 

greenhouse gas (GHG) emissions need to peak as soon as possible and a balance 

between anthropogenic emissions by sources and removals by sinks of GHGs needs to 

be achieved in the second half of this century2. Responding to the UNFCCC invitation 

to submit low-emission development strategies towards 2050, an increasing number of 

countries, including major emitters (EU, China, Japan, US, UK) have declared their 

commitment to reach net-zero emissions (carbon neutrality) by mid-century. 

 

At the same time, low emission technologies are becoming competitive and European 

citizens call for stronger climate action. The European Green Deal resets Europe’s 

commitment to tackling climate and environment-related challenges and introduces a 

green growth strategy towards a prosperous and healthy future for its citizens. To 

overcome the severe impacts of the COVID-19 pandemic on human health, jobs, 

incomes and economic growth, unprecedented near-term investments will be needed, 

which open a window of opportunity for building a green, digital, inclusive, and 

resilient European economy fit for the 21st century. The European Green Deal aims to 

make the EU a fairer and more prosperous society, with a modern, resource-efficient, 

and competitive economy that decouples economic growth from resource use, 

producing net-zero emissions in 2050.  

3 EU Climate Action  
In the last two decades, the EU has been a clear front-runner in the fight against climate 

change, showing to the world feasible pathways to a low-carbon, prosperous and 

sustainable society. While it is clear that the EU alone cannot solve global warming, it 

can still act as a catalyst of concerted global action to curb GHG emissions either by 

deploying large-scale flagship projects, adopting new industrial strategies and market 

designs and/or engaging in capacity building, research and innovation programmes. 

Equally important is that Member States share the vision, pull together resources and 

                                                 
1 https://www.ipcc.ch/sr15/download/ 
2 UNFCCC. Conference of the Parties (COP): Adoption of the Paris Agreement. Proposal by the 
President (United Nations Office at Geneva: Geneva, Switzerland 2015) 
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adopt rigorous regulatory frameworks that accelerate the transition to a climate-neutral 

economy. 

 

The EU’s drive to promote renewable energy technologies in the last decade, which 

scaled up industrial efforts globally, reducing costs to the benefit of the entire world is a 

good example of how Europe may show the way forwards. Good news is that European 

citizens and businesses embrace the notion of a climate neutral Europe by mid-century.  

3.1 EU decarbonisation efforts so far 

Until now, structural changes in the European economy and policies for supporting 

renewables and energy efficiency have resulted in the decoupling of economic growth 

from GHG emissions and energy consumption. GHG emissions in the EU peaked 

several decades ago, with a 24% reduction in the 1990-2019 period, while EU GDP 

increased by about 60% in the same period. This suggests a continuous decoupling of 

GDP growth from GHG emissions (Figure 1) – in fact, GHG emissions intensity of the 

European economy was halved during this period.  

 

Since 1990, EU emissions have reduced in all sectors but transport. The largest 

emission reductions have happened in sectors covered by the EU emissions trading 

system (ETS), mainly in electricity and heat production and in manufacturing industries, 

while GHG emissions from buildings have also dropped. Between 2018 and 2019 

emissions from EU ETS sectors fell by 9.1% while in the same period emissions not 

covered by the EU ETS (including transport and buildings) remained unchanged. The 

Kyoto Protocol accounting shows that decreasing net credits from land use, land use 

change and forestry (LULUCF) between 2013 and 2017 stabilized in 2018. CO2 

emissions from international aviation continued to increase in 2019, rising by 3% 

compared to 2018, but fell dramatically in 2020 as a result of the COVID-19 pandemic.  

 

Over the past years, economic growth and energy consumption have also decoupled, 

primarily due to energy efficiency measures and fuel switching to less carbon-intensive 

options in the EU. In the last decade, policies implemented by the EU and other climate 

policy frontrunners have transformed the energy sector, causing the costs of renewable 

energy technologies to drop. Solar PV and wind energy are now competing with fossil-

produced electricity (Figure 2), turning RES into a mainstream market player, which in 

2018 absorbed about two-thirds of global spending in power generation. 

 

Supported by various EU and national policy measures (e.g., EU ETS pricing, Feed-In-

Tariffs, subsidies, auctions), renewable energy has been increasing continuously in the 

EU, with its share more than doubling since 2004, when it covered only 8.5% of gross 

final energy consumption. In 2019 the share of RES climbed to 19.7%, allowing the EU 

to meet the EU-wide target for 2020 of 20%. Moreover, since 2008, direct and indirect 

employment in renewable energy has more than doubled from 660 000 to 1.43 million 

jobs. The jobs are found in wind manufacturing and installation and O&M of all RES 

technologies, which illustrates the large socio-economic benefits of boosting domestic 

renewable energy production. 
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Figure 1: EU-27 GHG emissions by sector, historical data (1990-2019) and projections (2020-2030), 
Source: European Environmental Agency (2020), EU GHG inventory  

 
 

The power sector has made important steps towards decarbonisation. These include: a 

rapid growth in renewables, especially wind energy and solar PV; closure of the most 

inefficient and carbon-intensive thermal power plants; upgrading the electricity system, 

with more interconnections that foster energy security and increase renewables’ 

integration into energy markets and storage; and greater liquidity and flexibility of 

power markets.  

 

The growth in RES-based electricity is associated to a large extent with the expansion in 

wind power, solar power, and solid biofuels (including renewable wastes). In 2019, 

renewable energy sources covered 34% of gross electricity consumption in the EU-27, 

slightly up from 32% in 2018. Wind and hydro power accounted for two-thirds of the 

total electricity generated from renewable sources (35% each). The remaining one-third 

of electricity produced was from solar PV, solid biofuels, and other renewable sources. 

Solar PV is the fastest-growing source, experiencing a rapid growth in the last decade, 

from just 7.4 TWh in 2008 to 125.7 TWh in 2019. 

 

Developments in the structure of the power market allowed integrating an increasing 

share of variable renewable generation. Connecting markets through appropriate 

infrastructure and cross-border trading rules ensured liquidity and security of supply. 

Dedicated infrastructure, often in the form of Projects of Common Interest, was built to 
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enable higher penetration of renewable electricity, for instance by connecting offshore 

wind parks to the transmission network.  

 

Buildings and industrial applications account for about 50% of energy consumption in 

the EU. In 2019, renewable energy accounted for 22.1% of total energy use for heating 

and cooling in the EU-27 from 11.7% in 2004. Developments in the industrial sector, 

services and households contributed to this growth. Aerothermal, geothermal, and 

hydrothermal heat energy captured by heat pumps for heating purposes is considered. 

Solid biomass remains the largest contributor growing to 78.8 Mtoe in 2016, while other 

renewable heat solutions have grown rapidly in the last decade but starting from a very 

low basis (e.g., heat pumps, biogas, renewable waste, direct geothermal). The EU is a 

market leader in renewable heat technologies, especially in solar thermal and in solar 

district heating. Among the EU-27 Member States the share of renewable energy in 

heating and cooling was more than half in Sweden (66.1%), Latvia (57.8%), Finland 

(57.5%) and Estonia (52.3%); in contrast, various EU countries registered shares lower 

than 10%, including Ireland, the Netherlands, Belgium, and Luxembourg. 

 
Figure 2: Global weighted average levelised cost of electricity from utility-scale renewable power 
generation technologies, 2010 and 2019, Source: : IRENA (2020), Renewable Power Generation Costs in 
2019, International Renewable Energy Agency, Abu Dhabi. 

 
 

GHG emissions from transport continued to rise and were 20% higher in 2018 

compared to 1990 (excluding international transport). Abating transport emissions 

remains a challenge for EU countries and, in certain regions, the impact on human 

health from air pollution caused by fuel combustion is a concern. The currently 

dominant transport technologies are tightly linked to liquid fossil fuels, which have high 

energy density and are well suited for mobile applications. The EU share of energy from 

renewable sources in transport increased from 1.6% in 2004 to 8.9% in 2019, with 

biodiesel and bioethanol remaining the most widely used renewable energy forms in 
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transport. The contribution of renewable electricity has been significantly increasing 

recently, with most of it consumed in rail and road transport. +the role of COVID 

 

The industrial sector is important for the European economy, producing a large share of 

EU GDP and creating more than 20 million jobs, while it also provides materials and 

goods that are critical for our economy and society: from cement and steel, used to 

construct our buildings, to plastics and aluminium, used in appliances, packaging and 

cars. GHG emissions from European industries have been declining since 1990, driven 

by the economic shifting to a lower share of the energy intensive industry (and a larger 

share of services), combined with targeted efforts by industrial firms to reduce their 

energy consumption, improve energy efficiency, increase material recycling and switch 

to lower carbon fuels. The situation in industry subsectors is not homogeneous, as the 

Iron & Steel and Chemical sectors have reduced their GHG emissions by about 60% 

between 1990 and 2015, while reductions are lower in non-metallic minerals. The use of 

low carbon energy carriers, and particularly renewable energy, is mostly limited to the 

use of biomass resources, e.g. in sectors like the pulp and paper industry. 

3.2 EU and national climate policies 

The first energy and climate policy package that addressed the need to reduce emissions 

and reform the energy sector was the 20-20-20 targets launched in 2007, with the EU 

ETS, the Renewable Energy Directive3, the Energy Efficiency Directive4 as well as the 

3rd package of energy market liberalisation5. The implementation of this legislation was 

the turning point for the EU’s emergence as global energy leader. In 2011, the EC came 

forward with three strategic roadmaps to achieve at least 80% GHG emission reduction 

by 2050 based on a consistent analytical framework: the Roadmap for moving to a low 

carbon economy in 2050, the Energy Roadmap 2050, and the Roadmap to a European 

Transport Area (Transport White Paper). These acted as pillars of Europe’s energy 

transition, laying out:  

 "No-regret options", namely mature, dominant, and efficient policies that can 
transform the energy system with low (or negative) implementation costs. These 

include improvements in energy efficiency, RES expansion, and electrification 

of energy services; 

 Cost-efficient GHG emissions reduction milestones for 2030; and 

 A pathway for the transition to a low carbon economy by 2050. 
These roadmaps cover all sectors of the economy, focusing on energy and transport, and 

demonstrate the feasibility and credibility of the EU's objective to reduce its domestic 

GHG emissions by 80-90% in 2050 compared to 1990 levels. They define milestones 

for a cost-effective pathway towards this objective: a 40% reduction below 1990 levels 

by 2030 (as later endorsed in the 2030 Climate and Energy Policy Framework6) and 

60% by 2040. These Roadmaps have been instrumental in putting the EU close to the 

UNFCCC agenda. 

 

                                                 
3 Directive 2009/28/EC 
4 Directive 2012/27/EU 
5 Directives 2009/72/EC, 2009/72/EC, Regulations (EC) 713/2009, 714/2009, 715/2009 
6 Conclusions of the European Council of 23 and 24 October 2014 
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Drawing on the roadmaps and integrating new evidence, the Commission tabled a 

proposal in 2014 for the EU to adopt an energy and climate policy framework for the 

period 2020-2030. The European Council agreed to three targets for 2030: at least 40% 

reduction in GHG emissions, at least 27% RES in gross energy consumption and at least 

27% of energy savings. Legislation provisionally agreed in July 2018 revised the two 

energy targets upwards to at least 32.5% for energy efficiency and at least 32% for 

renewable energy and introduced the Governance Regulation to ensure a coherent long-

term energy and climate policy planning.  

 

In 2015 the Energy Union was launched as a flagship strategy for leveraging the 

synergies between decarbonisation and other policy priorities across five mutually 

reinforcing dimensions: energy security, internal energy market, energy efficiency, 

decarbonisation (including renewable energy), research, development and 

competitiveness. The Energy Union acknowledged that citizens must be at the heart of 

the transition by improving their access to information around energy use and actively 

participating in energy markets. The first legislation under the Energy Union to 

implement the 2030 targets was the revised ETS Directive7 which regulates emissions 

from power plants, industry, and aviation. The annual ETS cap reduction was increased 

to achieve 43% reductions in the ETS sectors by 2030 from 2005, while the Market 

Stability Reserve was strengthened to address the surplus of EU allowances that has 

built up historically. This review has already impacted positively the carbon price 

signal. The Effort Sharing Regulation8 sets emission reduction targets for the sectors 

outside the EU ETS per Member State, considering different capabilities to reduce GHG 

emissions. 

 

In line the commitment to implement the Paris Agreement, the EC communicated in 

November 2018 its long-term strategic vision for a prosperous, modern, competitive and 

climate neutral EU titled “A Clean Planet for All”9. The strategy shows how Europe can 

reduce its GHG emissions to net zero by mid-century, while ensuring a just transition 

through job creation and prosperity for the people. The strategy included an in-depth 

assessment of the opportunities and challenges facing major emitting sectors as a result 

of the transition to climate neutrality. In 2019 the European Parliament and the 

European Council10 endorsed the EU objective to achieve climate neutrality by 2050 

and in March 2020 the EU submitted its long-term strategy to the UNFCCC. 

 

At the end of 2019, the EC communicated its new growth strategy titled “the European 

Green Deal”, which aims to transform the EU into a fair and prosperous society with a 

modern, resource-efficient, and competitive economy. Climate neutrality by 2050 

central to the European Green Deal. The EC proposed to translate the political 

commitment for climate neutrality into legal obligation as a means to ensuring 

investment certainty, giving birth to the first European Climate Law11. The Climate Law 

includes an updated EU 2030 climate target and a trajectory for periodically assessing 

                                                 
7 Directive (EU) 2018/410 
8 Regulation (EU) 2018/842 
9 COM/2018/773 
10 European Council Conclusions of 12 December 2019 (EUCO 29/19) 
11 COM/2020/80 
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the progress towards the 2050 objective. Recent analysis has shown that a more 

ambitious emission reduction target is required for 2030 to ensure consistency with the 

climate neutrality goal by 2050. The 2030 Climate Target Plan12 responds to this need, 

raising the EU's GHG emission reduction target to at least 55% below 1990 levels by 

2030. This is fairly ambitious compared to the 40% reduction target laid down in the 

first EU Nationally Determined Contribution (NDC). The increased target of 55% has 

already been submitted to the UNFCCC as the updated EU NDC13.  

 

A comprehensive impact assessment demonstrates how all sectors of the economy and 

society can contribute to implementing the 55% emission target and sets out the policy 

actions required to achieve this goal14. Raising the ambition for 2030 helps investors 

and policymakers gain clarity around decision-making that will not lock the economy 

into emission levels and infrastructure that is inconsistent with climate neutrality. The 

detailed proposals on how the 55% climate target can be achieved will be legislated 

with the “Fit for 55” policy package that will be presented in July 2021, with the EC 

reviewing and revising all relevant policy instruments to achieve the additional emission 

reductions, including the EU ETS Directive, the Effort Sharing Regulation, the 

Renewable Energy Directive, the Energy Efficiency Directive, the LULUCF directive 

and various Directives for the transport sector transformation. 

 

In 2019, all Member States prepared their final integrated National Energy and Climate 

Plans (NECPs) in line with Commission regulation. The analysis of these NECPs shows 

that while EU countries have made significant progress in defining their pathways to 

reach the current 2030 climate and energy targets, further efforts are still needed to pave 

the way for the required large-scale systemic transformation towards climate neutrality 

by mid-century. With existing national policies and measures implemented, EU 

emissions are projected to be reduced by 30% in 2030 according to aggregated national 

GHG emission projections. With the implementation of the planned measures or stated 

ambitions in the final NECPs, the overall GHG reduction of the EU is estimated at 

41%15, thus reaching the current at least 40% reduction target, but falling short of the 

new revised target of 55% emission reduction in 2030. 

 

Following the outbreak of the COVID-19 pandemic in spring 2020, a recovery package 

and the 2021-2027 European budget have been designed to help the EU rebuild its 

economy, by channelling investment in the green and digital transition. The European 

Council agreed in July 2020 that 30% of the funds amounting to € 1.8 trillion should be 

targeted at advancing the climate transition, helping Member States address their 

sustainability challenges and boosting sustainable development and green jobs. The 

biggest potential to create a quick economic stimulus around climate and energy policy 

has been identified in the areas of building renovation, renewable energy development, 

renewable hydrogen, clean mobility, smart grids, and energy sector integration. The 

proposed Recovery and Resilience Facility (RRF) Regulation fixes criteria with which 

national Recovery Plans for 2021-2023 should comply. The plans need to be consistent 

                                                 
12 COM/2020/562 final 
13 https://data.consilium.europa.eu/doc/document/ST-14222-2020-REV-1/en/pdf 
14 https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52020SC0176 
15 https://ec.europa.eu/clima/sites/clima/files/strategies/progress/docs/com_2020_777_en.pdf 
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with country-specific recommendations identified in the 2019 and 2020 European 

Semester cycles and the integrated National Energy and Climate Plans. The plans need 

to include both investments and reforms that contribute to the green transition, 

corresponding to the objective of allocating more than 30% of the RRF spending on 

climate transition. The RRF links policies with financing, complemented by the key 

financial resources delivering the European Green Deal, namely InvestEU, cohesion 

funds, the Just Transition Fund, Innovation Fund, and Modernisation Fund, while the 

Digital Europe Programme will support the twin green and digital transitions. 

4 Energy system transformations towards climate 
neutrality 

4.1 Scenario Description and Study Design  

Section 5 presents in detail the transformation that major emitting sectors need to 

undergo to comply with the climate neutrality target by mid-century. Different 

technologies, mitigation options and pathways are discussed. The technologies 

considered can be found in mainstream research and do not include options with low 

technological readiness (e.g., electric airplanes). The roadmap analysis is based on 

applied large-scale modelling, using three well-established energy system models, i.e., 

PRIMES, REMIND and ETM-UCL. The models explore alternative climate policy 

ambition pathways and different technological configurations. Despite the variety of 

models and scenarios used, the analysis cannot capture all related uncertainties, as 

technological progress, consumer choices and regulation can lead to different outcomes. 

While the modelling exercise has been performed with the highest quality standards and 

drawing on an extensive process of co-design with relevant stakeholders, one should 

interpret the results with caution, since all models, though highly complex, are still 

stylized approximations of the reality. Based on recent state-of-the-art technology 

assumptions and robust modelling tools, this modelling exercise presents an economy-

wide and sectoral-specific overview of pathways and options towards climate neutrality, 

fully accounting for interdependencies among sectors. The associated analysis of socio-

economic, industrial, and distributional impacts is presented in Section 5. 

 

The INNOPATHS study assesses the implications of different energy system 

transformation pathways. Different scenarios were developed through an extensive co-

design process with relevant stakeholders. The techno-economic analysis supporting 

each scenario has been identified by combining stakeholder input and quantitative 

modelling. Three state-of-the-art EU energy system models ETM-UCL, PRIMES and 

REMIND-EU - have been adapted and extended to represent narratives for the future 

decarbonisation of the EU in the form of alternative decarbonization pathways. The 

feasibility, requirements and impacts of each narrative has been tested against the goal 

of carbon neutrality by mid-century. Sectoral and system-wide transformation 

trajectories and associated strategies towards decarbonization have been analysed based 

on the model comparison results. 

The iterative co-design process to develop narratives for the future EU energy system 

included several stages. A survey was first sent to approximately 50 selected 

stakeholders including EU and national policy makers and decision makers from 
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research, industry, academia, and business associations. Stakeholders defined the 

technological priorities in different sectors as follows: 

 Power sector: wind, solar and system control mechanisms (e.g., networks, demand 

side management, storage) were listed as most important. 

 Transport: EVs and PHEVs were listed as the key technologies for road passenger 
transport, with emphasis placed on rail too; public transport was also listed. 

 Buildings: electrification and efficiency emerged as the main priorities. 

 Industry: efficiency, fuel switching, CCS and material substitution were listed. 

 Agriculture: non-CO2 abatement and increased crop yields were identified. 
 

For co-designers, the same policy instruments were not reported as effective across 

sectors. Pricing and market-based measures were defined suitable for the electricity, 

industry and road transport sectors, while regulatory standards were prioritised for other 

sectors and especially for buildings. Support for R&D and innovation matters for 

industry and electricity and translates into (i) regulatory instruments and/or prices which 

set the direction for the transition and (ii) technology-specific subsidies. 

 

Furthermore, it was reported that market designs need to be reshaped in order to offer 

incentives and regulatory certainty to clean energy investors, support the uptake of zero-

marginal-cost power generation technologies and provide opportunities for demand-side 

response. The co-designers suggested that scenarios should consider broader strategic 

approaches and policy directions, including e.g., the deployment of CCS or hydrogen 

infrastructure. A subsequent workshop focused on the core elements underpinning the 

narratives: (i) the big picture trends shaping European transition pathways, (ii) the most 

relevant technologies and systems, and (iii) the required policies. The workshop 

provided the ‘building blocks’ that gave shape to the first set of narratives, which were 

further discussed by the project partner teams. The draft narratives and associated 

scenarios were then used as input to a next stakeholder workshop, in order to test and 

refine the narratives. Finally, the decarbonization narratives were defined and are 

presented below. 

 

The first narrative is based on the emergence of new players in the EU energy system 

who bridge the divide between utilities and customers, fundamentally changing both 

supply and demand and their interactions. Electricity produced from renewable 

technologies becomes the core of the energy supply sector, while customers embrace 

new electricity-based end-use technologies like EVs and heat pumps, enabling the wide-

spread electrification of energy services. This narrative is called New Players and 

Systems. The second narrative is that where today’s big utilities adapt to remain 

relevant, promoting a supply-driven low-carbon transformation. CCS, nuclear power, 

and synthetic and bio-based fuels fundamentally reshape the energy supply, while the 

current energy infrastructure, end-use appliances and cars remain largely in place: the 

Incumbents Narrative. The third narrative portrays a world in which energy and 

resource efficiency is a goal in itself, combined with lifestyle changes and stronger 

awareness for health and non-material well-being: the Efficiency and Sufficiency 

Narrative. Table 1 summarises these narratives. 
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Table 1: Summary of narratives  

Narrative Brief Description 

New Players 

and Systems 

Focus on end-use/scalable technologies enabling 

electrification (e.g., heat pumps, EVs) and large-scale 

expansion of variable renewable energy combined with 

storage development 

Incumbents 

Supply side change focus; large scale technologies (CCS and 

nuclear); clean synfuels allow end users to keep their fossil-

based appliances and the current energy infrastructure 

Efficiency and 

Sufficiency 

Extensive energy demand savings; new lifestyle changes and 

efficiency measures and related investment, including in 

building retrofits, circular economy, etc. 

 

Following the conceptual definition of the narratives, an iterative design and validation 

between modellers and stakeholders took place to transform each narrative concept into 

techno-economic expectations, and then translate them into consistent modelling 

assumptions. The different modelling assumptions influence the future development of 

specific low-carbon technologies in the different scenarios (detailed scenario 

assumptions are presented in Table 2. 

 
Table 2: Key characteristics and assumptions of the scenarios 

 Narrative techno-

economics 

Model Assumptions 

N
ew

 P
la

y
er

s 
a
n

d
 S

y
st

em
s 

Widespread 

electrification of 

heating and in 

industrial sectors 

Cost reduction and higher uptake of heat pumps and electric 

boilers in buildings. 

Strong electrification: heating processes, heat generation 

and industrial processes. 

Increased electricity price elasticity. 

Higher rates of 

transport 

electrification 

Stronger innovation and increased learning lowering 

Electric Vehicles (EV) battery costs. 

Increasing EV market acceptance. 

Extensive and timely development of battery recharging 

infrastructure 

Renewables’ 

penetration 

High solar and wind deployment. 

Increased learning potential for variable renewables. 

Reduce adjustment costs due to parallel supporting policies 

to renewables and storage capacities 

Demand response facilitates renewables integration. 

Increased smart grids and transmission network capability  

 Hydrogen uptake in 

sectors like aviation, 

iron and steel and 

heavy-duty transport 

Green hydrogen takes advantage of renewables high 

penetration and potential curtailment. 

 Incumbent 

technologies 

Limitations to nuclear power new investments. 

Limitations in bioenergy deployment in the power sector 

 Hurdles to CCS Increased adjustment costs for CCS based technologies. 
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realization  Postponed CCS investments (2035) 

Limited social acceptance and high costs of CCS 
 

Government support 

for measures for low-

income consumers 

and regions 

Lowered electricity price elasticity. 

Heat networks increased penetration in relation to heat 

pumps. 

Passenger car remains 

the dominant form, 

with a relatively slow 

adoption of EVs 

Technology progress and cost reduction of fuel cells for 

transportation. 

Biofuel as competitive alternative in transport segments 

EVs slower penetration. 

Wind, solar, storage 

and grid development 

is not the focus 

Increase adjustment and integration costs to renewables. 

Reduced learning for variable renewables resulting ins 

slower uptake of solar and wind 

 

End-use energy 

carriers do not change 

massively, rather the 

supply side changes 

Solids, liquids and gases are supplied from bio-energy, and 

power-to-x technological options 

Incumbent technologies supply side driven substitution. 

Synthetic 

liquid/gaseous fuels 

are massively 

deployed 

Maximization of the learning potential of Power-to-X 

technologies. 

Economies of scale leading to cost reduction for H2 and 

clean synfuels. 

Increased public and political acceptance of synthetic fuels. 

Facilitation of investments in production of synthetic fuels 

and H2. 

In
cu
m
b
en
ts
’r
en
ew

a
l Hydrogen displaces 

gas in network 

infrastructures, while 

gas boilers in industry 

and buildings are 

replaced;  

Technology progress and cost reduction for hydrogen 

production technologies. 

Higher share of H2 can be mixed with natural gas in gas 

grids. 

Faster development of hydrogen refuelling stations and 

grid. 

Gas-infrastructure owners push ‘green-gas’ options – 

including biogas as well as hydrogen 

Incumbents use their 

continued power to 

ensure that some of 

their CO2-intensive 

plants run for 5-10 

years longer than in 

the optimal scenario 

based on CO2 prices 

Countries with nuclear tradition keep using a higher share 

of this. 

Investment cost incentives to retrofitting incumbents’ 

technologies extend their lifetime. 

More optimistic assumptions for CCS technologies (for 

costs and public acceptance). 

Earlier CCS availability in regions with current projects. 

Centralized heat is pushed in building and industry. 

More bioenergy use in buildings’ space and water heating. 

 

Very high levels of 

efficiency in buildings 

resulting in 

substantially reduced 

final energy demand 

Final energy reduction through efficiency measures. 

Increased rate and deepness of Renovation in buildings. 

Eco-design standards for the appliances are tightened. 

Changes in consumer behaviour and adoption of 

environmentally friendly lifestyles. 
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against the baseline. Reduced costs for heat pumps and electrified water heating 

in residential and commercial buildings. 
E

ff
ic

ie
n

cy
 a

n
d

 s
u

ff
ic

ie
n

cy
 

Dietary shift to lower 

red meat and dairy 

consumption, driven 

by health concerns 

and shifting societal 

norms  

Final energy reduction through new lifestyle change. 

Continuation of long-term trends, so that beef consumption 

is 50% lower in 2050 than in 2015; significant but less 

dramatic reductions in dairy, with growth in poultry& 

plant-based protein 

Circular economy 

measures 

Application of advanced Best Available Techniques in 

industry. 

Significant energy efficiency effort and heat recovery in 

industry. 

Lower demand for energy-intensive materials (cement, 

plastics) and increased use of scrap steel 

Shift towards 

walking, cycling, e-

bikes and public 

transport. Strong 

electrification 

Modal shifts in transport sector (e.g., use of public 

transport) and emergence of shared mobility. 

Rapid replacement of conventional inefficient cars. 

Increased EVs penetration. 

 

Three EU climate policy mitigation targets were considered: a weak policy case 

(“weak”) representing currently implemented policies as of end of 2019; an in-between 

scenario in line with the 2°C target (“min80”), and a target more in line with a 1.5°C 

ambition (1p5) (see Table 3). The current study focuses on the latter - 1p5 scenario - 

due to its relevance to the current EU policy and mid-century target of the EU Green 

Deal. The European carbon emission budget of 43 Gt CO2 over 2020-2050 is in line 

with the 1.5°C Pathways analysed in the EC “Clean Planet for all” strategy. The 

scenarios project a gradual, yet significant, change from where we stand today. They all 

incorporate a wide, but varying, portfolio of mitigation options. Considering the inertia 

of the energy system, the resulting projections begin to differ towards 2030 and 

increasingly thereafter. Three well established energy system models, extensively used 

for EU climate policy analysis are applied to simulate decarbonization pathways: 

REMIND, PRIMES and ETM-UCL. 

Table 3: Climate policy scenarios 

Scenario European carbon budget (in between 2020-2050) 

Weak 82 GtCO2 

min80 
57 GtCO2, calculated from a ~80% reduction of EU GHG 

emissions in 2050. 

1p5 
43 GtCO2, potentially compatible with a 1.5° target, aiming to 

achieving carbon neutrality by mid-century. 
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REMIND is a global multi-regional energy-economy-climate model with detailed 

representation of the energy sector until 2100. It solves for an intertemporal Pareto 

optimum in economic and energy investments, fully accounting for interregional trade 

in goods, energy carriers and emissions allowances. REMIND enables analyses of 

technology options and climate policy proposals. The REMIND-EU model version 

represents 21 regions, with enhanced spatial detail for Europe. The PRIMES model 

(Capros et al, 2019) simulates the energy system of EU Member States and provides 

projections until 2070 of detailed energy balances, CO2 energy emissions, energy 

investments and costs. PRIMES simulates a multi-market equilibrium by explicitly 

calculating energy prices which balance demand and supply. The simulation of 

behaviour of each agent is based on detailed modelling founded on micro-economics 

and includes technical, engineering-oriented constraints. The PRIMES model has served 

to quantify energy outlook scenarios for the European Commission and to provide 

model-based analysis for EU climate policies, including the recent “Clean Planet for 

all” long-term strategy. ETM-UCL is a dynamic partial equilibrium energy system 

model with an inter-temporal objective function to minimise total discounted system 

costs, based on the ETSAP-TIMES model generator. It is a technology-rich, bottom-up 

model with perfect foresight and covers energy flows across supply-side and demand-

side sectors. The model comprises a total of thirty-one countries (EU27 plus UK, 

Norway, Iceland and Switzerland), grouped into eleven regions. Each region is 

modelled with supply, power generation and demand sectors (residential, commercial, 

industry, transport and agriculture) and are linked through trade in energy commodities. 

All models underwent substantial improvements to be able to represent decarbonization 

components described in the alternative narratives: end-use decarbonization alternatives 

were extended in transport, buildings, and industries, and increased spatial detail was 

developed. Modelling improvements include the enhanced representation of the 

buildings sector (with various building types by income class and retrofit strategies), the 

detailed integration of hydrogen and clean synthetic fuels and enhanced representation 

of mitigation options in hard-to-abate industrial sectors (i.e. hydrogen to produce direct 

reduced iron - DRI) and transport segments (e.g. freight trucks, aviation, navigation). 

4.2 Economy-wide transformation 

All pathways towards decarbonisation show that major efforts will be required early on, 

and in all emitting sectors, including transport, buildings, industries, and energy supply. 

Figure 3 (a) shows the EU CO2 emission pathways under the three Narratives and three 

climate policy targets. All models can achieve the tight 43 Gt CO2 budget under all 

narratives. Net CO2 emissions in 2050 range between –347 Mt CO2 and +63 Mt CO2, 

thus they are all below the tight end of the previous EU target of 80 to 95% emission 

reductions in 2050 (Figure 4). All models show that the electricity sector is the first to 

decarbonise as a result of the falling costs of renewable energy technologies, which are 

already cost-competitive with fossil fuels in several EU countries. In the 1p5 pathways, 

the models show that EU CO2 emissions are falling towards net-zero by 2050 due to the 

massive uptake of renewable energy, energy efficiency, electrification of energy 

services, uptake of low-emission hydrogen and advanced biofuels combined with the 

emergence of innovative and currently immature options, including CCS and CCU. 

Non-CO2 emissions are more difficult to abate than CO2 and so determine to a large 
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extent whether zero GHG emissions will be achieved. That said, the size of the carbon 

sink and the deployment of Carbon Dioxide Removal (CDR) technologies will be key in 

achieving GHG neutrality by 2050. 

 

Attaining these emission reductions requires carbon prices in the range of 363-1307€/t 

CO2 by 2050: 11-43€/year increase from 2020 levels (see Figure 3 (b)). CO2 prices in 

2030 differ substantially between models: in ETM-UCL and REMIND-EU, CO2 prices 

in the range of 265-436€/tCO2 are required, while PRIMES assumes much lower CO2 

prices close to 50€/tCO2. This difference can be explained by two factors: (i) PRIMES 

projects 47% of emission reductions in 2030 in the 1p5 scenario, while the two other 

models project stronger reductions of 52-56% (relative to 1990 emissions), and (ii) 

PRIMES assumes a substantial number of other supporting policies related to renewable 

energy and energy efficiency, while the other two models achieve the target mainly 

through carbon pricing. Ambitious supporting policies targeting energy and resource 

efficiency (see Efficiency scenario results in Figure 3) may limit the need for supply-

side investment and reduce the required carbon prices. 

 
Figure 3: Total CO2 emissions and carbon prices for the 1p5 scenarios 

 

 

  
The technical feasibility of alternative energy systems under ambitious climate targets 

and technological configurations is confirmed by all models. There are both similarities 

and differences in which different model-based scenarios achieve the transition to 

carbon neutrality by 2050. Under the various pathways, the power sector is the first to 

decarbonise due to the rapid uptake of renewable energy technologies and reaches zero 

emissions in all scenarios before 2045 and even net negative emissions in the most 

ambitious scenarios with the use of bioenergy with CCS (BECCS). The residential and 

tertiary sectors are also decarbonising rapidly thanks to advances in energy efficiency, 

increased renovation rates and the accelerated uptake of electric heat pumps that replace 

fossil fuel use for space heating. The transport and industry (including process CO2 

emissions) are somewhat slower to fully decarbonise, but their emissions also decline 

extensively by 2050. Sectors included in the EU ETS have so far seen greater reduction 

compared to historic emission levels. This is set to continue in the medium and longer 

term under all pathways with the ETS reducing emissions more than non-ETS sectors. 
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Figure 5 shows that under all scenarios and models CO2 emissions from energy demand 

and supply drop massively, yet a certain amount of negative emissions is still required 

to compensate for residual fossil emissions in hard-to-abate sectors. This is in line with 

previous research highlighting the relevance of at least some negative emissions to 

achieve very tight mitigation targets [32]. This finding points to the need for research 

and demonstration of carbon dioxide removal technologies, considering also the limited 

uptake of these technologies until now. CCUS technologies are likely to pick up slowly 

before 2040 and accelerate only after, given the current technology readiness levels and 

high costs. Mid-century capture and sequestration management (Figure 5) is done 

essentially via BECCS in all scenarios and models but also through Direct Air Capture 

and Storage (DACCS) and fossil CCS. Depending on the assumptions regarding their 

future cost development and public acceptance, DACCS and CCS may contribute to 

emission reductions, especially under the Incumbents’ scenario. 

 
Figure 4: Illustration of EU CO2 emissions in the PRIMES 1p5 scenario  

 
 

The emergence of BECCS underscores the importance of biomass for a decarbonized 

European energy system by 2050. However, limited European bio-energy resources and 

high land-use competition may in fact limit the role of bioenergy in the transition to a 

decarbonized economy. Biomass is also used for solids energy use, namely in the form 

of synthetic biofuels to decarbonize hard-to-abate sectors – mainly freight transport and 

aviation– and to provide an alternative, bridge, low carbon technology in the short-term, 

e.g., in power generation. Bioenergy use increases in all scenarios compared to 2015, 

however the absolute amount varies strongly between the models. PRIMES and 

REMIND assume strong limitations on domestic biomass supply in the EU, limiting its 

use. In the ETM-UCL scenarios, which assume a larger supply of bioenergy, the use of 

biomass increases massively in the Incumbents scenario.   

 
Figure 5: Emissions per sector (a), 2050 carbon management (b) and 2050 net emissions (c) (Mt CO2 
per year) 
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Results show that the electrification of energy end-uses combined with large-scale 

expansion of renewable energy and storage capacities is a robust strategy confirmed by 

all models, under all narratives and climate policy scenarios analysed (Figure 6). The 

New Players scenario achieves the highest electrification shares – up to 60% of the final 

energy consumption by 2050 – but even under the Incumbents scenario electrification 

shares double compared to 2015 and reach 39-45% in 2050. The residential and 

commercial sectors see the highest electrification potential by mid-century, up to 69%-

83% of final energy, largely driven by the expansion of heat pumps (Figure 6) 

combined with accelerated energy efficiency improvements. Overall, EU electricity 

requirements increase in all decarbonisation scenarios by a factor of 2-3 across models 

over 2015-2050, posing some stress on renewable energy potentials. This is a result of 

increased direct electrification of energy end-uses and the large amounts of electricity 

required to produce green hydrogen and synthetic fuels. In all model-based deep 
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decarbonisation scenarios, new electricity generation capacity is heavily dominated by 

variable renewables, in particular wind (both onshore and offshore) and solar PV. 

 

Energy efficiency improvements in end-uses and reduction of energy consumption is an 

important mitigation option that all models confirm can substantially reduce the strain 

on the energy supply system and the pressure on renewable energy potential, especially 

in the efficiency and sufficiency scenario. 

 
Figure 6: Electricity Share on Final Energy (%) 

 

4.3 Buildings  

Buildings currently represent about 40% of final energy consumption in the EU. Energy 

consumption in buildings serves multiple purposes: space heating & cooling, operation 

of appliances, water heating and cooking. Emissions in the sector have been declining 

slowly since the majority of energy needs are still covered by fossil fuels (mostly 

natural gas). Meanwhile, energy consumers are reluctant to adopt low-carbon 

alternatives facing large barriers to invest in energy efficiency technologies. Reducing 

the energy needed to heat homes and decarbonising the remaining energy however is 
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vital to achieve net-zero emissions by mid-century. Primary options to reduce energy 

consumption and CO2 emissions in the sector are: 1) the improved energy performance 

of the building shell through enhanced thermal insulation and deeper renovation, 2) the 

uptake of energy efficient equipment and appliances, 3) fuel switch in heating and 

cooling end uses towards low-carbon options and 4) Digitisation (smart buildings) and 

lifestyle changes. 

 

The key socio-economic drivers (e.g., GDP growth, increased number of dwellings) are 

expected to push energy demand up. However, the uptake of buildings insulation, 

targeting in particular energy use for heating, and accelerated fuel switch towards low-

carbon electricity and direct use of renewable energy (e.g., biomass, solar thermal, 

geothermal) is expected to lead to energy savings and reduction of CO2 emissions. 

PRIMES, REMIND and EDGE models have been used to better represent the dynamics 

of the EU building sector. The studies presenting the detailed modelling results for 

decarbonising the building sector can be found in INNOPATHS deliverables 3.8. The 

current section synthetises the core findings on the decarbonisation of buildings. 

 

Around half of the residential floor space in 2050 has not been yet constructed. To 

avoid further ‘lock-in’ to an inefficient, high-carbon pathway, the construction of new 

energy-inefficient homes with large heating requirements should be prevented. Despite 

sharing a common policy framework and a set of minimum requirements, the stringency 

of building regulations across European countries and the degree to which these are 

effectively monitored and enforced varies substantially. As a result, large variations in 

the implementation of energy efficiency regulation and the progress towards reducing 

CO2 emissions are recorded. The establishment of clear and quantifiable targets for 

(sub-)sectors, sectoral roadmaps, financial institutions, and ambitious policy instruments 

providing the right signals towards low-carbon investment should be prioritised across 

EU countries. 

 

Furthermore, the current deployment of heat pumps across EU countries varies widely. 

The highest uptake has occurred in countries such as Sweden, Germany, Austria, 

Norway, Finland, and France, which established relevant markets to reduce oil import 

dependence in the wake of the oil crises of the 1970s. The success was largely based on 

economic incentives provided through capital subsidies to install heat pumps; low 

electricity prices; or robust carbon pricing on fossil fuel heating alternatives. In the most 

successful cases of Sweden, Norway, and Finland, all three measures were 

implemented. Countries in which heat pumps remain a niche technology, such as the 

UK, should build on the experience of pioneers and achieve the deployment of heat 

pumps faster and at lower cost. The design of subsidy and carbon pricing schemes in 

pioneer countries should be studied and transferred to other countries. Moreover, 

policies should remain in place for long to help build markets and consumer confidence 

for heat pumps and invest in the supply chain. Although economic incentives are 

crucial, they are not a sufficient condition for driving the widespread adoption of a new 

technology. The massive uptake of low-carbon technologies for the decarbonisation of 

buildings us contingent on: (i) proper enforcement of energy efficiency regulations and 

ambitious policy instruments (ii) development of relevant skills, technical 

specialisations and supply chains (iii) cultivation of effective collaboration is between 
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the different actors, including public sector bodies, universities, research centres and the 

construction industry. Publicly funded information and training institutions, 

programmes, labelling schemes and certification mechanisms can provide consumers 

with confidence in both the quality of technology and the skills of installers, alongside 

collaborative awareness campaigns.  

 

The implications of specific policy instruments to reduce the energy use and associated 

emissions in the buildings sector are assessed with the detailed PRIMES-BuiMo model, 

which projects energy consumption by energy form, the depth, and rates of renovation 

for different building types, equipment choice, fuel mix, and CO2 emissions by 2050. 

Three main scenarios are modelled: the Reference scenario (REF) where 

implementation of current policies continues, no new policies are added after 2020 and 

the building renovation rate is close to historical trends at 0.8% p.a.; the Enabling 

scenario (ENABLE), with the implementation of the 2030 energy policy package 

complemented by ambitious institutional and awareness-raising  measures; and a 

Climate Neutral scenario (CLIMA), where new ambitious policies deliver additional 

emissions and energy savings, in line with the climate neutrality target by 2050. 

ENABLE shows that the implementation of the EU legislative package will bring the 

EU renovation rate to 2.1% p.a. until 2030, but in the absence of continuation of 

policies post-2030 the rate is projected to fall back to 1.5% p.a. The refurbishment rate 

of the building envelope reaches 1.7% p.a. throughout the projection period so as to 

achieve climate neutrality by mid-century. Figure 7 shows the average final energy 

consumption per household over 2015-2050. Compared to REF, total energy 

consumption in ENABLE falls by 32% in 2030 and by 50% in 2050, since 

electrification and a heat pumps boost energy efficiency. Useful energy consumption for 

heating and cooling declines even more (about 59%) by 2050 in the CLIMA scenario 

due to deeper energy refurbishment of the building envelope. 

 
Figure 7: Final energy consumption for heating and cooling EU houses  

 
All model-based scenarios confirm that the transition to climate neutrality requires a 

strong reduction of final energy consumption in EU buildings, which in the period 

2010-2050 surpasses 50%. Electricity becomes the dominant energy carrier, mostly 
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through the uptake of electric heat pumps. In the New Players and Efficiency scenario, 

the share of electricity in final energy consumption of buildings increases to more than 

70-75% by 2050. The remaining is projected to be met via renewable energy sources 

(e.g., biomass, geothermal and solar thermal), hydrogen and gases, including a mix of 

fossil gas, clean synthetic gas and biomethane. 

 

Importantly, the different end-uses show different patterns. Consumption of electric 

appliances increases over time in all scenarios due to the high number of consuming 

goods in households and the increased use of appliances in the services sector. In 

contrast, the useful energy demand for space heating reduces in all transition scenarios 

and in both residential and services sectors, because of increased insulation of buildings 

and technology-switch towards more efficient appliances and energy forms. The 

reduction in demand is even larger in the Efficiency scenarios, owing to a more rational 

use of energy and faster adoption of efficient and low-carbon technologies and 

equipment. The Incumbents scenario on the other hand, which assumes higher uptake of 

decarbonised energy carriers, projects lower reduction in heating needs due to lower 

investment in thermal insulation and heat pumps. 

 

The energy savings in heating and cooling end uses are largely the result of thermally 

improving of the building shell and using more efficient heating appliances. The 

ambitious decarbonisation scenarios trigger increased renovation rates across the EU, 

while the deepness of building renovation also increases from current levels. Although 

reducing energy demand is vital, both for enabling decarbonisation and tackling energy 

poverty, it should be accompanied by a reduction in carbon content of the energy 

consumption that remains. In our European scenarios for 1.5C, CO2 emissions from 

buildings reduce by more than 90% by 2050, compared to current levels, which is 

largely attributed to the reduction of the carbon content of energy, made possible when 

replacing natural gas or heating oil with electrically powered heat pumps, green 

hydrogen, clean synthetic fuels, biomass, and non-fossil-district heating. Low-carbon 

technologies are often more efficient than fossil fuel energy for heating. When 

combined with improved insulation and purchase of efficient appliances and equipment 

they may lead to a 50% reduction in energy demand in EU buildings over the period 

2015-2050. 

 

In all models the electrification of buildings represents a prominent strategy towards 

climate neutrality (Figure 8). Gaseous fuels (natural gas, biogas, e-gas, and hydrogen) 

make up the bulk of remaining consumption in final energy consumption (especially in 

the Incumbents scenario). In the climate neutrality scenarios, fossil gas is substituted 

with decarbonised gases, especially clean synthetic gas and green hydrogen, produced 

from the electrolysis of renewable electricity. Distributed heat roughly maintains its 

share until 2050, covering 5-6% of total energy demand in buildings. Solid biomass 

used in modern stoves (to limit air pollution) and biogas play a role too, with biomass 

maintaining a rather stable share in total energy consumption in EU buildings. Finally, 

solar thermal and geothermal heat account for small shares of the energy consumption, 

while coal and oil disappear from the fuel mix by 2050. 

 



   D5.5 Summary Roadmap of the EU energy system 

 

PU Page 27  Version 2.0 

 

“This project has received funding from the European Union’s Horizon 2020 research and innovation 

programme under the Grant Agreement No 730403“ 

 

Figure 8: Energy consumption in EU buildings across scenarios in 2050 

 

 
Summing up: 

To decarbonise the EU buildings stock, governments need to put in place clear and 

supportive governance structures to establish, monitor and enforce effective energy 

efficiency building regulations and other policies for saving energy and reducing 

emissions. The Energy Performance of Buildings Directive and the Energy Efficient 

Directive provide a solid regulatory basis and incentives for the construction of near 

zero emissions buildings and the ambitious renovation of buildings even beyond 2030. 

Moreover, energy labelling and eco-design rules have steered both consumers and 

industry to be mindful of the energy consumption of appliances and buildings, in 

industrial design and product development. To ensure an efficient transition to climate 

neutrality however, the pace and depth of renovation must increase significantly. This 

presents a great challenge for the construction sector in terms of material streams and 

increased investment requirements. Inside buildings, the efficiency of appliances should 

be improved, and cutting-edge IT solutions should be integrated to reap all the benefits 

at a cost that consumers can afford. Accelerated efficiency improvements (mostly 

through improved insulation, building retrofits and efficient appliances) along with the 

reduction in the carbon content of the energy consumed, are critical for the 

decarbonisation of buildings. Heat pumps are likely to be the key option for 

decarbonising homes, but their rapid deployment will need the establishment of stable, 

strong and long-term economic incentives to consumers. Construction industries and 

associated supply chains should be also engaged for helping build the necessary 

knowledge, skills, and support for ambitious policy towards decarbonising the European 

buildings sector. 

4.4 Transport 

Transport represents around one third of final energy consumption in the EU and is the 

main cause of air pollution in cities. Currently dominant transport technologies rely on 

liquid fossil fuels. GHG emissions from transport, including international maritime and 

aviation, have been on the rise in the EU, except for the period 2007-2013, when 

emissions decreased due to energy efficiency improvements, the impact of the economic 

crisis and a subsequent period of high oil prices. However, EU emissions from the 

transport sector increased in 2018 and 2019 and remain higher than 1990 levels, an 

exception to the decreasing emission trends in the EU. Further action is thus needed 

particularly in road transport, the highest contributor to transport emissions, as well as 

aviation and shipping, where increased demand is driving emissions upward. 
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The EU's ambition to reach climate neutrality by mid-century requires the ground-

breaking transformation of the transport sector towards deep decarbonisation. The new 

EU Sustainable and Smart Mobility Strategy16 replaces the 2011 White Paper Strategy 

and lays the foundations of a new era in transport policy, guided by a 90% cut in 

transport-related emissions by 2050 compared to 1990. This target is consistent with 

Europe’s commitment to the EU Green Deal goal for climate neutrality. To deliver such 

deep emission cuts, the transport sector will have to undergo structural changes over the 

next 30 years. Market actors need to receive strong policy signals to become fully 

engaged in the transformation, support the market uptake of zero-emission vehicles and 

vessels, the increased production of sustainable fuels and a substantial rollout of 

infrastructure for recharging batteries and re-fuelling with alternative fuels. 

 

There is no single fuel that can guarantee a low-emission mobility in the future – the 

main clean fuel options will be used at different levels in each transport mode. The 

interplay between vehicle powertrains and fuels is expected to become more diverse in 

the future. Electricity and hydrogen will be used in dedicated powertrains and require 

dedicated infrastructure. In modes where zero emission vehicles cannot be massively 

deployed due to technology costs or energy density requirements, carbon neutral fuels 

(i.e., biofuels and e-fuels) can be deployed in conventional vehicle engines. Carbon 

neutral fuels have the advantage of relying on existing vehicle engines and refuelling 

infrastructure, thus requiring limited changes on the consumer side. However, their 

widespread use may pose challenges, i.e., land constraints to produce advanced biofuels, 

high costs and technology uncertainty for e-fuels and significant electricity amounts 

required for their production. Finally, lifecycle CO2 emissions of e-fuels will ultimately 

depend on the source of the CO2 used to produce them; the use of biomass or direct air 

capture of CO2 can lead to carbon-neutral fuels. 

 

Several technological pathways and fuels could achieve the deep decarbonisation of the 

European transport sector by 2050. The future transformation of mobility is subject to 

uncertainty and so a cost-optimal transition will be the outcome of an effective mix of 

policies and technologies customized to the specificities of different transport markets. 

Different mitigation options need to match the characteristics of specific transport 

modes, supply chains, travelling behaviours, and logistics. Transport decarbonisation 

also involves the uptake of sustainable mobility solutions like public transport, soft 

transport modes (cycling, e-scooters), changes in mobility behaviours/trip patterns (e.g., 

more teleworking) and modal shifts towards less energy-intensive modes of transport.   

 

The timing of policy measures is key. Announcing ambitious vehicle standards must be 

done well in advance of introducing such standards, so that vehicle manufacturers can 

prepare to shift production towards low- and zero-emission technologies. The ultimate 

policy signal would be to set zero-emission standards on car manufacturers, resulting in 

sales of only zero-emission (i.e., battery electric and hydrogen fuel cell) cars in the EU. 

CO2 emission targets on vehicle manufacturers are among the most effective policy 

measures to promote zero-emission vehicles in the European market. Other measures 

                                                 
16 https://ec.europa.eu/transport/themes/mobilitystrategy_en 

https://ec.europa.eu/transport/themes/mobilitystrategy_en
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like road pricing for cars could be considered. As trucks make up about 25% of EU road 

transport emissions, ambitious carbon standards should also apply to truck 

manufacturers to incentivise emission reductions from the freight sector. Fuel cell, 

battery, and catenary (overhead cable) electric truck powertrains can also help reduce 

emissions. Fuel cell trucks are expected to dominate mainly long-haul road freight 

transport markets, while battery electric trucks would be used in different markets (e.g. , 

for regional deliveries). Catenary trucks may be used in specific motorways equipped 

with electricity overhead power lines.  

 

Mandates on sustainable fuel supply and demand-side obligations are also necessary. 

They build regulatory certainty and investment security which the fuel supply industry 

needs in order to deliver zero-emission fuels, especially in transport markets like 

aviation and shipping. Strong policy action is needed today so that by 2030 sustainable 

fuels are available on a large commercial scale. Mandates on the fuel supply side, like 

carbon standards on vehicles, are an effective measure too. The first passenger flight 

with sustainable synthetic kerosene took place in 2021, demonstrating that 

decarbonizing aviation is feasible. Synthetic fuels, produced from “green” hydrogen 

derived from RES-based electricity, along with advanced biofuels, can deliver 

significant emission reductions in transport modes which are rather difficult to 

decarbonize. The use of sustainable fuels in shipping and aviation will not entail any 

changes to the way these transport markets operate today, since the current transport 

infrastructure will be used. Simply, synthetic fuels need to become commercially 

mature and affordable.  

 

Detailed scenario analysis Figure 9 shows that if synthetic fuels do not develop, biofuels 

and hydrogen will be used for long journeys and most freight transport, while around 

half of the biofuels will be used in aviation (biokerosene), along with the remaining 

fossil fuels. In case of large uptake of synthetic fuels, they will represent the largest 

share in the fuel mix instead of replacing biofuels and hydrogen uses. 

 

Despite increasing passenger and freight transport activity driven by rising GDP trends, 

the climate neutrality scenarios (in all models) show that the final energy consumption 

in transport will decline over 2015-2050, as a result of energy efficiency improvements 

in conventional technologies and massive uptake of low-carbon and efficient 

technologies, e.g., electric vehicles. The decline in energy consumption is larger in the 

Efficiency scenario, driven by faster technology changes and lifestyle changes to 

environmentally friendly lifestyles, e.g., replacing private cars with public transport or 

more active transport modes (biking, walking etc). All models confirm that 

electrification is a no-regret strategy to decarbonise the transport sector, mostly through 

the rapid deployment of electric vehicles. The share of electricity in energy 

consumption is set for a rapid increase to more than 30%-40% by 2050, especially in 

New Players scenario.  
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Figure 9: Energy mix in the EU transport sector by 2050, in scenarios incl. and excl. market uptake of 
synthetic (e) fuels 
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Source: INNOPATHS Deliverable D3.9 

 
Across the scenarios (Fig 10), liquid fuels continue to provide a large part of energy 

requirements for transportation until 2050. However, in the climate neutrality scenarios 

fossil liquid fuels are replaced by clean alternatives, including advanced biofuels and 

synthetic e-fuels. Hydrogen and e-gas are also used. E-fuels and hydrogen require 

significant amounts of electricity for their production. Thus, reserving the use of e-fuels 

and hydrogen for the transport modes where alternatives are limited (e.g., aviation, 

maritime, freight trucks) would help limit the stress on renewable energy resources. 

EVs represent the key technology for reducing the tailpipe emissions from passenger 

cars. While still higher than that of conventional cars, the price of EVs has been falling 

rapidly over the last years, because of the reduction in the cost and improved battery 

performance. Studies expect that EV costs will keep falling in the next 5-10 years. The 

price gap between EVs – in particular short-range EVs (200-250 km) that cover the 

daily mobility needs of households– and petrol cars will be bridged by 2030. At the 

same time, the uptake of EVs should be complemented with a sharp increase in 

renewable-based power generation with analysis showing the potential for the power 

sector to reach carbon neutrality even in 2040. In this context, EVs are the obvious 

choice for reducing emissions in urban areas, while also improving air quality. 

 
Figure 10: Energy consumption in EU transport across scenarios in 2050 
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However, the widespread uptake of EVs until 2030 faces large barriers, which in most 

EU countries are related to the lack of EV charging infrastructure. While battery costs 

are falling rapidly, the deployment of charging infrastructure is progressing more slowly 

and unevenly across the EU. Private investors are reluctant to engage in the 

development of such infrastructure, due to high upfront costs and policy and regulatory 

uncertainty; consumers are also discouraged from purchasing an EV, due to their high 

price and the lack of re-charging stations. This is known as the “chicken-egg” problem, 

which delays the market uptake of EVs. For a mature e-mobility ecosystem to be in 

place by 2030, the large-scale rollout of charging infrastructure should happen by 2025 

with the strong support of governments. While private investment may be made in the 

most profitable locations, publicly funded infrastructure will ensure a minimum supply 

of charging points, which plays a decisive part in helping consumers overcome their 

reluctance to purchase EVs. This should then create a spiral effect where the penetration 

of EVs attracts further private investment, which, in turn, helps reach a critical mass of 

EVs in the EU. 

 
Summing up:  

Strong policies will push the EU transport system towards adopting zero-emission 

technologies, which need to be tailored to the different transport markets and segments 

in Europe. Policy makers should focus on short-term transport decarbonisation priorities 

including the mass adoption of EVs combined with low-carbon electricity generation. 

The timely and ambitious investment in battery charging infrastructure is essential to 

solving the “chicken-egg” problem for the widespread uptake of EVs, especially in 

urban areas. Hydrogen-based clean liquid fuels and advanced biofuels will help reduce 

emissions in hard-to-electrify mobility sectors such as aviation and shipping. 

4.5 Industry 

Industry accounts for around 26% of energy consumption in the EU with fossils 

dominating the fuel mix, which means industry has an indispensable role to play in 

helping achieve the European climate goals. Industry also accounts for 68% of Europe’s 

exports and 17% of total value added in the EU, with the industrial sector employing 

around 32 million people. EU industrial policy seeks to maintain or increase industrial 

activity in Europe (avoiding ‘carbon leakage’) while substantially reducing emissions.  

EU industrial firms have embarked on a path towards decarbonisation, with direct GHG 

emissions in 2017 falling by 36% from 1990 levels, due to reductions in fossil fuel 

consumption in energy-intensive industries (metals, cement and chemicals). Yet, 

according to Eurostat, in 2018 industry still represented 20% of EU’s total GHG 

emissions, both from fuel combustion and from industrial processes. Much stronger 

mitigation efforts are needed to comply with climate neutrality by mid-century. 

Reducing energy consumption and increasing the uptake of low-carbon energy carriers 

is vital. The industry sector includes diverse sub-sectors with different energy and 

material needs, which leads to different types, concentration, mixture, and volumes of 

industrial effluents containing GHGs. There is a plethora of decarbonisation options for 

industry, but no silver bullet for all subsectors. The multitude of solutions to reduce 



   D5.5 Summary Roadmap of the EU energy system 

 

PU Page 32  Version 2.0 

 

“This project has received funding from the European Union’s Horizon 2020 research and innovation 

programme under the Grant Agreement No 730403“ 

 

industrial emissions is illustrated in the 85 technological pathways identified in the main 

ETS sectors for the Innovation Fund17. 

 

Energy-intensive industries can decarbonise through various methods and technological 

options (Figure 11): zero-carbon fuels and feedstocks (e.g., synthetic fuels from green 

hydrogen); innovative processes (e.g., direct reduction of hydrogen in steelmaking); 

electrification (electric arc furnaces in steelmaking, heat pumps for heat) ; and CCUS. 

There is also high technical and economic potential for energy savings through energy 

efficiency and management measures. Accelerating mitigation efforts to make industry 

carbon-neutral mid-century poses important challenges: first, the timely development 

and scaling up of novel climate-neutral industrial technologies and processes; and 

second, boosting competitiveness in international markets while distributing costs and 

benefits in a fairly manner. These challenges are particularly strong in energy-intensive 

and trade-exposed industries (EITE), which face increasingly the risk of carbon leakage 

and activity relocation away from the EU, if high carbon prices are implemented 

without measures to reduce the carbon leakage risks.  

 
Figure 11: Technological options to achieve carbon neutrality in EU industries  

 
 

Our model-based analysis shows that several technological configurations can support 

emission reductions in industrial sectors. In the short-term increasing efficiency through 

the implementation of Best Available Technologies (BAT), heat recovery, horizontal 

energy management, electrification of industrial processes and reduced oil and coal 

consumption through fuel switching is prioritized. In the medium- and long-term 

transformative changes need to take place in value chains and business models of EU 

industries. This is an extremely demanding exercise, considering the inertia of the 

sector, the high investments required and the fact that there are only 1-2 investment 

cycles in most industries before 2050. The model-based pathways show that novel 

mitigation options should be set in motion, including deep electrification of industrial 

                                                 
17 Climate Strategy & Partners (2017), Summary report: Finance for Innovation: towards the ETS 
Innovation Fund, https://ec.europa.eu/clima/sites/clima/files/events/docs/0115/20170612_report_en.pdf  

https://ec.europa.eu/clima/sites/clima/files/events/docs/0115/20170612_report_en.pdf
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processes (e.g., through the uptake of high-temperature heat pumps), the switching to 

renewable energy carriers (e.g., green hydrogen, advanced biofuels, clean synthetic 

fuels), the emergence of CCUS options, and accelerated improvements in energy and 

material efficiency in industrial processes through circular economy measures. 

 

The models confirm that electrification is a key option towards decarbonising the 

European industries, especially as electricity comes increasingly from zero-carbon 

sources, mostly renewable energy (Figure 12). Consequently, it is important to assess 

and quantify the potential for electrification of different industrial sectors and classify 

progress into different stages of electrification depending on maturity and costs of 

relevant electrification technologies. These are presented in Figure 13 for the PRIMES 

and REMIND models. The analysis shows that electrification can reach more than 90% 

(if feedstocks are excluded) of total 2050 energy consumption in sectors like food, 

textiles, wood, and paper, while future technologies may lead to high electrification of 

ferrous and non-ferrous metals, chemicals, engineering, glass, ceramics, and cement.  

 

Given that electricity becomes the dominant energy carrier for EU industries in climate 

neutral scenarios, the decarbonisation of industries depends on the provision of carbon-

free electricity and hydrogen from energy supply sectors. High-temperature industrial 

heat pumps should be combined with zero-carbon power technologies and electrolysers 

to provide emission-free electricity and hydrogen in the quantities required to 

decarbonise the industrial sector. CCUS technologies are needed to decarbonise specific 

industrial sub-sectors, which means dedicated efforts to increase social acceptance and 

targeted funding for research and innovation to lower their costs. The European iron and 

steel sector can be decarbonised based on two options to produce “CO2-free” steel: (i) 

increased use of secondary steel, coming from steel scrap and electricity; (ii) hydrogen-

based steelmaking to shift away from Blast Furnaces. Some technologies required to 

decarbonise energy-intensive industries are currently in operation on a pilot or pre-

commercial basis only. Hence additional R&D and policy support will be crucial to 

accelerate the deployment of novel zero-carbon technologies. The road to climate 

neutrality can be achieved through the upscaling of current emission reduction efforts 

(i.e., energy efficiency, fuel switch, biomass) and the market uptake of innovative 

options in the longer term (i.e., green hydrogen, CCUS, e-fuels). Each technological 

option has pros and cons, but their combined roll-out paves a cost-efficient path towards 

climate neutrality of European industries by mid-century, in line with EU Green Deal. 
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Figure 12: Industrial potential for electrification  

 
Figure 13: Maximum potential achievable for direct electrification of energy demand by sector  in 
PRIMES (Upper panel) and REMIND (Lower panel) 

 
 

The transition to net-zero industrial systems rests on the decoupling of energy 

consumption from industrial activity (energy efficiency), but most importantly on the 

structural shifts in fuel mix. All models depend on the electrification of industrial uses, 

with the share of electricity rising from less than 25% in 2018 to more than 45%-50% in 

the New Players and Efficiency scenarios. Green hydrogen is used in specific industrial 

segments and most importantly in the iron and steel sectors especially in PRIMES and 
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REMIND. Models use different options to decarbonise the remaining energy 

consumption (e.g.  ETM-UCL relies more on biomass, PRIMES and REMIND use 

more e-fuels). The introduction of ambitious energy efficiency measures and circular 

economy considerations would further reduce energy requirements in 2050 by about 

10%-20% in all models in the Efficiency scenario. 

 
Figure 14: Energy consumption in EU industries across scenarios in 2050 

 
The costs of decarbonisation for society and consumers are low, but investment needs 

for basic industries and production costs of materials may increase significantly. This  

poses increasing economic risks, e.g., reduced competitiveness of EU’s EITE industries, 

which may relocate to non-EU regions that do not enforce environmental regulation. 

Appropriate measures, such as Border Carbon Adjustment proposed in the EU Green 

Deal, may be used to protect the domestic manufacturing activity, especially if major 

trade partners do not implement ambitious climate policies (more details in Section 5).  

 

Deep decarbonisation also entails opportunities for European industries as:  (i) industrial 

products are indispensable for low-carbon solutions, i.e. RES, EVs, energy-efficient 

buildings, so industrial growth can accelerate by creating market demand for green 

materials (ii) fuel costs for industries will decline rapidly while appropriate anti-leakage 

measures can minimize industrial relocation risk (iii) enhanced low-carbon innovation 

dynamics and ambitious policies would lower the transition costs for EU industries, 

which can also benefit from increased export potential for clean technologies (iv) 

Establishing comparative advantage in international markets in any carbon-constrained 

future, as EU industries can deliver industrial products (e.g. steel, cement) with lower 

carbon intensity compared to major competing economies, such as China, India and US. 

 
Summing up:  

Policy makers need to actively support low-carbon technology development and 

diffusion in industry while addressing associated socio-economic issues. The 

decarbonisation of industry by 2050 requires the rapid diffusion of existing low-carbon 

technologies and the emergence of breakthrough technologies in manufacturing. The 

strong involvement of all stakeholders must be secured. Decarbonisation policy must be 

closely connected to the renewed EU Industrial Strategy, labour market policies, 

innovative funding mechanisms, trade policies, and reforms of the EU ETS, so as to 

ensure consistency among different policy goals. Climate policy portfolios for industrial 

climate-neutrality should be differentiated in their support for short-, medium- and long-

term challenges. In the short term, policies should accelerate the uptake of energy 
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efficiency and available low-carbon technologies, and encourage fuel switching towards 

less carbon-intensive fuels (e.g., electricity). In the long run, investment in R&D should 

lead to breakthrough zero-carbon industrial technologies (e.g. green hydrogen, CCUS, 

e-fuels, high-temperature heat pumps) and to circular economy becoming embedded in 

industrial processes. Lower costs and measures such as Carbon Contracts for Difference 

(CCfDs) can reduce the uncertainty surrounding zero-carbon industrial technologies. 

Other instruments to remove market, behavioural and institutional barriers is critical to 

ensure the cost-efficient transformation towards a zero-emission industrial system by 

2050. A robust and coherent policy framework is needed to facilitate low-carbon 

investments in European industries, including policy domains such as: trade (to avoid 

carbon leakage), access to raw materials, low-carbon innovation, regional policy, 

circular economy, and energy infrastructure. 

4.6 Energy supply 

Reducing GHG emissions in energy supply is a necessary condition for the EU to 

achieve the Paris commitments. The transformation of the electricity system is already 

under way, reflected in increased investments in renewable energy and coal phase-out 

commitments implemented in several EU countries. The electricity sector will play a 

central role in achieving the EU Green Deal target of a net-zero EU by 2050. 

Technology options for decarbonising the energy sector are, to a large extent, available 

on the market. Without the need for breakthrough technologies, further reduction of 

emissions can be achieved either by replacing fossil fuels with carbon-free energy 

sources (mostly renewable energy) or by capturing their emissions by CCS and CCU 

technologies. The range of available low-carbon electricity generation technologies and 

large renewable resources means that electricity will decarbonisation efforts, provided it 

can attract sufficient finance. As discussed in previous sections, electricity is also 

important for decarbonising transport, buildings, and industry, through electrification of 

energy end uses. So, the implementation of climate neutrality targets depends crucially 

on the decarbonisation of electricity supply. 

 

Renewable energy and nuclear power are the most important carbon-free energy sources 

used to generate electricity. Renewable sources known today include: wind, solar (PV 

or thermal), geothermal energy, tide, wave and other ocean energy, hydropower, 

biomass, landfill gas and biogases. There is a strong consensus in research and 

stakeholders that renewables will play a key role in decarbonisation pathways. The 

rapid transformation of the electricity sector is facilitated by the dramatic cost 

reductions in renewable energy technologies over the past decade, due largely to the 

impacts of market support policies and enhanced innovation dynamics. The electricity 

produced by wind and solar PV is now often cheaper than the electricity produced by 

gas or coal. Solar and wind technologies have shown higher growth rates than other 

technologies in the last decade driven by large cost reductions and limitations facing 

other renewable technologies, e.g., limited untapped potential of hydro, land use 

competition for biomass. PV and wind power remain variable sources that can only 

produce when solar or wind resources are available, so their large-scale integration 

requires new market designs, storage, and flexibility. Nuclear energy is a well-

established zero-carbon technology to produce electricity. As nuclear is mostly used as 

baseload, its economics will be affected by the increased penetration of variable 
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renewables. Nuclear can play a role in reducing EU emissions and fossil fuel imports, 

but nuclear investments currently remain a challenge, due to the important up-front 

construction costs, public acceptance issues in some EU countries, uncertain electricity 

market prices and increasing competitiveness of RES. 

 

Substantial progress has been made in decarbonising electricity. Renewables provided 

35% of EU electricity in 2019. However, to reach net-zero emissions, the pace of 

investment in zero-carbon generation needs to increase, and fossil fuel generation needs 

to retire. Investors demand clear long-term signals and so a clear pathway to net-zero 

electricity emissions by 2040 should be established, with policy instruments tightened 

so that by 2040 the system operates with net-zero emissions. The EU ETS sets limits on 

CO2 from electricity generation, heavy industry, and aviation; the instrument should be 

extended and tightened to match the ambition of EU’s net-zero target, and to set a 

pathway for net-zero electricity emissions by 2040. The increased emissions cap will 

substantially increase CO2 prices and drive a rapid phase out of fossil fuels from power 

generation. 

 

Turning electricity into a carbon-free energy carrier allows to then use it to electrify 

end-uses in industry, transport, and buildings. The anticipated electrification and the 

decentralised deployment of renewable technologies will require reinforced and smarter 

electricity networks to cost-efficiently exploit the full-scale potential of renewable 

resources over the European territory. These trends imply that electricity demand will 

grow much faster than overall energy demand, as more end-uses in different sectors 

switch to electricity. Second, the decarbonisation of electricity must be ahead of other 

sectors, as a net zero EU in 2050 requires EU electricity emissions to be net zero by 

2040.  

 

Model-based results show that electrification of energy services combined with large-

scale expansion of renewable energy and storage capacities is a robust strategy under all 

scenarios. The New Players scenario achieves the highest electrification shares – up to 

60% of final energy consumption by 2050 – but even under the Incumbents scenario 

electrification shares double from 2015 levels in 2050 going beyond 40%. The highest 

electrification potential is found in buildings, with the share of electricity reaching 70%-

75% by 2050, driven by the expansion of heat pumps. The high increase of EU 

electricity requirements in all scenarios and models, exerts pressure on renewable 

energy potentials. As shown in Figure 15 electricity generation capacity is heavily 

dominated by wind and solar PV. In the Incumbents scenario, nuclear power plants 

coexist with RES in countries that have not imposed limitations in nuclear energy, while 

favourable developments of carbon capture allow gas (and even coal in the ETM-UCL 

scenario) to be used in electricity production. 

 

Zero-carbon electricity systems dominated by variable renewable generation is expected 

to pose a serious challenge to today’s electricity system operation. Balancing and 

storage requirements will increase significantly across EU countries and electricity grids 

will be stressed. The reduction in ‘inertia’ provided by conventional generators will 

make it harder to maintain system stability. There are technical solutions to these 

problems (e.g., electrical storage – both grid-scale and distributed – investment in 
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transmission and distribution grids and demand-side response) which should be 

massively deployed in parallel with the expansion of variable renewables. Several 

system operators are already commissioning these services and technologies. Energy 

market reforms (e.g., increasing the time granularity of electricity prices) can provide 

incentives for investing into low-carbon technologies and to achieve optimal effects 

action should be coordinated at different levels (sub-national, national and cross-

border). These aspects should inform the ongoing development of the Energy Union, 

with the active involvement of ENTSO-E and E-DSO to ensure market harmonisation, 

enable more optimal trading and flows of electricity within the EU and enhance cross-

border coordination of strategic grid expansion plans including meshed offshore grids.  

 

Tightening the EU ETS targets in line with the 55% emission reduction target by 2030 

speeds up the transformation of the electricity system. High carbon prices push fossil 

fuels out of the market, renewables contribute two thirds of electricity demand and zero 

emissions are reached by 2040 with only limited increases in electricity prices and 

system costs. In case that nuclear and CCS are constrained, the impact on costs and 

emissions is negligible, with BECCS not considered essential for power sector 

decarbonisation. The overall picture does not change radically across scenarios, as high 

electricity demand (either due to direct electrification or emergence of green hydrogen 

and e-fuels) is predominantly met by renewable energy in combination with increased 

deployment of storage capacities, mostly in the form of batteries and hydrogen, as well 

as with expansion of transmission grids across EU countries. 

 
Figure 15: Electricity generation (TWh per year) in the scenarios 

 
 

Despite the limited increase in costs, policy makers should pay close attention to the 

transition of carbon-intensive regions, e.g., those heavily involved in coal mining or 

manufacturing of ICEs. In countries with large shares of coal in their electricity mix, it 

is essential to effectively address the negative socio-economic impacts of the low-

carbon transition in local communities. If not carefully designed, the tightening of the 

ETS market and policies rewarding distributed energy may have unintended negative 

impacts on low-income households, which may create additional inequality and reduce 
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the social acceptability of climate policies. Thus, justice and equity challenges should 

be directly included in national energy policy planning, with investment in low-carbon 

innovation and industrial activities potentially linked to the most vulnerable regions 

which are heavily dependent on fossil activities. 

 

Linking electricity, heat, gas, transport, and industrial systems can increase the 

penetration of RES and decarbonise the European economy. Energy storage and sectoral 

integration can increase the speed and cost-efficiency of the transition to climate 

neutrality. The integration of sectors and technologies can further optimise RES 

contribution to decarbonisation, allowing the best use of available resources and 

avoiding stranded fossil fuel assets. Sector coupling impacts energy systems at all levels 

(e.g., technologies, infrastructures, market models, regulation etc) implying that action 

in one sector is heavily dependent on other sectors, e.g., through electrification or 

uptake of clean e-fuels. The PRIMES model was used to explore the impacts of deep 

decarbonisation and sectoral coupling on energy system planning and operation. 

 

PRIMES models contrasting scenarios with high direct electrification of transport and 

heating vs. scenarios with substantial use of renewable electricity to produce synthetic 

fuels. The latter requires no changes in end-use equipment and infrastructure. The 

scenarios point to broadly same cost levels in 2050 (Figure 16), although the production 

of synthetic fuels requires a steep rise in electricity system investments. Yet, the 

regulation and market design needed to support that scale of transformation are not 

currently in place. The uptake of storage technologies (batteries, hydro pumping, 

chemical storage via power-to-X) that provide flexibility in different timescales (short 

term, multi-hour, seasonal) and operate in a complementary way is the cost-optimal 

solution, while flows over interconnectors are increasingly used to provide balancing at 

times of complementary renewable generation across different European countries. 

 
Summing up:  

A power generation system dominated by variable renewable energy sources is both 

feasible and cost-efficient and that it should be complemented with the expansion of 

grids, balancing and storage capacities. A climate neutral EU in 2050 requires a clear 

pathway to net-zero electricity emissions by 2040. This will be achieved though the 

tightening of policy instruments, implying the massive electrification of energy end-

uses in buildings, transport and industries. Meanwhile, ensuring the stability and 

reliability of a system that is highly based on variable RES, calls for the combination of 

different technologies and practices. Based on reasonable technology assumptions and 

considering various scenarios, the analysis shows that this problem can be addressed at 

low costs by 2050, given that technical challenges are addressed early. The political 

challenges are as important as the technical ones. Addressing the social and political 

concerns surrounding the transition to a climate neutral economy and making sure the 

transition is just should be at the heart of long-term energy planning. 
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Figure 16: Annual system costs for power generation (left) and average cost of electricity generation 
(right) 

  
Source: PRIMES results 

4.7 Policy measures to upscale the 2030 climate target 

As the European Parliament and the European Council endorsed the EU target to reach 

climate neutrality by 2050, it becomes clear that short-term climate targets and related 

policy instruments should be revised upwards. The first EU NDC that aimed at reducing 

GHG emissions by 40% by 2030 is insufficient to put the EU economy on a path 

towards climate neutrality by 2050 and requires larger reductions after 2030, as shown 

in Figure 17. The current target therefore risks locking investments in emission trends 

that are inconsistent with EU climate neutrality by 2050. In response, the EC prepared 

the Climate Target Plan in 2020 which lays out a cost-effective pathway for increasing 

the level of EU ambition to 55% GHG emission reduction in 2030 from 1990 levels. 

 

PRIMES was used to analyse the impacts of raising climate ambition on the energy 

system. Even under existing policies and despite the increased electricity consumption 

(10% over 2015-2030), the rapid decline in renewable technology costs combined with 

ETS pricing and coal phase-out plans in EU countries would result in a 53% reduction 

of supply-side emissions between 2015-2030. The implementation of the revised 2030 

target and the need to decarbonise energy end-uses push the demand for electricity 

upwards. Power requirements increase even further after 2035 for the production of 

hydrogen and clean e-fuels, meant to decarbonise hard-to-abate sectors, such as heavy 

industry, freight trucks, aviation and maritime. Despite increasing electricity generation 

in a context of higher policy ambition for 2030 and additional regulatory certainty, the 

EU power sector can achieve carbon neutrality already by 2040. The increased ambition 

of the 2030 target is a crucial signal for speeding up energy system transformation, as 

financial operators and investors need concrete policy and regulatory signals for short 

and mid-term investment as well as long-term objectives. Accelerated energy efficiency 

improvements and electrification of energy services drive down emissions in buildings, 

transport and industries, which contribute to the overall target (Figure 18). 
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Figure 17: Stylised EU emission reduction pathways 

 
 

The implementation of more ambitious emission reduction targets in 2030 reduces the 

risk for carbon lock-in and stranded fossil fuel assets, as it incentivises the rapid phase-

out of fossil fuel technologies in the road to a net-zero EU. The increased mitigation 

effort over 2020-2030 reduces the need for stronger action and disruptive changes after 

2030 without negative cost implications for European consumers and businesses. The 

establishment of strong and clear policy signals ensures predictability and stability of 

the policy and regulatory framework, reducing the risks and incentivising investment in 

R&I, development, and diffusion of currently immature low-carbon technologies. 

 
Figure 18: Emission reductions in selected sectors (based on PRIMES results) 
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5 Socio-economic implications of decarbonisation 
Decarbonisation along with global megatrends such as innovation, automation, and 

population ageing will have a combined effect on the EU economy. The baseline macro-

economic growth projections used in applied modelling indicate that until 2050 real EU 

GDP could increase by about 1.5% annually. Macro-economic modelling shows that 

decarbonisation would only have moderate impacts on EU GDP and employment. 

Historical evidence illustrates that the decoupling of EU GDP and GHG emissions has 

already started, while modelling results suggest that this trend can be accelerated by 

2050. This decoupling is also associated with an increase in economic output per unit of 

energy consumed, as energy efficiency is increasing in all scenarios. 

5.1 Energy system costs and investment requirements 

The transition to net zero is a complex process that requires large amounts of 

investment to be directed to zero-carbon technologies, energy efficiency, sustainable 

transport and low-carbon R&D. Our analysis shows that investment requirements 

increase with the stringency of emission reduction targets. Investment in carbon 

neutrality scenarios are projected around 10% higher compared to the 80% reduction 

scenarios, which correlates with IPCC estimates, indicating a 12% increase in global 

investment (average across models) from 2oC pathways. PRIMES results show that 

climate neutrality scenarios would require annual energy investment of EUR 550 billion 

in 2031-2050 on average (2.8% of GDP), compared to EUR 360 billion in the reference 

scenario (1.9% of GDP) – excluding transport vehicles. This compares to recent levels 

(period 2016-2019) of around 2% of EU GDP invested in the energy system and 

infrastructure (excluding transport). From a macro-economic perspective such increases 

in investment are large, considering that EU gross fixed capital formation is currently 

close to 20% of GDP and an increase in total investment of 1-2 percentage points of 

GDP would possibly create stress in capital markets (see section 6.2). The current low 

interest rates and the large, low-cost financial supply combined with the Next 

Generation EU recovery package can provide the required financial resources for 

energy system transformation. 

 

According to the modelling results extensive additional investment will be needed to 

reach climate neutrality. Yet, the total amounts and composition of investment is 

different across scenarios. This confirms the partial substitutability between investment 

in energy efficiency and additional supply-side investment (e.g., in hydrogen or 

electricity generation) or between road transport electrification and uptake in synthetic 

fuels. The findings also illustrate the potential of deep energy efficiency (e.g., via 

circular economy and lifestyle changes18) to reduce investment requirements and energy 

system costs. In terms of sectors, most of additional investment is channelled in 

electricity supply (both in power generation and in transmission and distribution), in the 

purchase of zero-emission vehicles, the development of clean fuels and in energy 

renovations in buildings and to a smaller extent in energy management in industries. 

 

The additional investment for decarbonisation is also reflected in total system costs and 

accounted for as equivalent annuity payments for capital. However, decarbonisation and 

                                                 
18 Although ackowledging that energy models cannot fully capture the related investment needs and costs  
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the subsequent lower consumption of fossil fuels reduces the fuel and operation costs of 

the energy system. Total system costs reflect the total impact of decarbonisation on 

energy costs borne by end-consumers. Total energy system costs increase in 2015-2050 

bust the rise is proportional to the level of climate ambition – climate neutrality 

scenarios incur the highest costs, despite falling costs of low-carbon technologies. After 

2030, GDP growth offsets the increase in system costs and the rising trend in the ratio to 

GDP is reversed because of energy efficiency, electrification, and the declining costs of 

clean technologies. This means that energy system costs as a share of GDP stay 

relatively constant at their 2010-2020 levels until 2050 under Reference scenario 

conditions. The 80% emission reduction scenarios result in a cost increase of 0.3-0.7 

percentage points (pp) of GDP, while the increase ranges from 0.4-0.9 pp in climate 

neutrality scenarios (on average in the 2015-2050 period). The largest cost impacts are 

registered in the Incumbent scenarios due to the high costs to produce clean synthetic 

fuels (Figure 19). The Efficiency scenarios require the largest additional investment, but 

the impact on system costs is mitigated by the lower energy consumption resulting from 

efficiency gains and thus total energy costs are lower relative to other scenarios. 

 
Figure 19: EU Energy system costs over 2015-2050 as a share of EU GDP from PRIMES 

 
 

Deep decarbonisation would affect electricity prices and thereby production costs and 

international competitiveness. The PRIMES modelling ensures a full recovery of power 

system costs through the electricity prices. Transmission and distribution costs are 

allocated according to user characteristics (e.g., connection voltage) and consumption 

profiles (e.g., off-peak or on-peak consumption), resulting in different prices for 

different final users. Electricity prices increase until 2030 but stabilise after 2030 at a 

level close to Reference, with only minor increases of 3%-7% in the climate neutrality 

scenarios. Low-carbon electricity is used to produce hydrogen and e-fuels which are 

then sold to final consumers. The storage of these fuels in distribution facilities helps 

the power system to further maximise the use of variable renewables, while providing 

flexibility services. These indirect contributions of final consumption e-fuels to the 

power system costs are not included in electricity costs. 
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5.2 Socio-economic impacts 

Ambitious energy and climate policy have wide-ranging implications on the European 

economy. Decarbonisation is set to impact the sectoral output, demand and 

employment, the prices of goods and services, the allocation of capital, labour and 

energy resources in productive activities and the international competitiveness of 

domestic industrial firms. The transition to climate neutrality by mid-century requires 

reallocation of capital and labour forces across and within productive sectors. It also 

asks for increased investment in energy efficiency, renewable energy and low-carbon 

fuels and enhanced low-carbon innovation and economies of scale to drive down the 

costs of clean energy technologies. This is a gradual, still complex process that entails 

shifts in investment patterns and large restructuring of economies, moving away from 

the current paradigm of fossil-based energy, private Internal Combustion Engine (ICE) 

cars and inefficient use of energy. As COVID-19 pandemic has made evident, many 

other factors (including automation, globalisation, digitalisation) may affect economic 

development in different ways, i.e., in terms of cyclical developments as well as 

structural long-lasting changes. 

 

Decarbonisation would create significant challenges and opportunities for countries, 

businesses, and citizens; the socio-economic outcome of the transition would depend on 

a multitude of factors, including the efficiency of the adopted policy mix, the provision 

of low-cost finance, the international policy ambition, the availability of labour skills 

and the scheme for recycling the ETS revenues. The demand for fossil fuels will rapidly 

decline because of ambitious emission reduction policies, impacting directly those 

working in coal, oil, and gas industries, but also those working in fossil-fired power 

plants and in the manufacturing of ICEs. The risk of early retirement of productive 

assets and the difficult adjustments in the labour market driven by market frictions and 

potential mismatches between skills available and skill requirements of the low-carbon 

economy is imminent. The challenges related to capital and labour reallocation increase 

with the speed at which the transformation must occur. 

 

Macro-economic impacts are assessed under various policy scenarios aiming to climate 

neutrality in the EU. Given the critical role of economic and trade interactions with 

other regions, section 5.5 describes the competitiveness impacts of different climate 

policy futures. However, here we focus on a global action scenario with all regions 

acting together to ensure the implementation of the Paris Agreement goal to stay well 

below 2oC by 2100. In addition, the macro-economic modelling addresses multiple 

options than can be used by the governments to recycle the carbon revenues back into 

the economy. The GEM-E3-FIT model is used to analyse the macro-economic and 

distributional implications of deep decarbonisation. For this task substantial 

methodological improvements were made to GEM-E3-FIT, namely: enhanced 

representation of the energy system, explicit modelling of power and transport 

technologies and energy efficiency; detailed representation of markets for low-carbon 

technology; making technology progress endogenous in the model, based on learning by 

doing and learning by R&D curves; enhanced modelling of labour markets, including 

skill levels; integration of the financial sector; improved modelling of policy 

instruments related to energy, climate, innovation, trade, industry and finance. 
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In the Reference scenario, the global economy is projected to grow 2.7% annually until 

2050, while the average annual growth for the EU-28 is assumed to be 1.5%. Among 

major economies, China and India register high GDP growth rates of 3.8% and 6.1% 

annually over 2015-2050, so that their join share in global activity from 20% in 2020 to 

30% in 2050. However, primary energy consumption increases slower than GDP (1.4% 

p.a.), with global energy intensity declining by 1.3% p.a. Carbon emissions increase 

even more slowly (0.7% p.a.), implying some decarbonisation of energy mix triggered 

by technology improvements especially in renewable energy and the implementation of 

NDCs. Figure 20 shows that in the 2DEG scenario, GDP continues to grow strongly 

across all countries despite the substantial emission reduction, with GHG emissions of 

major emitters declining with an average annual rate of 1.5%-4% over 2020-2050. 

 
Figure 20: Evolution of GDP and GHG emissions in the 2DEG scenario 

 
 

Ambitious climate policies would trigger a restructuring of the economy with large 

socio-economic impacts19. Carbon pricing drives energy system restructuring towards a 

more capital-intensive structure, with increased investment in renewable energy and 

energy efficiency. The transition to net zero would lead to increased capital 

expenditures and lower energy purchasing costs in the long term. As GEM-E3-FIT 

assumes optimal use of available capital resources in the Reference scenario, the 

reallocation of investment to low-carbon, energy efficient technologies and equipment 

in 2DEG leads to a “crowding-out effect”, as firms and households finance low-carbon 

investment by spending less on other commodities and investment purposes. Carbon 

prices increase the cost of energy services for firms and households – and thereby 

production costs throughout the economy – and have a depressing effect on 

consumption. Overall, the 2DEG scenario reduces cumulative global GDP by 1.4% 

below Reference in 2020-2050 with differential impacts across countries, depending on 

their economic structure, their relative position in international trade (especially for 

fossil fuels and low-carbon technologies) and structural differences. The imposition of 

                                                 
19 The study focuses on the economic implications of climate policies and does not consider the 
avoided damages and potential health and air quality benefits from mitigating climate change 
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universal carbon price leads to higher relative mitigation efforts in developing 

economies with high carbon intensities and in fossil fuel exporters; these also suffer 

from reduced fossil export revenues. In the meantime, GDP losses are limited (lower 

than 1% of GDP) in developed economies (Figure 20) as these already produce energy 

efficient products and can benefit from clean technology exports (e.g., EU-based 

companies accounted for more than 90% of global wind turbine exports in 2018). 

Overall, ambitious climate policies would only marginally reduce the average annual 

global GDP growth from 2.70% in Reference to 2.62% in the 2DEG scenario over 

2015-2050. 

 

The 2DEG scenario requires higher investment for low-carbon technologies and energy 

efficiency (section 5.1).  However, the identification, mobilisation, and redirection of a 

large amount of available funds towards low-carbon transformation is challenging, 

implying a “crowding-out” of investments in other production sectors (as modelled in 

CGEs). The net result of the above is a relatively limited change in investment levels in 

major economies. Marginal impacts are projected for the EU where growing amounts 

are directed towards low-carbon technologies, electric cars, and the renovation of 

buildings. Private consumption drops more than GDP in all economies, as production 

costs and prices increase due to carbon pricing and the resource reallocation compared 

to the Reference scenario (Figure 21). The 2DEG impacts on employment largely 

depend on the reduction of economic activity, which to some extent is offset by job 

creation in green sectors. These include: jobs in the manufacturing of low-carbon 

equipment, insulation of buildings, in the construction and O&M of RES power plants, 

in biofuels production and in biomass feedstock supply (Fragkos et al., 2018). 

 
Figure 21: Macro-economic impacts of 2DEG scenario over 2020-2050 

 
 
Summing up:  
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High carbon pricing would have different implications by sector. Those working in 

sectors like coal mining, oil and gas extraction, petroleum refining, fossil-based power 

plants and ICE manufacturing, are the most exposed. They should be therefore re-

trained to develop skills required in growing sectors of the EU economy, including in 

the manufacturing, installation and operation of low-carbon equipment. In contrast, 

increased electricity production linked with the uptake in electric vehicles, heat pumps 

and green hydrogen would lead to increased output and employment in the electricity 

sector. The activity of energy intensive industrial sectors declines by about 2.5% from 

Reference, since energy costs that increase due to carbon pricing represent a high 

percentage of their total costs. Efficiency improvements imply increased requirements 

for construction especially for building retrofits, but also for the installation of wind and 

solar PV projects. Large positive impacts are projected for low-carbon manufacturing 

sectors (e.g., wind turbines, EVs), especially in countries that have already established a 

competitive advantage (e.g., Denmark, Germany). Employment opportunities are not 

only affected in sectors directly linked to energy transition, but also for workers at 

various levels of the supply chain or in sectors that face a knock-on indirect impact 

through multiplier effects, including industrial and agriculture activities and services. 

5.3 Distributional impacts on households 

Increased climate policy ambition would result in economic restructuring with potential 

regressive distributional impacts. Disadvantaged social groups which face high energy 

expenditures and increased difficulty to access funding would be disproportionately 

affected. The imposition of additional taxes on energy products would increase the risk 

of energy poverty. Ignoring such effects may exacerbate inequalities, resulting in less 

effective policies. The distributional effects of climate mitigation policy in the EU have 

been assessed with the GEM-E3-FIT model. The model was expanded to represent 

endogenous involuntary unemployment for 5 different occupation and skill types and 

multiple households (ten income classes), with different income sources, consumption 

patterns and saving rates (details are found in Fragkos et al 2021).  

 

Income inequality is measured with the Gini coefficient and the S80/S20 indicator20, 

and energy poverty is measured as the share of households’ energy expenditure to their 

disposable incomes. Changes in income distribution between and within EU countries 

over time are largely driven by: the overall GDP growth, labour supply and demand by 

skill, technical progress, sectoral growth, wage differentials across skills and the 

distribution of skills, capital earnings and transfers across income deciles. Under the 

Reference scenario the EU economy gradually becomes more service-oriented and 

technology-rich. The projection suggests a slight redirection of labour demand towards 

higher skills and a slight decline in the value-added share generated by low-skilled 

occupations. The changes are more pronounced in the ambitious decarbonisation 

scenario, where the EU economy would need more advanced technical and managerial 

skills. The transition involves the replacement of labour-intensive and low-skill 

occupations, like coal mining, by skill-intensive processes related to the design, 

                                                 
20 The Gini Index varies between 0 (full equality) and 1 (full inequality) and shows the distance of income 
distribution from the uniform distribution (perfect equality). The decile dispersion (S80/S20 index) is the 
ratio of the disposable income of the two top income deciles to those of the two bottom deciles . 



   D5.5 Summary Roadmap of the EU energy system 

 

PU Page 48  Version 2.0 

 

“This project has received funding from the European Union’s Horizon 2020 research and innovation 

programme under the Grant Agreement No 730403“ 

 

manufacturing, development and installation of low-carbon technologies. The model-

based analysis points to job losses in fossil fuel industries but also gains in electricity 

supply and in the development of low-carbon equipment. For the latter higher skill 

levels are needed, including occupations like manufacturing and software engineers, 

project designers, advisors and other professional or managerial positions. The change 

in occupations and skills has direct impacts on the distribution of income across income 

groups. As demand for high-skilled human resources grows, a lower share of the total 

wages would be directed towards lower income deciles, increasing income inequality, 

and spurring social challenges. 

 

As discussed, in the 2DEG scenario EU GDP drops slightly from REF levels. This has 

limited impacts on total employment, reinforced by the transition to labour-intensive 

technologies, such as renewable energy and energy efficiency. In the default modelling 

setting, carbon revenues are used to increase government savings and hence support 

investment with a lower interest rate (as savings equal investment in CGE theory). 

Labour income declines by 0.6% in 2030 and 1.7% in 2050 in 2DEG relative to REF, 

with the largest impacts felt in low-income deciles, exacerbating income inequality 

across the EU in the context of the transition towards a high-skilled and capital-

intensive economy. Overall income inequality in the EU is shaped by inequality within 

and between Member States. The average EU Gini index increases from 2020 levels by 

1.1 and 1.8 percentage points (pp) in 2030 and 2050 respectively. The increase ranges 

between [0.1-2.2] pp in 2030 and [0.3-3.2] pp in 2050 across EU Member States. The 

S80/S20 indicator also increases over time in REF by 0.3 and 0.8 percentage points (pp) 

from 2020 levels in 2030 and 2050 respectively.  

 

The reduced income would expose already vulnerable low-income groups to energy 

poverty. To prevent this the 2DEG_REC scenario is designed in such way that ETS 

revenues are redirected to households via lump-sum transfers and reduced social 

security contributions instead of being recycled through the public budget. The 

distribution of lump-sum transfers to income groups follows the distribution of social 

benefits and allowances by country. The additional carbon revenues amount to 

approximately 1%-1.5% of EU GDP in the period 2030-2050. Using them as lump-sum 

transfers to households can reduce income inequality, alleviating the burden from 

lower-income deciles, whose incomes largely depend on benefits and allowances. 

Overall, the available income of EU households increases by more than 1% from 

Reference levels by 2050, but the increase is restrained by the macroeconomic effects of 

the transition. As social benefits and allowances are a significant source of income for 

low-income deciles, the highest increase is registered in these groups (Figure 22) while 

the impacts are lower for high-income households and even turn slightly negative in 

2050 due to lower economic activity induced by deep decarbonisation. 
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Figure 22: Change in total income per EU decile group in the 2DEG_REC scenario relative to Reference 
over 2030-2050 

 
Despite the slight move towards higher-skilled jobs, which are mostly found in higher 

income households, income inequality within Member States improves, as the reduction 

of Gini and S80/S20 index illustrates (Figure 23), driven by the recycling of ETS 

revenues through lump-sum transfers to support household income that mostly benefit 

lower income households. The Gini index declines by 0.7 pp and 1.3 pp on average 

across EU countries in 2030 and 2050 respectively relative to Reference, while the 

S80/S20 index also reduces considerably. The recycling of carbon revenues via lump-

sum transfers to households and via reduced social security contributions has very 

limited impacts to key macroeconomic variables (consumption, GDP), but is effective 

in addressing income inequality. 

 
Figure 23: Change in Gini Coefficient in the 2DEG_REC scenario relative to Reference over 2030-2050 

 
The ability of households to meet their energy needs in a secure, reliable and affordable 

way is of primary importance when analysing the social effects of decarbonisation. The 
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low-carbon transition requires that consumers invest in buildings’ renovation and 

purchase energy-efficient and low-carbon equipment, which require high upfront costs 

and may create funding challenges for low-income classes. Although energy purchasing 

costs will be lower for households in the long term because of energy efficiency, higher 

upfront expenditures may create additional financial burden for low-income households, 

which cannot afford to purchase efficient appliances, houses and cars. The impacts of 

decarbonisation on energy expenditure by income class is measured with the Energy 

Expenditure indicator, as the share of expenditure for fuels, electricity and energy 

equipment in income by decile group, which is quantified using PRIMES and GEM-E3 

results and HBS data to allocate national energy expenditure to household deciles. 

 

The share of energy expenditure in income differs across Member States and income 

deciles, indicating different levels of vulnerability to changes in energy prices, which is 

commonly higher in low-income deciles and Eastern EU countries. The imposition of 

high carbon pricing would lead to increased energy expenditure across income deciles 

in EU countries, driven by increased prices of energy products. The EU-average Energy 

Expenditure increases by about 1.2 pp from Reference levels in 2050, as expenditure for 

energy is higher compared to Reference. The highest increases are registered in low-

income classes, thus indicating additional challenges to purchase the required energy 

services for the most vulnerable groups leading to increased energy poverty risks (Fig 

24). The increased prices of energy products and higher purchases of energy-efficient 

equipment and low-emission cars, which often entail higher costs than conventional 

ones, would lead to increased Energy Expenditure Indicator for all income groups. 

Overall, ambitious decarbonisation would increase energy expenditure in households, 

especially of low-income, raising energy poverty and affordability issues, as these 

classes already spend a large share of their income to purchase energy services. 

 
Figure 24: Changes in Energy expenditure Indicator across Member States by income decile in 2050 in 
2DEG scenario relative to Reference 
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5.4 Co-benefits of decarbonisation: Air quality and energy 

security 

The transition of the European economy to carbon neutrality by mid-century would 

have significant co-benefits in terms of improved air quality and energy security. Air 

pollution is responsible for around nine million premature deaths globally and 220k in 

Europe in 2015, and much of this pollution is the result of burning fossil fuels. 

Reducing the consumption of hydrocarbons will reduce local air pollutants responsible 

for those deaths. Considering this impact in monetary terms affects the cost-benefit ratio 

of climate policies considerably. The air pollutants may be subject to different levels of 

control, but residual emissions are transported in spatially diverse ways and their 

impacts on human health differ widely across regions. Impacts can be assigned a 

monetary value, as in Rauner et al (2020), who explored the air quality and health 

impacts of combining ambitious climate policy with pollution control measures for local 

air pollutants. Globally the co-benefits of reduced local air pollution more than 

compensate for the climate change mitigation cost, even when stringent air policy is 

also followed. China and India have the largest net benefit from pollution control. 

Europe’s ageing population is increasingly susceptible to air pollution induced diseases 

and so benefits from pollution control measures are important, though small relatively 

to other regions, since they are already quite effective (Figure 25). The rapid 

replacement of coal with renewable energy is a no-regret strategy for the EU, as its air 

quality and health co-benefits are significantly higher than its mitigation costs, and coal 

phase-out policies are attractive candidates for strengthening climate policy action. 

 
Figure 25: GHG emissions and air pollution health impacts in premature deaths (in million cases per 
year) in climate scenarios 

 
In 2018, the EU imported 56% of the energy it consumed, and these imports were 

almost entirely fossil fuels. The decline in EU production of hard coal, lignite, crude oil, 

gas and more recently nuclear energy has led to increased reliance on imported energy. 

Oil imports represent the bulk of these imports (60% of the total energy imports and 

more than 90% of oil consumed in the EU), followed by natural gas (30% the total) and 

coal. Because of higher imported volume and higher purchase price, oil represents the 

most expensive energy import source for the EU, amounting to about 1.7% of EU GDP 
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on average over 2005-2015. This poses a high burden on the EU economy, especially 

when considering the high fluctuations of oil prices. The cost of fossil fuel imports for 

the EU overall has been on average close to 2.5% of GDP in 2005-2015. In the 

Reference scenario, 57% of EU energy requirements are met by imports. In 

decarbonisation scenarios, energy imports in 2030 reduce only slightly compared to 

current levels, since domestic fossil production is projected to be halved by 2030 

compared to 2010. However, import dependency falls strongly to 28-37% after 2030 in 

the scenarios reaching 80% reductions and to about 20% in the net zero scenarios. 

 

After 2013 all EU countries are net importers of energy, but their import dependence 

differs substantially, as several have limited resources and their dependence exceeds 

80% (e.g., Malta, Belgium, Cyprus, Italy, Luxembourg); other countries benefit from 

domestic fossil or renewable energy production and their import dependence is lower 

than 20% (e.g., Denmark, Romania, Estonia). Large differences between countries are 

projected to remain in decarbonisation scenarios, despite the general reduction of energy 

imports. Import dependence declines from Reference in all EU countries but remains 

higher than 50% in countries with very limited domestic potential for energy production 

like Malta, Belgium and Luxembourg (Figure 26). 

 
Figure 26: EU energy import dependency in alternative scenarios over 2030-2070 (in %) 

 
 

The value of fossil fuel imports decreases in all decarbonisation scenarios. In the decade 

2021-30, the energy import bill is projected to reach EUR 400 billion per annum on 

average and continue to grow without strong decarbonisation because of rising fossil 

fuel prices. As a share of GDP, net fossil fuel imports are expected to decrease after 

2025, and even go below current levels after 2030 in all decarbonisation cases. In 2050, 

the net EU energy import bill would decline from 2.6% of GDP in Reference to [1.2%-

1.3%] in 2DEG scenarios and to [0.7%-0.8%] in the net zero scenarios. This means that 

over 2020-2070, the EU would spend € [11.8-15.4] trillion less in fossil fuel imports 

relative to the Reference scenario, saving about 1.1%-1.4% of its GDP. In addition, the 



   D5.5 Summary Roadmap of the EU energy system 

 

PU Page 53  Version 2.0 

 

“This project has received funding from the European Union’s Horizon 2020 research and innovation 

programme under the Grant Agreement No 730403“ 

 

import prices of oil, natural gas and coal are likely to decrease in a global 

decarbonisation context, as all regions adopt climate policies and reduce fossil fuel 

consumption. As a result, the fossil fuel import cost for the EU economy is expected to 

be even lower if the impact of global climate action is considered. 

 

Gas supply has received growing attention in the EU energy policy debate due to the 

increasing import requirements and the geopolitical tensions with key EU gas suppliers 

and transit countries. With declining EU natural gas production, natural gas imports 

amounted to 89% in 2019 up from 83.8% in 2018. Russian gas represents 41% of EU 

imports (much transiting through Ukraine and Belarus) followed by Norway (24%), 

Algeria (11%), Qatar (6%) and other LNG suppliers. In REF, natural gas consumption 

stays relatively constant over 2015-2050, but EU gas import dependence increases by 

2050. With decarbonisation, the decreasing role of fossil natural gas in the energy mix 

contributes to improving EU energy supply security, as green hydrogen, e-gas and 

biomethane are mostly produced domestically in EU countries. In decarbonisation 

scenarios, natural gas imports are projected to drop by 70%-95% by 2050 (Figure 27), 

posing a risk for stranding of gas infrastructure assets unless the place of natural gas is 

substituted by biomethane, carbon-free e-gas or green hydrogen. 

 
Figure 27: EU Net fossil fuel imports as % of GDP in alternative scenarios 

 

5.5 The international dimension 

EU and international climate policy developments are connected through various 

mechanisms, including technology progress, carbon budgets, financing, fossil fuel 

prices and technology transfer. This section reflects on these issues and assesses: a) the 

benefits and risks related to carbon leakage, b) the global socio-economic and 

technology consequences of the low-carbon transition, and c) how fossil fuel supply 

policies can support global decarbonisation 
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In the absence of a global emission reduction mechanism, the EU came forward with 

the strongest climate mitigation policy in the world. This has raised concerns among EU 

carbon-intensive and trade-exposed countries and industries on the grounds that 

industrial competitiveness may be harmed due to the unilateral nature of climate 

mitigation policy and the (negative) impact on trade flows and balances. What is more, 

European demand for foreign carbon-intensive goods may increase, potentially 

offsetting a part of domestic emission reduction efforts. Emissions embodied in 

international trade have been rising in the last decades, largely as a result of the 

increased volume of trade. Meanwhile, the carbon intensity of exports and imports is 

decreasing over time in EU and non-EU countries, mostly attributed to the EU ETS, 

which has pushed firms to introduce less carbon-intensive technologies. 

 

The implementation of unilateral ambitious climate policies in the EU would increase 

the risk of carbon leakage, i.e., the relocation of Energy Intensive and Trade Exposed 

(EITE) industries to countries with weaker or no environmental regulation. Carbon 

leakage has been among the topics dominating the EU climate policy debate. Recently 

the EU Green Deal suggested the Carbon Border Adjustment (CBA) as a measure to 

protect domestic industrial activities. Two main channels for carbon leakage are 

identified: (i) the energy price channel where the implementation of carbon pricing in 

abating regions cause international energy prices to decline, which raises fossil fuel 

consumption in non-abating countries and (ii) the competitiveness channel in EITE 

industries gain comparative advantage by relocating to non-abating countries. To 

quantify the impacts of the EU low-carbon transition on economy and competitiveness, 

the GEM-E3-FIT model is used to explore alternative climate policy scenarios. 

 

Model-based projections show that without appropriate prevention measures, unilateral 

climate policies could induce relocation of EITE activities outside the EU. When the EU 

acts alone on climate, changes in relative competitiveness between countries leads to a 

redistribution of trade in commodities and a carbon leakage of 25% over 2025–2050. 

Most of the leakage occurs in China and India (Figure 28), which have sufficient 

production capacities at low cost and relatively high energy and carbon intensities. Low 

transportation costs and proximity to the EU markets on the other hand favour Russia. 

The climate coalition composition matters, as an EU–China coalition significantly 

reduces the leakage rate to about 6% over 2025–2050. This is due to the high 

effectiveness of carbon pricing to mitigate emissions in countries like China, which 

have higher carbon intensity and lower industrial production costs compared to the EU.  

 

The unilateral application of high carbon pricing has a negative impact on domestic 

industrial production in the EU, with respect especially to fossil fuel supply industries, 

ferrous metals and chemicals. Part of the decreased activity is relocated to non-EU 

countries that do not apply ambitious climate policies, while global demand for energy 

intensive products overall decreases from REF levels, due to the economic restructuring 

and the implementation of ambitious climate policies in the EU. The sectors producing 

metals and chemicals experience the highest leakage rates, because of their high energy 

intensity and foreign competition, while leakage in non-metallic minerals is smaller due 

to high transportation cost preventing activity relocation. The increased industrial 

activity in non-abating regions would require additional electricity, thus higher 
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emissions from the power supply sector since the power mix remains dependent on 

fossil fuels. Lowering emissions from power generation in non-abating countries would 

help reduce leakage. 

 
Figure 28: Regional (left graph) and sectoral (right graph) decomposition of carbon leakage when the 
EU acts alone over 2020-2050 

 
 

An EU-China climate coalition would affect the Chinese economy more, as it has 

higher carbon intensity and would have to undertake most of the mitigation effort. In 

this context, the cost competitiveness of European industries vis-à-vis the Chinese 

improves. A different allocation of mitigation effort or the adoption of mitigation efforts 

by other jurisdictions can minimise the adverse impacts on the Chinese economy. 

 

The model-based analysis examines the socio-economic and industrial impacts of the 

CBA by 2050. As it is difficult to implement rebates of emission payments on exports 

from the EU, the CBA imposes tariffs on carbon-intensive goods imported to the EU 

from non-abating trading partners, as a means to levelling the playing field on carbon 

costs between domestic and imported products. The ETS carbon price is simulated as a 

tax on non-EU goods paid by economic operators at European borders. The tax is 

calculated as the difference between the EU carbon intensity benchmark and the 

intensity of the sector in the country of origin. The benchmark by sector is calculated 

using the technology with the lowest carbon intensity across EU countries. The 

imposition of the CBA can effectively bring down leakage through the competitiveness 

channel to 4% and minimize the negative impacts on European EITE industries; 

therefore, the CBA can effectively complement domestic carbon pricing. The CBA 

increases the cost of imported industrial products in the EU, resulting in a reduction of 

EU imports by 1.5% over 2025-2050; the impacts on GDP and consumption are 

negligible (Figure 29). Using the revenues from CBA and ETS to reduce social security 

contributions is a boost for domestic employment, which drives up private consumption 

and GDP, and for the EU’s trade balance. However, the CBA should be carefully 

designed with regards to the use of revenues and compliance with WTO rules. The CBA 

seems attractive under global efficiency and domestic political economy considerations, 

but legal and administrative barriers may water down efficiency gains. 
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Figure 29: EU share in global cumulative industrial production over 2025-2050 

 
Another aspect of the analysis is the combination of demand-side climate policies (i.e., 

carbon pricing) with direct bans on fossil fuel extraction. Several countries have already 

rejected further fossil fuel exploration, such as the USA (during the Obama 

administration), France, Costa Rica, Ireland, Denmark, and New Zealand. Using four 

leading Integrated Assessment Models (IAMs), quantitative evidence is developed to 

assess the impacts of international fossil fuel supply-side policies. Scenarios developed 

with global IAMs show that limiting global warming to well below 2°C or 1.5°C 

requires that global emissions peak by 2020 and drop rapidly afterwards, reaching net-

zero CO2 emissions between 2070-2090 (2°C) or between 2040 and 2060 (1.5°C). A 

cost-optimal, carbon-neutral global energy system may imply that specific sectors, i.e., 

heavy industry and aviation, have residual CO2 emissions which are compensated by 

Carbon Dioxide Removal elsewhere. Nevertheless, technologies for achieving net 

negative emissions are currently immature with large uncertainties related to their costs 

and deployment levels (e.g., Biomass with CCS, Direct Air Capture, etc). 

 

Overall, the global mitigation effort requires large-scale transformative changes in 

major economies, based on: (i) large reduction of energy and carbon intensity, (ii) 

diversifying the energy and power generation mix towards low-carbon sources, and (iii) 

keeping options open for decarbonising hard-to-abate sectors (e.g., advanced biofuels, 

hydrogen, CCS). Our model-based analysis shows that the global energy system 

transformation towards net-zero is technically feasible but is critically dependent on 

ambitious policies that will succeed in incentivising changes in investment patterns, 

clean technology uptake and consumer behaviour. Supply policies that limit the 

production of fossil fuels may complement demand policies that reduce global 

emissions, drive investment away from fossil CCS, and reduce the need for negative 

emissions after 2050.  A mix of the two policies could limit free riding by fossil fuel 

producers who benefit from rising fossil fuel prices and prevent carbon leakage at the 

same time. In addition, supply policies reduce the carbon taxes needed to meet the Paris 

targets, which improves their political and social acceptability, and are more progressive 

than demand policies as they reduce income inequality across regions, given that 

wealthier regions initiate early fossil fuel production cuts. Higher fossil fuel prices 

encourage R&D investment in green technologies raising expectations about future cost 
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reductions and leading to higher uptake of renewable energy sources. The restriction in 

the production of fossil fuels directly reduces global carbon emissions by about 4% in 

2030 and 38% in 2050 and minimises the risk for stranded fossil assets if effectively 

combined with ambitious policies to reduce the demand for fossil fuels. The cost of 

supply-side treaties is only modestly higher than a cost-optimal 2DEG scenario making 

production cuts ineffective as stand-alone policies. 

 

To achieve ambitious emission reduction towards the well-below 2oC target, the global 

carbon price increases to $80/tCO2 in 2030 and $350/tCO2 in 2050. The electricity 

generation sector is the first to decarbonise, as several low-emission technologies are 

already available and cost competitive to fossil fuels (Figure 30). The electricity supply 

mix differs substantially across countries demonstrating their different energy resource 

potentials (e.g., hydropower in Brazil), technology availability and policy priorities. 

However, common characteristics are spotted, including the phase-out of coal from 

power generation, substantial proportions of wind and solar PV (except in Russia), 

lower shares of nuclear and hydropower (except Brazil, where hydropower dominates), 

and emergence of CCS for gas (USA, Russia) and coal (China, India). Decarbonisation 

is achieved in all countries based on accelerated efficiency improvements (with global 

energy intensity declining by about 58% over 2015-2050), increased electrification of 

energy end uses (as the share of electricity in final energy consumption is rising from 

20% in 2015 to 42% in 2050) and uptake of low-carbon fuels (e.g., advanced biofuels, 

hydrogen) that replace fossil fuels in sectors that cannot be easily electrified. 

 
Figure 30: Power generation mix in the 2DEG scenario 
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6 Brief comparison with official EU Roadmaps 

6.1 Selection of EU Roadmaps and Outlooks  

Given the increasing importance of climate policies in EU countries, numerous energy-

economy roadmaps have been published to explore future developments of the EU 

economy towards decarbonisation. These outlooks are developed by scientific institutes, 

international organisations, the Commission or business associations and commonly use 

energy-economy system models aiming to explore the energy, technology and economic 

impacts of alternative policy assumptions. In this section, we review key assumptions 

and results of recent, official EU decarbonisation roadmaps and compare them with the 

INNOPATHS scenarios produced with PRIMES, REMIND, GEM-E3 and ETM-UCL 

models (see sections 4 and 5). The detailed comparison will provide novel evidence on 

the energy technology and system developments required for the low-carbon transition 

of the European economy by 2030 and 2050. By identifying the role of technological 

options in the outlooks, the section outlines the direction of investment in technological 

development and infrastructure and assesses the most robust findings, common across 

outlooks regarding key technologies and policies offering useful insights for the 

implementation of the EU Green Deal. 

 

The following studies were selected in order to provide a comprehensive review of the 

most important and recently published EU energy transition outlooks: 

 EU Long-Term Strategy, published by the European Commission (EC LTS); 

 IEA World Energy Outlook (IEA WEO) version 2020; 

 JRC Global Energy and Climate Outlook (JRC GECO) 2020; 

 Bloomberg New Energy Finance (BNEF), New Energy Outlook 2020; 

 IRENA Global Renewables Outlook: Energy Transformation 2050, 2020 Edition; 

 Greenpeace (GP): Energy revolution – A sustainable world energy outlook 2015. 
 

Other recent energy transition outlooks found in the literature but not analysed in this 

study, include: LUT (2020), Oeko (2017), and DNV-GL (2019). The current study 

focuses on the most relevant studies and outlooks, which are based on robust scientific 

approaches such as energy-economy system modelling and comprehensively cover 

energy demand and supply sectors, decarbonisation policy instruments and a spectrum 

of low-carbon technologies and mitigation options. Table 4 provides an overview of the 

key features of the studies considered in the current section. 

 
Table 4: Brief overview of the EU energy transition outlooks considered in the study 

 EC LTS WEO 2020 GECO 
2020 

BNEF 
2020 

IRENA 2020 GP 2015 

Organisation European 
Commissio
n 

International 
Energy Agency 

EC, JRC Bloomb
erg 

IRENA Greenpeace 

Publishing 
date 

2018 2020 2020 2020 2020 2015 

Base 
Scenarios 

Base 
Scenario 

Stated Policies 
(STEPS) 

Base 
scenario 

 Planned 
Scenario (PES) 

Reference 
scenario (REF) 

Decarbonisati 1.5TECH, Sustainable 2°C New Transforming Advanced 
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on 
Scenarios 

1.5LIFE 
ELEC, H2, 
P2X, CIRC, 
EE, COMB 

Development 
Scenario (SDS) 

complian
t, 1.5°C 
complian
t 

Energy 
Scenari
o 

Scenario (TES), 
Deep Decarb. 
Persp (DDP) 

energy 
[r]evolution  
(adv e[r]) 

Geographic 
resolution 

EU-28 
countries 

Global and EU Global, 
66 region 

Global 
and EU 

Global and EU Global and EU 

Time horizon 2050 and 
2070 

2040, 2050 2050, 
2100 

2050 2050 2050 

Models used PRIMES, 
GAINS, 
GEM-E3 

IEA WEM 
energy model 

POLES, 
JRC- 
GEM-E3 

- IRENA’s 
REmap 
approach 

Mesap/PlaNet 
simulation 
model (DLR) 

 

The scenarios differ with respect to the mathematical modelling approach applied, the 

emission reduction trajectories, the assumed policies, their regional and temporal scope, 

with most outlooks extending to 2050 and focusing on the EU. As INNOPATHS 

scenarios explore long-term EU decarbonisation pathways towards climate neutrality by 

mid-century, the comparison with official EU Roadmaps will also focus on the long-

term outcomes. Given the EU’s goal to become carbon neutral by 2050, we select 

scenarios with ambitious emission reductions (commonly more than 85% reduction 

over 1990-2050) that may differ on their storylines. As such, we assess the following:  

 
 EC – Long-Term Strategy: EC LTS 1.5TECH and 1.5LIFE scenarios, which lead to 

carbon-neutrality by 2050 based on circular economy and climate-friendly lifestyle 

changes (LIFE scenario) and the development of zero-emission technological 

options (1.5TECH), including carbon-neutral hydrogen and synthetic hydrocarbons; 

 The IEA WEO Sustainable Development Scenario (IEA WEO SDS), which tackles 

climate change and addresses other Sustainable Development Goals. The SDS 

scenario is on track to limiting global CO2 emissions to 10 GtCO2 by 2050, and to 

net-zero emissions by 2070; 

 JRC GECO 2°C scenario (JRC GECO 2C_M), which is based on a global emission 

trajectory consistent with a likely chance of maintaining global temperature rise 

below 2°C by 2100. It includes adoption of ambitious mitigation strategies globally. 

 IRENA’s Transforming Energy Scenario (IRENA GRO TES), which describes an 

ambitious energy transformation pathway compatible to well below 2oC by 2100 

largely based on expansion of renewable energy and energy efficiency.  

 BNEF New Energy Outlook (BNEF NEO) focuses on power, transport and heating 

sectors and it is based on market forces rather than on policy push.  

 Greenpeace’s Energy Revolution scenario (GP ER) pursues a target of reducing 

global CO2 from energy down to around 4 GtCO2 by 2050, which is compatible 

with the goal to limit global warming to below 2°C, while also phasing-out nuclear. 

As already analyzed, the selected scenarios differ substantially across many dimensions, 

but their comparison with INNOPATHS decarbonisation scenarios can derive common, 

robust findings regarding EU energy sector transformation and provide useful guidance 

and recommendations for strengthening EU climate policies in the next decades. 
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6.2 Energy system transformation 

The section will provide a comparison of various indicators related to energy system 

transformation of INNOPATHS decarbonisation scenarios with official EU low-carbon 

roadmaps. Table 5 illustrates the emission projections for the EU derived from the 

various roadmaps. The analysis shows that INNOPATHS decarbonisation scenarios are 

fully consistent with the official EU Roadmaps, as they indicate that net-zero CO2 

emissions are required by 2050 to ensure compatibility with the EU Green Deal and the 

Paris goal to limit global warming to 1.5oC by the end of century. In fact, INNOPATHS 

scenarios are somewhat more ambitious than previous outlooks, as CDR technologies 

are deployed in the models, mostly in the form of BECCS and Direct Air Capture. 

 
Table 5: Brief comparison of emission outcomes in 2050 in selected EU energy roadmaps 

Outlook EU CO2 emissions in 
2050 (MtCO2) 

Climate target (implicit or explicit) Regional 
coverage 

Time horizon 

EC LTS 1.5Life 26  Net-zero emissions to 2050 / 1.5oC 
ambition 

EU28 2050-2070 

EC LTS 1.5Tech 25  Net-zero emissions to 2050 / 1.5oC 
ambition 

EU28 2050-2070 

IEA WEO SDS 820 in 2040 Net-zero by 2070 / below 1.8oC 
with 66% probability 

EU28 2040 

JRC GECO 2C_M 610 Global net-zero in 2080 / up to 2oC 

with 75% probability 

EU28 2100 

GP ER 330  Below 2oC OECD Europe 2050 

IRENA GRO TES 600  Zero emissions after 2050, Well-
below 2cC  

EU28 2050 

INNOPATHS 
scenarios 

–347 to +63 Mt CO2 Net-zero emissions to 2050 / 1.5oC 
ambition 

EU28 2050-2070 

 

A significant acceleration of energy efficiency improvements is observed across all 

scenarios, with a strong decoupling of energy use from GDP growth. The selected 

scenarios project EU gross inland consumption ranging between 1 290 and 1 400 Mtoe 

in 2030, while the range is larger in 2050 (980 - 1 285 Mtoe), which is mostly due to the 

uptake of hydrogen and synthetic fuels. In scenarios projecting a high deployment of 

synthetic fuels and hydrogen after 2040 (e.g. in LTS 1.5TECH), the system efficiency is 

reduced and gross energy consumption increases extensively. On the low-end lie the 

results of the EC LTS 1.5LIFE, which is strongly based on energy demand reductions, 

enabled by behavioral changes and circular economy. The other scenarios project that 

the EU gross final energy consumption would stay around 1 000 to 1 100 Mtoe in 2050, 

as the production of hydrogen and synthetic hydrocarbons is relatively small. The 

variation across projections reflects study and scenario differences on the assumed 

ambition of energy efficiency policies (including potential for lifestyle changes) and on 

the interactions among different emission reduction options (e.g. between efficiency, 

expansion of renewable energy, electrification and uptake of green hydrogen). 

 

Despite the wide variation in gross inland consumption, the selected scenarios show 

much smaller differences in final energy consumption, which ranges from 630 to 780 

Mtoe in 2050 (Figure 31); INNOPATHS decarbonisation scenarios fall well within the 

specified range. Energy efficiency improvements in the EU are accelerated relative to 

historic trends triggered by ambitious climate policies and increased amounts of 
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investment in energy efficiency, leading to accelerated reduction in energy intensity of 

GDP, from the historic average of 1.5% per annum over 2000-2015 to [2.4%-3.0%] per 

annum in the selected transition scenarios over 2015-2050. In addition, all roadmaps 

show an increased electrification of end uses, which by definition, leads to an increased 

system efficiency. This is driven by changes in transport sector (uptake of EVs), as well 

as highly efficient heating (heat pumps used in buildings and industries). In particular, 

the EU official roadmaps shows that the share of electricity in EU final energy demand 

increases from 21% in 2018 to 40%-53% in 2050. Similar trends are projected in 

INNOPATHS decarbonisation scenarios where in 2050 the share of electricity increases 

to [54%-60%] in New Players and Systems, [51%-58%] in Efficiency and [40%-45%] 

in Incumbents’ renewal. The INNOPATHS decarbonisation scenarios have similarities 

with the official EU Roadmaps with regard to the reduction of coal and oil consumption 

and the increase in renewable energy, mainly wind, solar and bioenergy, with large 

uncertainty regarding the role of second-generation biofuels, hydrogen and e-fuels. 

 
Figure 31: Energy mix in final energy consumption in the EU28 in 2050 (Mtoe, %) 

 
A robust finding across all selected outlooks is that decarbonisation would lead to large 

drops in the consumption of fossil fuels, combined with a marked increase in the direct 

use of electricity. In the selected outlooks, the share of hydrogen and e-fuels ranges 

from 6% (in JRC GECO 2C_M) to 22% (in EC LTS 1.5TECH) and 24% in Incumbents 
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scenario (developed in INNOPATHS), which assumes full decarbonisation of the EU 

energy system by 2050. At the same time, IEA WEO SDS, IRENA GRO TES and JRC 

GECO 2C_M continue to rely to some extent on fossil fuels, as they comprise about 

[20%-25%] of EU’s final energy consumption. These deviations are mostly due to 

differences in climate policy ambition assumed across energy roadmaps. Overall, 

scenarios that continue to involve fossil fuels in 2050 do not have the ambition to 

achieve carbon neutrality (but only 80-90% GHG emission reduction from 1990 levels) 

and therefore are not directly comparable to INNOPATHS scenarios that aim for carbon 

neutrality by 2050. However, both the selected outlooks and INNOPATHS scenarios 

show a strong increase in energy efficiency, electrification of end-uses and deployment 

of hydrogen and e-fuels, especially those that achieve net-zero emissions in 2050. 

 

The increased electrification of energy services combined with the emergence of green 

hydrogen and synthetic e-fuels (produced from electricity) results in a high growth of 

electricity generation by a factor of 2-3 over 2015-2050 across the selected roadmaps, 

which is similar to INNOPATHS scenarios. All selected roadmaps show an accelerated 

expansion of renewable energy (mostly wind and solar PV) with the share of RES in EU 

electricity production increasing from 29% in 2015 to [50-72%] in 2030 and further to 

[74%-92%] in 2050, driven by fast cost reductions and performance improvements of 

RES. For comparison, INNOPATHS decarbonisation scenarios show that the EU RES 

shares increases to [55%-58%] in 2030 and further to [78%-83%] in 2050, with the 

highest shares achieved in New Players and the lowest in Incumbents’ renewal  scenario. 

 

Wind and solar technologies drive the increase in EU RES-based generation in all 

scenarios, while hydropower and bioelectricity increase slightly from today’s levels.  

The reduction in RES capital costs drives the increased expansion of solar and wind 

through the development of economies of scale and technology learning. As renewable 

technologies are capital-intensive, reduced investment costs directly lead to improved 

competitiveness vis-à-vis fossil-based plants, which are penalised via increased carbon 

prices in decarbonisation context, reflecting strengthening of the EU ETS market. 

 

Despite similar trends towards increasing RES penetration in the electricity sector, the 

absolute deployment of renewable power technologies (in terms of installed capacity) 

may differ by a factor 2 in 2050, while differences across roadmaps are smaller in 2030. 

This illustrates the extensive differences in the electricity sector size among studies as 

explained previously. As shown in Figure 32, despite different modelling approaches 

and storyline, BNEF NEO and EC LTS 1.5TECH scenarios show similar deployment 

levels of variable renewables by 2050 with the INNOPATHS scenarios. Such high 

deployment levels of renewable technologies point to increased requirements for grids, 

infrastructure, storage and flexibility to support electricity sector transformation. The 

development of RES and supportive technologies will require large amounts of raw 

materials, while a range of new skills has to be developed in a timely manner to support 

the required energy sector transformation and clean technology development. 

 

INNOPATHS scenarios in line with official EU roadmaps show that gas retains a small 

role in future decarbonised systems to support power system flexibility with advanced 

CCGTs coupled with CCS technologies. Most analysed scenarios avoid the construction 
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of new coal-fired capacity and implement coal phase out policies in the EU. Stringent 

technological and regulatory requirements for next generation nuclear power plants may 

be required, as nuclear capacity ranges in scenarios between 105 and 120 GW beyond 

2040, while nuclear is effectively phased out in GP ER scenario. 

 

The high shares of variable renewables imply increased need for flexible balancing and 

storage, based on the deployment of multiple storage options, including pumped-hydro 

and stationary and mobile batteries that become the primary storage option in IEA WEO 

SDS, IRENA and BNEF outlooks, combined with large cost reductions. In addition, 

hydrogen and e-fuels emerge prominently along-side batteries in EC LTS scenarios and 

in INNOPATHS Incumbents, while additionally, vehicle-to-grid storage is used in JRC 

GECO and IRENA GRO. Some scenarios (e.g. BNEF) require about 200 GW of battery 

storage capacity in the EU by 2050 to support the high deployment of variable RES, 

which is driven by a significant decrease of battery pack costs combined with cost 

reductions of other system components. Besides storage, innovations in power system 

flexibility, demand-side management and smart grids are assumed to enable large-scale 

integration of variable RES. 

 
Figure 32: Installed capacity of wind and solar in the selected scenarios in EU in 2050 (GW) 

 

7 Conclusions 
 

Climate change and environmental degradation are an existential threat to Europe and 

the world. To overcome these challenges, the European Green Deal will transform the 

EU into a modern, resource-efficient and competitive economy, ensuring: no net GHG 

emissions by 2050, economic growth decoupled from resource use, and no person and 

region is left behind. The INNOPATHS project, using multiple state-of-the-art energy-

economy models and based on an iterative stakeholder co-design process, developed 

and analysed various EU pathways to carbon neutrality by 2050. Three narratives are 

designed by stakeholders to represent possible future energy system developments in 

the EU. These qualitative narratives are then translated into a set of specific techno-
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economic and policy assumptions, which are represented in the modelling tools. The 

latter were used to develop a series of quantitative alternative decarbonisation pathways 

for EU countries. In addition, detailed analysis of the required sectoral transformations 

is also developed, aiming to analyse technological and policy options to decarbonisation 

by 2050. Finally, INNOPATHS produced a detailed analysis of socio-economic, 

competitiveness and distributional implications of low-carbon transition in the EU, 

based on the enhanced version of the GEM-E3-FIT model. The current deliverable 

produces a summary roadmap for the decarbonisation of the EU economy, based on 

advanced modelling conducted in INNOPATHS WP3 and WP4, on insights from the 

policy briefs of different sectors and on analysis of various policy instruments that will 

or may be required to turn the low-emission pathways into reality. 

 

The INNOPATHS Roadmap aims to assess the technical and socio-economic feasibility 

of different, contrasted transformation pathways towards climate neutrality by 2050 and 

identify if there are robust strategies that are relevant across narratives to achieve deep 

decarbonisation by 2050. The model-based analysis confirms that the transition to 

carbon neutrality will result in transformative structural changes across the European 

economy and requires a significant upscale of all currently available mitigation options 

combined with emergence of new breakthrough technologies. The ambition of the target 

is so high that there is no room left for choosing the single best option, as the combined 

development of all available mitigation options should be accelerated to ensure a cost-

efficient transition towards climate neutrality by mid-century. In all scenarios and 

models, a high increase in electrification of energy end uses, via e-mobility, heat pumps 

and electrified industry processes, is paramount for deep decarbonization, providing 

synergies for electricity, transport and buildings sectors, and bringing energy price 

stability for the demand sectors. Accelerated energy efficiency improvements provide 

opportunities to reduce the required carbon prices and supply-side investments to 

achieve CO2 neutrality by 2050. In addition, increased innovation, development and 

diffusion of currently immature technologies such as e-fuels, (green) hydrogen, CCUS 

or CDR is required to fully decarbonise hard-to-abate sectors like heavy industry, 

freight transport, aviation and agriculture.  

 

The INNOPATHS scenarios facilitate the development of different EU future energy 

systems and the uptake of different technological options and system configurations. To 

reach ambitious mitigation goals within the “New Players” narrative, electrification of 

energy services, combined with strong penetration of variables RES and storage, needs 

to be significantly upscaled, which requires that consumers actively embrace new 

electricity-based end-use technologies like battery-electric vehicles and heat pumps. In 

the Incumbents scenario, the key challenge is the upscaling of CCS, nuclear power and 

synthetic and bio-based fuels, which are needed to fundamentally reshape energy supply 

and provide emission-neutral fuels that allow end users to continue using energy 

equipment and infrastructure as they are used to. The Efficiency scenario shows that 

ambitious policies targeting energy and resource efficiency, including deep renovation, 

lifestyle changes, energy savings, circular economy and shared mobility may lower the 

need for supply-side investment and reduce the required carbon prices and the pressure 

on renewable energy potentials. No matter the strategy followed, both energy demand 

and supply sectors must fundamentally change on the road to net zero emissions: the 
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consumption of all fossil fuels (coal, oil, gas) is reduced by more than 75% from 2015 

levels, even under the Incumbents’ scenario that limits demand-side changes to a 

minimum. Under favourable technology or policy assumptions, hydrogen can massively 

contribute towards deep decarbonisation mostly in hard-to-abate sectors such as high-

temperature industrial processes and heavy-duty transport, while synthetic fuels can be 

developed to provide carbon-free fuels in demand sectors. In this context, CDR options 

(mostly BECCS and DAC) play an important role and contribute the last 200-500 Mt 

CO2/yr emission reductions towards achieving net CO2 neutrality under all strategies, 

but more importantly in “Incumbents” with limited demand-side changes.  

 

The socio-economic, industrial and distributional implications of EU’s low-carbon 

transition were analysed using the advanced macro-economic model GEM-E3-FIT with 

enhanced representation of the energy system and technologies, income classes, low-

carbon innovation, finance, labour market and industrial policies. Overall, the macro-

economic impact of net zero targets on the EU is small and could be even positive if the 

avoided climate damages are included in the calculations. However, decarbonisation 

induces large shifts in sectoral production and employment, with sectors related to fossil 

fuel supply losing the most due to the shift towards clean energy sources. In contrast, 

new job opportunities are created in sectors like construction (related to building 

renovation and construction of RES plants), electricity (due to increased electrification) 

and manufacturing of clean energy technologies (e.g. wind turbines, EVs, batteries etc).  

The negative impacts are larger in the absence of global cooperation (i.e. where the EU 

acts alone on climate) and there is carbon leakage and relocation of EITE industries to 

non-EU regions. However, these effects can be significantly reduced by a Carbon 

Border Adjustment Mechanism that protects domestic manufacturing activities, reduces 

leakage risks, and supports the EU trade balance without impacts on overall activity.  

 

The imposition of high carbon pricing may affect negatively the low-income households 

that face funding scarcity, through increasing income inequality and energy poverty. 

Our model-based analysis shows that negative social impacts to low-income households 

can be alleviated with appropriate use of ETS revenues. Using carbon revenues towards 

lump-sum transfers to households and reduced employers’ social security contributions 

may increase employment, while reducing income inequality in EU countries. Ignoring 

such distributional effects may result not only in less effective climate policies, but also 

increased inequalities and limited social acceptance of the transition due to the negative 

impacts on vulnerable population groups. Well-designed strategies are required to 

achieve progressive outcomes of climate policies using appropriate compensation 

schemes, either by increasing household income through lump-sum payments or 

reducing other (direct or indirect) taxes, or through the social security system. 

 

The transition to carbon neutrality should be supported by strengthening of the EU ETS 

combined with ambitious regulatory and market-based policies in non-ETS sectors, like 

transport and buildings. In addition, early policy action to develop and upscale currently 

immature options (e.g. CDR, H2) is required before 2030. To guide the transition in the 

next decade and prevent further lock-in into carbon-intensive infrastructure, immediate 

tightening of existing policies and implementation of new, comprehensive policy 

instruments is required. These more ambitious climate policies should include a mix of 
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carbon pricing (ensuring a cost-optimal, technology-neutral transition) and regulatory 

instruments to combine the strengths of both approaches, including e.g. CO2 standards 

in vehicles, building standards, ban of certain high-emission technologies, subsidies for 

green investment and infrastructure, and low-carbon R&D support. Our model-based 

analysis shows that enacting these enabling policies and regulatory measures will 

significantly reduce the necessary carbon prices to achieve the ambitious EU climate 

goals in 2030 and 2050. Measures for low-carbon innovation can support cost reduction 

and improved performance of new technologies (e.g. hydrogen, CCUS), while the 

uncertainty about future revenues of clean energy projects can be overcome with policy 

instruments like carbon contracts for difference (CCfDs). 

 

Ambitious climate policies should be consistent with broad economic, industrial, labour 

market, and innovation policies to ensure that the potential negative impacts of 

decarbonisation would be limited (e.g. on EITE industries, low-income households), 

while no-regret options can be successfully accelerated and co-benefits of mitigation 

can be maximised. In this context, appropriate policy measures such as the Carbon 

Border Adjustment proposed in the EU Green Deal, should be implemented to protect 

domestic manufacturing activity and jobs. EU decarbonisation policy must be aligned 

with the renewed EU Industrial Strategy, labour market policies, funding mechanisms 

and Recovery programmes, aiming to ensure consistency among different policy goals 

and maximise socio-economic, air quality and environmental co-benefits of ambitious 

climate policy. To speed up the EU energy system transition and achieve the carbon 

neutrality target in a cost-effective manner, the next decade is crucial for: 

 Infrastructure developments: recharging infrastructure for EVs, hydrogen 

transport and distribution infrastructure; rail developments; storage for 

electricity using batteries, pumped-hydro or green hydrogen; 

 Regulatory structure: to allow for substantial RES deployment, to enhance 
investment in building retrofits, to allow for blending of new clean energy 

vectors such as green hydrogen or synthetic e-fuels in existing gas grids; 

 Technological developments: for the yet immature technologies required for the 
energy transition including electrolysers, as well as high temperature heat pumps 

to substitute fossil fuels in industrial processes, but also CCUS and CDR. 

 

The comparison of INNOPATHS model-based scenarios with official EU Roadmaps 

showed that our decarbonisation scenarios are fully compatible with the recent outlooks 

towards net-zero EU emissions by 2050. There is broad agreement among the selected 

scenarios that EU decarbonisation would be largely based on four key inter-connected 

pillars, including: massive uptake of RES (especially wind and PV), acceleration of 

energy efficiency improvements in all demand sectors, strong electrification of energy 

end uses (through EVs, heat pumps etc) and emergence of advanced biofuels, carbon-

neutral hydrogen and synthetic hydrocarbons, especially to decarbonise hard-to-abate 

sectors, like heavy industry, aviation and freight transport. In INNOPATHS, the use of 

multiple well-established energy-economy models under different, contrasted narratives 

for future EU energy system developments (co-designed with stakeholders) improves 

the robustness of the main findings of the official EU Roadmaps (e.g. the recent “Clean 

Planet for all”) and can provide coherent recommendations to policy makers, covering a 

broad range of associated uncertainty related to future outcomes.  
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8 Annex 
 

1) PRIMES 

 

The PRIMES (Price-Induced Market Equilibrium System) energy model simulates the 

European energy system and markets on a country-by-country basis and across Europe 

for the internal electricity and gas market. The model provides projections of detailed 

energy balances, CO2 emissions, investment in demand and supply, energy technology 

penetration, energy prices and costs over the period from 2015 to 2070 in 5-years 

intervals. The PRIMES model covers individual projections for the EU Member States, 

and for neighbouring countries including Norway, Switzerland, Turkey and the Balkans.  

PRIMES 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. The model represents a variety of instruments for 

policy impact assessment related to energy markets and climate, including market 

drivers like the ETS, efficiency standards, and targets for renewable energy or CO2 

reduction by sector or overall. It handles multiple policy objectives, such as emissions 

reductions, energy efficiency, renewable energy targets and provides pan-European 

simulation of internal electricity and gas markets.  

 

PRIMES determines the equilibrium by finding the prices of each energy form such that 

the quantity producers find best to supply match the quantity consumers wish to use. 

The market equilibrium is forward looking and includes dynamic relationships for 

capital accumulation and technology vintages in energy supply and demand sectors. The 

model formulates agents’ decisions according to microeconomic theory, at the same 

time representing, in an explicit and detailed way, the available energy demand and 

supply technologies as well as pollution abatement technologies. The formation of 

energy prices reflects considerations about market competition economics, industry 

structure, energy and climate policies and regulation. Information about alternative 

policy options is also included at a considerable level of detail. The model is designed 

to handle renewable, energy efficiency and climate change mitigation targets, with 

representation of various possible policy instruments. The model produces detailed 

analysis of technology uptake, investment requirements, energy system costs and other 

implications of policies as required by impact assessment analysis. PRIMES comprises 

a number of interlinked models, as shown in Figure below. 
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Figure 33: The suite of interlinked models in PRIMES 

 

2) REMIND 

 

REMIND (Regional Model of Investments and Development) is a global multi-regional 

energy-economy-climate model spanning the years 2005–2100. Figure 32 illustrates its 

general structure. The REMIND-EU model version divides the world into 21 regions: 

ten regions outside Europe, nine regions that represent the European Union and two 

additional regions that represent the remaining continental European countries. The 

macro-economic core of REMIND is a Ramsey-type optimal growth model in which 

inter-temporal welfare is maximized. The model explicitly represents trade in final 

goods, primary energy carriers, and in the case of climate policy, emissions allowances. 

Macro-economic production factors are capital, labour, and final energy. REMIND uses 

economic output for investments in the macro-economic capital stock as well as 

consumption, trade, and energy system expenditures. The macro-economic core and the 

energy system module are hard-linked via the final energy demand and costs incurred 

by the energy system. Economic activity results in demand for final energy such as 

transport energy, electricity, and non-electric energy for stationary end uses. A 

production function with constant elasticity of substitution determines the final energy 

demand. The energy system module accounts for endowments of exhaustible primary 

energy resources as well as renewable energy potentials. More than 50 technologies are 

available for the conversion of primary energy into secondary energy carriers as well as 

for the distribution of secondary energy carriers into final energy. 

 



   D5.5 Summary Roadmap of the EU energy system 

 

PU Page 69  Version 2.0 

 

“This project has received funding from the European Union’s Horizon 2020 research and innovation 

programme under the Grant Agreement No 730403“ 

 

 
Figure 34: General structure of the REMIND model 

The model accounts for the full range of anthropogenic greenhouse gas (GHG) 

emissions, most of which are represented by source. The MAGICC 6 climate model is 

used to translate emissions into changes in atmospheric composition, radiative forcing 

and climate change. REMIND does not monetize climate damages, and therefore is not 

applied to determine a (hypothetical) economically optimal level of climate change 

mitigation (“cost-benefit mode”), but rather efficient strategies to attain an exogenously 

prescribed climate target (“cost-effectiveness mode”). 

 

3) ETM-UCL 

 

The European TIMES Model (ETM-UCL) is a partial equilibrium linear optimisation 

energy system model with an inter-temporal objective function to minimise total 

discounted system costs, based on the ETSAP-TIMES model generator. It is a 

technology-rich, bottom-up model with perfect foresight and covers energy flows and 

infrastructure investment from the supply of primary energy through various secondary 

energy processing sectors to five demand-side sectors, i.e. residential, commercial,  

industry, transport and agriculture. The model comprises a total of thirty-one countries 

(EU28 plus Norway, Iceland and Switzerland), grouped into eleven regions. Each 

region is modelled with primary and secondary energy and demand side sectors, and is 

linked through trade in crude oil, hard coal, pipeline gas, LNG, petroleum products, 

biomass and electricity. In addition, there is a “global” region which serves as a simple 

‘basket of resources’ from which other regions may import the above products (except 

electricity). The model is calibrated to a base year, with energy service demands 

projected into the future using the exogenous input drivers of GDP, population, 

household numbers and sectoral output, for each region. The countries that form these 

regions have been aggregated or modelled as single-country regions considering several 

factors: geographic proximity, relevance in terms of energy production and/or 

consumption to the EU28 system, and gas and electricity transmission networks.  
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Figure 35: A simplified representation of the Reference Energy System in ETM-UCL 

Each of the models was extended in some way in the course of INNOPATHS. In 

REMIND, improvements were made to the buildings, transport and industry sectors. 

Improvements to PRIMES were made in the buildings, electricity, transport and 

industry sectors. Work in ETM-UCL focused on improving the modelling of European 

energy systems with high shares of variable renewable energy sources (VRE). The work 

undertaken on these models is discussed below in the relevant sectoral sections. 

 

4) GEM-E3-FIT 

 

The GEM-E3-FIT model is a multiregional, multi-sectoral, recursive dynamic CGE 

model, which provides details on the macro-economy and its interactions with the 

environment and the energy system. GEM-E3-FIT simultaneously represents 46 regions 

(including the EU countries separately) and 53 activities linked through endogenous 

bilateral trade flows and runs until 2050 with a 5-year time step. It covers the complex 

interlinkages between productive sectors, consumption, price formation of commodities, 

labour and capital, bilateral trade and investment dynamics. GEM-E3-FIT formulates 

the supply and demand behaviour of economic agents who are assumed to optimise 

their behaviour while market derived prices are adjusted to clear markets. The model is 

dynamic, recursive over time, driven by the accumulation of capital and knowledge, 

features alternative market regimes, equilibrium unemployment, efficiency standards, 

carbon pricing and can quantify the socio-economic impacts of several policies. 

 

Industries operate within a perfect competition market regime and maximize profits, 

considering the possibilities of input substitutions between capital, labour, energy and 

materials. Households’ demand, savings and labour supply are derived from utility 

maximization using a linear expenditure system (LES) formulation. Households receive 

income from labour supply and from holding shares in companies. Investment by sector 

is dynamic depending on adaptive anticipation of capital return and activity growth by 

sector. A distinctive feature of GEM-E3-FIT is the representation of imperfect labour 

markets through involuntary unemployment, simulated by an empirical labour supply 

equation that links wages and unemployment levels for five labour skills.  
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The model endogenously formulates production technologies allowing for price-driven 

estimation of intermediate consumption and the services from capital and labour. In the 

electricity sector, a bottom-up approach is adopted to represent thirteen different power 

producing technologies. For the demand-side, the model formulates consumer 

behaviour and distinguishes between durable (equipment) and consumable goods and 

services. GEM-E3-FIT is calibrated using GTAP dataset and national input-output 

tables that provide a self-consistent accounting of households’ consumption, firms’ 

production structures, trade, gross fixed capital formation and sectoral value added.  

 

GEM-E3-FIT model includes several features that go beyond a conventional CGE 

approach, allowing for an improved representation of the policy impacts on the 

economy and the society. In this respect, it incorporates: a detailed representation of the 

financial sector, endogenous growth through R&D and learning-by-doing for low-

carbon technologies, detailed modelling of energy system and technologies and 

representation of employment by skill. Various policy instruments can be represented in 

GEM-E3-FIT model, which has been extensively used for policy analysis by the 

European Commission, World Bank and various government agencies. The model 

focuses on analysing energy and climate policy measures, but also their interactions 

with other policies related to labour market, economy, industry, trade and innovation. 

GEM-E3-FIT can assess the impacts of market-oriented policy instruments, such as 

carbon taxes and pollution permits and investigates market-driven structural changes, in 

order to maximize policy efficiency and alleviate adverse distributional effects both 

among and within countries.  
Figure 36: GEM-E3-FIT model structure 
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