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ABSTRACT

The EU committed to reducing 55 % of its greenhouse gas emissions by 2030 and achieving climate neutrality by
2050 through its Green Deal and Fit for 55 policy package. This study employs the TIMES-Europe model to assess
multiple pathways for the required energy transition and their cost implications, while explicitly accounting for
the interplay between existing EU energy policies. We do so by analysing, from both a pan-European and a
national perspective, the impact of the proposed 2040 climate target, the energy efficiency-first principle, and
various collaboration frameworks such as fairness-based burden-sharing. Our projections show that under the
most ambitious policy scenarios, renewable electricity could contribute up to 44 % of Europe’s Primary Energy
Consumption mix by 2050. Domestic fossil fuel shares decline from 51 % to 12 %. However, import dependency
increases to 49 %, with a shift from crude oil to refined petroleum products, raising concerns over emissions
leakage. Residual emissions of ~0.3 GtCO» persist under current policy trajectories, which highlights the need
for more stringent measures to achieve net-zero emissions by 2050. Implementing the 2040 climate target and
the EU Energy Efficiency Directive could reduce cumulative emissions by an additional 10.62 GtCO, but at a
100-116 % increase in policy costs. The application of equitable burden-sharing frameworks, however, induces
no extra costs at the European level, which demonstrates that collaboration can facilitate cost-effective decar-
bonisation. Our findings emphasise the need for enhanced policies targeting hard-to-abate sectors and balancing
equity with efficiency in Europe’s energy transition.
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1. Introduction

Emerging climate evidence stresses the increasing severity of global
warming [1]. Observations from across the globe confirm that 2024
marks a worrying milestone: global temperatures surpassed the critical
threshold of a 1.5 °C increase above pre-industrial levels [2-8]. This
alarming development unequivocally confirms the acceleration of the
climate crisis and reflects the global community’s possible collective
failure to meet the Paris Agreement’s most ambitious target [9]. With
the 1.5 °C goal perhaps already out of reach, the urgency to strengthen
global mitigation efforts is more pressing than ever, as the focus must
now shift to prevent warming from exceeding 2 °C [9]. Europe is among
the regions particularly vulnerable to climate change, with several
countries facing heightened risks due to rising temperatures and varying
levels of adaptive capacity [10]. The continent has already experienced
an average temperature rise of 2.3 °C over land compared to
pre-industrial levels [8], which exacerbates socio-economic challenges
across the region [10-16]. These include rising healthcare costs due to
heat-related illnesses and disease prevalence [17], declining agricultural
yields due to increased droughts and extreme weather [18], and esca-
lating infrastructure maintenance costs to mitigate damage from more
frequent and intense weather events [10]. Despite these vulnerabilities,
European governments have positioned themselves as global leaders in
climate action. As one of the world’s largest historical emitters [19-21],
the region has taken on a central role in spearheading decarbonisation
efforts through its transformative policy initiatives [22-26].

The European Green Deal, published in 2019, expresses the EU’s
commitment to lead the fight against the climate crisis by setting
ambitious climate targets: reducing 55 % of the EU’s emissions by 2030
and making Europe the first climate-neutral continent by 2050 [27].
This climate law has been operationalised through a plethora of policies
known as the Fit for 55 policy package, designed as tools to achieve
Europe’s climate ambitions [28]. These policies target all energy sectors
across the supply side (e.g. upstream and power sectors) and demand
side (e.g. industry, buildings, and mobility sectors). The EU Emissions
Trading System (ETS) stands out as a significant initiative to progres-
sively reduce annual emission allowances to meet the 2030 and 2050
Greenhouse Gas (GHG) abatement objectives [29]. Additionally, the
European Energy Efficiency Directive (EED) outlines fundamental
principles for achieving these goals [30], while the recently proposed
2040 CO, reduction goals signal the EU’s more aggressive trajectory
toward net zero [31]. As the milestone year of 2030 approaches, it is
important to evaluate the efficacy of the European Green Deal and its
policy packages.

A substantial literature exists on energy transition pathways
[32-40]. At the European level, Hainsch et al. and Panarello & Gatto
investigated European decarbonisation in the context of the EU Green
Deal, with particular attention to social aspects and public perception
[41,42]. At the national level, Scheepers et al. explored climate-neutral
scenarios in the Netherlands, reporting up to 71 % electrification of
primary energy consumption (PEC) in 2050 and emphasising the
importance of hydrogen as an energy carrier [43]. Similarly, Weiss et al.
used a power market model to assess the impact of international and
national policies on Switzerland’s energy transition, quantifying po-
tential cost increases for the public [44]. Salim et al. highlighted the
potential for up to 3000 PJ of energy savings to be realised in the
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European residential sector by 2030 [45]. West et al. showcased the
value of adding detail to material flows and industrial processes, which
leads to different investment decisions for achieving net zero [46].
Mathisen et al. examined the implications of REPowerEU, a component
of the EU’s strategy to rapidly reduce dependence on Russian fossil fuels
by saving energy, diversifying supplies, and accelerating the clean en-
ergy transition [47]. They showed that the Nordic countries could play a
significant role in Europe’s green transition by exporting more energy
[48]. Long et al. evaluated the EU sustainability criteria under the
Renewable Energy Directive (RED) [49] as applied to renewable heat
and transport in Ireland. Their analysis found that while biomethane
meets the sustainability criteria for the transport sector, it falls short in
the context of heat supply [50]. Capros et al. explored pathways for the
EU to achieve climate neutrality by 2050 or 2070, emphasising the
critical role of disruptive energy carriers such as hydrogen [51]. While
literature to date contributes valuable insights, significant research gaps
remain, as most existing studies are constrained by their narrow focus,
whether at the sub-national or national level [33,35,43], by a
single-sector approach [32,33,37], or by the examination of individual
policies in isolation [45,48,52]. A comprehensive approach is needed to
study (i). the interactions between multiple energy policies, (ii). the
synergies between national and Europe-wide targets, and (iii). the in-
clusion of all energy sectors, as these dimensions are deeply inter-
connected and must be analysed collectively to identify effective
decarbonisation pathways under the current suite of energy policies.

In the present paper, we address these research gaps by creating
projections with the TIMES-Europe energy system model, a new tool
uniquely suited to quantitatively analyse European energy policies. One
of the key features of TIMES-Europe is its ability to evaluate pan-
European and country-level dynamics simultaneously. The present
study leverages this capability to address several important research
questions. First, it assesses viable pathways for decarbonising Europe’s
energy system while considering the interplay between policies, tech-
nologies, and investments. Second, it examines the cost implications of
implementing the EU EED and evaluates the necessity of 2040 climate
targets as a pivotal step toward achieving Europe’s 2050 ambitions.
Third, it explores the potential advantages of various collaborative
frameworks among European countries: system-level collaboration (in
which countries collectively share the burden of regional climate tar-
gets), fair collaboration (in which contributions are aligned with each
country’s historical responsibility), and partial collaboration (where the
burden is distributed uniformly, regardless of countries’ differing ca-
pabilities or responsibilities). Our research questions collectively aim to
unravel the intricate dynamics that shape Europe’s energy transition
while providing actionable insights to support the achievement of
climate objectives at both the EU and national levels.

This article is organised as follows: Section 2 details the modelling
methodology and justifies the selection of the TIMES-Europe model
alongside key assumptions regarding the current European energy pol-
icy landscape and scenario descriptions. Section 3 presents our findings,
followed by a discussion of insights in Section 4. Section 5 provides the
main conclusions and policy recommendations, while Section 6 offers an
outlook, which highlights future research directions.

2. Methodology, context, and scenarios
2.1. The TIMES-Europe energy system model

We here provide a brief overview of the TIMES-Europe model, which
highlights the aspects most relevant to the present study. A more
detailed description of the model is available in Ref. [53], and specific
details on the modelling of the residential sector can be found in Refs.
[37,45]. TIMES-Europe is a European energy system model that pro-
vides country-level detail by representing each EU27 member state,
together with the United Kingdom, Norway, Switzerland, and Iceland, as
an individual region within the model. The model analyses energy
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systems at both the pan-European and the national level simultaneously.
The various countries in TIMES-Europe are linked through trade and
infrastructure connections, allowing for an integrated analysis of
cross-border energy flows and regional interactions. Spatial variation
and national-level nuances are captured through country-specific data
on renewable resource availability (e.g. wind, solar, hydro), existing
energy infrastructure, technology stock, and sectoral energy demands.
The model operates with a base year in 2015 and milestone years in
five-year intervals up to 2060, reflecting key target years in European
climate and energy policy. Each milestone year is represented through
12 time slices, combining day, night, and peak hours across the four
seasons. This level of temporal detail provides a balanced representation
of seasonal and daily variation while maintaining computational trac-
tability for long-term energy system analysis. TIMES-Europe is a perfect
foresight model, which assumes that all future costs, demands, and
constraints are known at the time of decision-making. This characteristic
allows for globally optimal planning across the time horizon, providing a
robust benchmark for assessing long-term transition pathways [54-57].
The model is built using the TIMES model generator [58], a widely
adopted framework used to construct global, regional, national, and
sub-national energy system models. TIMES has been employed in
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numerous studies [59-70], showcasing its versatility and robustness.
TIMES-Europe uses a Linear Programming (LP) formulation to deter-
mine the least-cost configuration of Europe’s energy system [58]. It is
categorised under the energy system optimisation model family, which
primarily focuses on studying possible evolutions of the energy system
[71,72]. The model simultaneously makes decisions regarding equip-
ment investments, operations, primary energy supply, and energy trade
for each country. The output includes the optimal mix of technologies
and fuels for each period, as well as the embedded emissions and the
trade flows of energy commodities and carriers between countries.

Fig. 1 presents the TIMES-Europe schematic. The model’s macro-
economic drivers, such as Gross Domestic Product (GDP) and population
growth, serve as the basis for projecting future energy service demands.
TIMES-Europe categorises these demands into five energy sectors: in-
dustry, transport, residential, services, and agriculture. Each sector is
further subdivided into detailed demand accounts. For example, the
transport sector includes road, rail, and aviation demands, while the
residential sector includes space heating and water heating demands.
These energy service demands are met by a range of end-use technolo-
gies, such as heat pumps, electric vehicles (EVs), and blast furnaces. To
satisfy the energy requirements of these technologies, the model selects
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Fig. 1. TIMES-Europe model.
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the most cost-effective energy carriers (e.g. secondary fuels, electricity,
or heat). These carriers can be produced locally, which utilises a region’s
primary energy resources and renewable energy potential, or sourced
through trade, imports, or storage. TIMES-Europe categorises the ac-
counting of energy supply into the power & heat sector and the upstream
sector. The power & heat sector addresses electricity and thermal energy
generation from various sources, while the upstream sector focuses on
the extraction, refining, and distribution of primary fuels such as natural
gas, oil, and coal. TIMES-Europe directly accounts for CO, emissions in
each sector. The model also incorporates constraints that reflect, for
instance, policy interventions. For the present study, the constraints are
specific to the current European energy policy and are explained in
detail in the subsequent sub-sections.

2.2. European energy policy landscape

The European Green Deal embodies the overarching vision and pri-
mary objectives of Europe’s energy transition [27]. This vision is sup-
ported and directed by a series of policy packages that further specify
how these objectives can be met [28]. In Fig. 2, we present a schematic
representation of the EU energy policy landscape, in which we catego-
rise the different policy packages into three separate tiers, under the
umbrella of the Green Deal.

The first tier is the EU ETS, the only policy instrument that directly
caps emissions across all economic sectors [29]. This makes it the policy
most closely aligned with the ultimate goal of achieving net-zero emis-
sions stipulated in the European Green Deal. In the latest amendment,
the total emissions cap under the EU ETS is divided into two systems:
ETS 1 and ETS 2 (Fig. 3). ETS 1 encompasses emissions from sectors such
as electricity and heat, industry, upstream activities, aviation, and
maritime transport, while ETS 2 focuses on emissions from buildings and
road transport.

Fig. 4 illustrates the annual EU ETS cap, with detailed calculations of
the annual emissions cap provided in Appendix 1. The EU ETS cap is
represented in emission allowances, where one allowance grants the
emission of one tonne of CO, equivalent. Under the policy design, al-
lowances are primarily distributed via an auction process. Certain hard-
to-abate energy sectors (e.g. some parts of industry and aviation) receive
free allocations to mitigate carbon leakage, a phenomenon in which

EED
2040 Climate Target

Sectoral Policies

European

Green Deal
_

Fig. 2. Schematic representation of the European energy policy landscape.
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Fig. 4. The EU ETS 1 and 2 allowances.

production relocates to other countries due to the cost implications of
climate policies, resulting in a displacement of emissions. In the present
study, we excluded the principle of free allowances. The year 2027
marks the introduction of ETS 2, which extends carbon pricing to the
buildings and transport sectors. This transition is visually highlighted in
Fig. 4, in which fading yellow bars represent the absence of an emission
cap for buildings and road transport before 2027.

The second tier comprises the main principles underlying EU climate
policies, i.e. the enhancement of energy efficiency and the enforcement
of an ambitious emission reduction trajectory towards climate
neutrality. The EU EED [30] and the proposed 2040 climate target [31]
are the policies we deem most significant in this respect. The EU EED
aims to reduce overall energy consumption by 2030 down to a maximum
of 992.5 Mtoe for PEC and 763 Mtoe for Final Energy Consumption
(FEC). The proposed 2040 climate target, currently under debate by the
European Commission, aims to solidify the EU’s commitment to
achieving net-zero emissions. Specifically, the European Commission
has recommended a 90 % reduction in net GHG emissions by 2040
compared to 1990 levels.

The third layer includes the various sector-specific energy policies
linked to the European Green Deal, which serve as essential tools for
driving progress toward the overarching goal of net-zero emissions by
2050. For instance, we include in this block the RED [49], the ReFuelEU
Aviation [73], and the Energy Performance of Buildings Directive
(EPBD) [74]. Appendix 2 provides a comprehensive overview of these
initiatives, summarising relevant EU-level energy and climate policies
along with their sectoral applications.

For this study, in addition to the EU27, Norway and Iceland, we
assume that the United Kingdom and Switzerland also fully participate
in the EU energy policy framework. This assumption reflects their
broadly aligned decarbonisation commitments, despite the fact that
both countries pursue independent emission reduction strategies. Cor-
responding EU ETS allowances for the United Kingdom and Switzerland
are therefore included in the present modelling constraints.
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2.3. Scenario overview

We designed a set of scenarios to examine how differing levels of
climate ambition alongside varying types of collaboration may shape the
development of the European energy system. Our scenarios are struc-
tured along two distinct axes (see Fig. 5). The vertical axis represents
climate ambition, categorised into three levels: implemented (i), effi-
cient (e), and attained (a). The horizontal axis defines the type of
collaboration, divided into three categories: Solo (S), Fair (F), and
Together (T).

The three levels of climate ambition on the y-axis of Fig. 5 were
chosen to reflect the varying degrees of effort that Europe could pursue
in achieving its climate goals. Each level corresponds to specific targets
for emission reduction and energy system transformation. The ‘i’ sce-
narios represent scenarios in which climate ambitions are pursued at the
pace currently projected by existing policies, specifically the ETS (top of
the pyramid in Fig. 2) and the sectoral policies (bottom of the pyramid in
Fig. 2). The ‘e’ scenarios correspond to a condition where, in addition to
the current set of policies, Europe implements the energy efficiency-first
principle. In the ‘a’ scenarios, we add the requirement that Europe also
commits to achieving the proposed 2040 emission reduction target and
reach net zero by 2050. Table 1 summarises the relationship between
climate ambition and EU policies in our scenario framework.

The three types of collaboration between European countries, on the
x-axis of Fig. 5, were chosen to explore the role of inter-country coop-
eration and burden sharing in reducing emissions. The ‘S’ scenarios
represent a situation in which each country pursues its climate objec-
tives independently. The ‘F’ scenarios introduce fairness as a central
principle: countries contribute to emission reductions based on their
historical responsibility (i.e. past emissions). The ‘T’ scenarios assume a
fully coordinated effort, where countries share the burden of emission
reductions across borders, optimising the European energy system as a
whole.

These two dimensions, i.e. climate ambition and collaboration,
combine to create nine distinct scenarios for Europe’s energy transition.
This scenario setup allows us to address both the environmental and
social dimensions of climate action, encompassing not only the technical
feasibility of emission reductions but also the economic and political
realities that shape how countries may cooperate to meet shared goals.
These scenarios capture the diverse ways in which Europe could navi-
gate its energy transition, from individual national efforts to pan-
European cooperation while accounting for the equity considerations
that are central to any global climate agreement. A reference scenario
‘REF’ serves as a baseline for comparison, assuming a situation in which
no effort is put into reducing emissions.

Climate

Target
E ttained ttained ttained
g olo air ogether
E efficient efficient fficient
£ Solo Fair ogether
°
8
£ implemented | implemented || mplemented
H Solo Fair ogether
=3
E

Collaboration
Level

Solo Fair

Together

Fig. 5. Definition of scenarios.
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2.4. Scenario parametrisation

To implement our scenario framework in TIMES-Europe, the policies
that determine the three levels of climate ambitions are translated into
model parameters (see Appendix 2 for details on how this is done). These
define a series of constraints that are applied in the model depending on
the specific scenario, as outlined in Table 1.

The collaboration level determines how these constraints are
distributed across the various countries in Europe. In the ‘S’ scenarios,
each country is allocated exactly the same amount of ETS allowances,
has to attain the same energy efficiency goal, and is required to achieve
the same emission reduction rate in 2040. The ‘F’ collaboration sce-
narios are based on an equal cumulative per capita rationale, along the
lines described in Dekker et al. [75,76]. In this case, national targets are
exogenously allocated based on historical responsibility, using cumu-
lative emissions from 1850 to 2021. Each country is assigned a
remaining carbon budget by comparing its historical emissions with
what it would have been entitled to emit based on its population over
time. Once this historical balance is accounted for, future emissions al-
locations converge toward an equal per capita distribution. This
approach assumes that all individuals have an equal right to emit,
thereby treating each person as equally responsible for carbon debt.
However, in practice, emissions profiles vary significantly, e.g. across
income groups. In the ‘T" collaboration scenarios, the targets are applied
at the European level. This means that the model can choose to e.g. allow
certain countries to settle for emission reduction rates that are more
modest than those prescribed by the EU-level target, as long as this is
compensated by other countries achieving deeper CO2 reductions,
ensuring that the overall EU-level target is met. Sectoral policies are
consistently implemented at the European level, irrespective of the
collaboration scenario, as they serve as tools to drive collective progress
toward overarching climate targets without imposing specific burdens
on individual member states.

3. Results

Our results are organised into two parts covering: (i). A regional
perspective, which includes our analysis of the EU27 countries and the
UK, Switzerland, Iceland, and Norway taken together, and (ii). A
country-level examination, in which we explore the differences between
countries within this overall geographical scope.

3.1. European-level insights

Fig. 6 illustrates the annual PEC of the European energy system,
measured in Exajoules (EJ), across our ten scenarios. Following the EU
EED definition of PEC, electricity generation from nuclear and renew-
able electricity generation is also accounted as part of PEC [30]. The
‘REF’ and ‘i’ scenarios project an increase in PEC by 9-15 % between
2020 and 2050. In contrast, the ‘e’ and ‘a’ scenario projections show a
10-14 % reduction over the same period. Across all scenarios, there is a
notable rise in the share of renewable electricity within PEC sources,
which reflects an ongoing electrification process. By 2050, this trans-
formation could result in renewable electricity constituting up to 44 % of
the total PEC share under our most stringent climate control scenario
‘aT’. Concurrently, the total amount of domestic fossil fuels in Europe
exhibits a declining trend, with shares dropping from 48 % in 2020 to
4-23 % in 2050. The reliance on imported fossil- and bio-fuels is pro-
jected to undergo minor variation across scenarios, with total shares
going from 41 % to 39-59 % between 2020 and 2050. However, a shift
in the composition of imports is observed: in all scenarios, crude oil
imports decline significantly (virtually to zero in all scenarios with
emission reduction targets), while natural gas, biofuels, and refinery oil
product imports increase sharply. The type of collaboration has only
triggered some appreciable effect on the import mix. While in ‘eS’, ‘eF’,
‘aS’, and ‘aF’ the model favours natural gas imports over domestic
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Table 1
EU policies along the climate target axis of our scenarios.
Climate Target Sectoral Policies ETS EED 2040 Climate Target
i implemented v v
e efficient v v v
a attained v v v v
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extraction, the situation is reversed in ‘€T’ and ‘aT’. This suggests that, in
the presence of ambitious climate targets (‘¢’ and ‘a’ scenarios),
system-wide collaboration ‘T’ allows for a more cost-efficient use of
domestic natural gas resources compared to other types of collaboration.
The higher shares of domestic natural gas in ‘€T’ and ‘aT’ are accom-
panied by a slight increase in total PEC relative to the other ‘e’ and ‘a’
scenarios.

Fig. 7 shows the FEC, measured in EJ, from 2020 to 2050 across all
scenario variants. The results are disaggregated by demand sectors, of-
fering a detailed perspective on sectoral trends. A clear divergence
emerges between the ‘REF’ and ‘i’ scenarios, where total FEC remains
relatively high, with the ‘e’ and ‘a’ scenarios, where a sharp decline is
observed as early as 2030, after which the FEC stabilises. Despite dif-
ferences in total FEC, the relative shares of demand sectors remain
largely consistent across years and scenarios. Variations due to collab-
oration frameworks are minimal, with only marginal differences
observed in ‘T’ scenarios.

Fig. 8 presents the net CO, emissions across all scenarios alongside
GDP growth projections taken from OECD [77]. Apart from the ‘REF’
scenario, the results unveil a decoupling of CO2 emissions from pro-
jected GDP growth in scenarios incorporating climate targets (i.e. ‘i’, ‘e’,
and ‘a’ scenarios). Notably, the ambition level of the climate targets
plays a greater role in driving emission reductions than the degree of
collaboration among countries. The ‘i’ and ‘e’ scenarios follow relatively
similar emission reduction pathways. By contrast, the ‘a’ scenarios,
which implement the proposed 2040 climate target, demonstrate a
significantly steeper decline in annual emissions. By 2040, net emissions
in these scenarios are halved compared to those in the ‘i’ and ‘e’ sce-
narios. Moreover, by 2050, the ‘a’ scenarios achieve net-zero emissions,
whereas the other scenarios retain approximately 0.3 GtCO; of residual
emissions.

Fig. O further elaborates on the net CO, emissions presented in Fig. 8,
providing a sectoral breakdown. The bars are colour-coded to represent
different sectors, while the net emissions are indicated by blue diamond
markers. The ‘REF’ scenario is projected to have a slight increase in the
annual CO; emission level, approximately up to 3.9 GtCO, at the end of
the modelling horizon. In contrast, all scenarios implementing climate
targets result in a significant reduction in annual emissions. In 2040, the
‘a’ scenarios are projected to emit only half as much annually as
compared to the i’ and ‘e’ scenarios. Some scenarios exhibiting an
earlier deployment of negative emission technologies, particularly all ‘a’
scenarios and the ‘€T’ scenario. Within the ‘T’ collaboration framework,
slightly higher levels of negative emissions are observed, which offset
the comparatively elevated emissions from the industrial sector. The
industrial and transport sectors may face slower decarbonisation due to
higher costs and significant technological barriers in comparison to, e.g.
the buildings sector. The ‘a’ scenarios respond to these challenges
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through earlier deployment of negative emission technologies than
those observed in the ‘4’ and ‘e’ scenarios. Furthermore, under ‘T’
collaboration, which promotes coordinated regional strategies, earlier
and greater deployment of negative emission technologies is also pro-
jected, relative to the ‘S’ and ‘F’ scenarios.

Fig. 10 illustrates the avoided CO2 emissions from 2020 to 2050
across scenarios with implemented climate targets. These values are
calculated by subtracting the cumulative net emissions of each scenario
from those of the ‘REF’ scenario over the same period. We observe that
the primary determinant of avoided emissions is the ambition level of
the climate targets rather than the type of collaboration. Scenarios with
more stringent climate policies achieve significantly higher emission
reductions. In the ‘e’ scenarios, avoided CO, emissions are 3.3 % higher
than in the ‘i’ scenarios. This effect is even more pronounced in the ‘a’
scenarios, where avoided emissions increase by up to 15.9 % compared
to the ‘i’ scenarios.

Fig. 11 illustrates cumulative policy costs through the end of the
modelling horizon, which represent the additional system costs incurred
in each scenario relative to the ‘REF’ scenario. These costs reflect the
extra investment required beyond the baseline technological expendi-
tures assumed under the ‘REF’ scenario. The ‘i’ scenarios show a steady
increase in cumulative policy costs across all collaboration types. In
contrast, the ‘e’ and ‘a’ scenarios exhibit varying cost trajectories
depending on the collaboration framework. Under more stringent
climate targets (‘¢’ and ‘a’), a higher degree of collaboration helps
mitigate cost increases over time. By 2050, compared to the ‘i’ scenarios,
cumulative policy costs rise by up to 98 % in the ‘eS’ scenario, while ‘eF’
scenario results in a 94 % increase. The ‘eT’ scenario leads to an 83 %
increase, which reflects cost-mitigation effects associated with system-
wide collaboration. In the ‘a’ scenarios, cumulative policy costs esca-
late further, rising between 100 % under ‘T’ scenarios and 116 % under
‘S’ collaboration. However, the additional policy cost burden associated
with implementing the 2040 climate target remains relatively minor if
the EU EED is already in place.

3.2. Country-level insights

We here present our country-level projection results. Each figure
comprises a set of maps that differentiate the scenarios, with the maps
arranged according to the scenario description axes of Fig. 5.

Fig. 12 presents CO, emissions per capita across Europe in 2050,
measured in tCOy per capita. A breakdown of emissions by sector is
provided in Appendix 3. In general, scenarios with higher climate
ambition lead to lower emissions per capita (see Fig. 9). The ‘REF’
scenario shows emissions remain high across Europe, particularly in
Central and some Northern European countries, e.g. Germany, the
Netherlands, Poland, Denmark, Norway, and Finland, with values
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2030
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Fig. 8. Europe’s net CO, emissions and GDP trajectory.
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approaching or exceeding 7.5 tCO, per capita. On the other hand, most
of the Southern and Eastern European countries, e.g. Spain, Italy,
Romania, and Greece, show comparatively lower emissions, typically
below 5 tCO; per capita. Across all decarbonisation scenarios, emissions
are substantially reduced relative to the ‘REF’ case. However, the degree
and spatial distribution of these reductions vary significantly. In the ‘iS’,
4F’, ‘eS’, and ‘eF’ scenarios, modest residual emissions remain in
countries such as Finland, Iceland, Ireland, the Netherlands, Portugal,
Spain, Greece, and Estonia, though differences across regions are rela-
tively limited. The ‘iT” and ‘€T scenarios exhibit more uneven regional
patterns. In these cases, countries such as Norway, Finland, France,

Spain, Portugal, the Netherlands, Belgium, the United Kingdom, and
Denmark still emit between 2 and 4 tCO5, per capita. These emissions are
offset by strong negative emissions projected in countries like Germany,
Poland, Switzerland, Slovakia, Italy, and Czechia, where emissions per
capita fall below zero, in some cases reaching as low as —7.5 tCO2 per
capita. In the most ambitious scenarios (‘aS’, ‘aF’, and ‘aT’), emissions
are minimised across all regions. Under ‘aS’ and ‘aF’, all countries
achieve net-zero emissions by 2050. In the ‘aT’ scenario, regional dis-
parities emerge despite net-zero being reached at the continental level
(as shown in Fig. 9). A similar pattern to the ‘iT’ and ‘eT’ scenarios is
observed, with some countries exhibiting residual emissions while
others compensate through deep net removals.

Fig. 13 presents the cumulative policy costs per capita across all
scenarios over the modelling horizon, expressed in thousand euros.
These costs correspond to the European-level data in Fig. 11 but are
disaggregated at the country level. Under the ‘S’ and ‘iF’ scenarios,
cumulative policy costs are relatively evenly distributed across Europe.
Most countries remain below 20 k€/capita, with slightly higher costs in
Norway, Sweden, Finland, and Latvia. In the ‘eS’ and ‘eF’ scenarios,
costs rise more noticeably compared to their ‘i’ scenario counterparts.
Higher values are seen in the Nordics and Baltics, particularly Sweden,
Finland, and Estonia, as well as in parts of Southern and Western Europe,
including Spain, Portugal, France, the Netherlands, Belgium, Denmark,
and Ireland. In contrast, Central and Eastern European countries such as
Poland, Hungary, and Romania show cost levels similar to those in the ‘i’
scenarios. Notably, Norway’s policy costs decline as climate ambition
increases in the ‘S’ and ‘F’ scenarios. The ‘a’ scenarios result in the
highest overall costs. In both ‘aS’ and ‘aF’, the burden is more pro-
nounced in Northern Europe (i.e. Scandinavia and the Baltics) and
Western Europe (i.e. France, the Netherlands, Spain, Portugal, and
Ireland), with several countries exceeding 40 k€/capita. Across all ‘T’
scenarios, policy costs are more evenly distributed. Although costs
generally rise with higher climate ambition, the increase is less pro-
nounced compared to the corresponding ‘S’ and ‘F’ scenarios.
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The PEC reduction projected in ‘e’ and ‘a’ scenarios is mostly driven
by the implementation of the EED PEC savings target, i.e. a 25 %

7.5

10

reduction in PEC relative to 2005 levels by 2030. Projection from
various collaboration types suggests that sharing the burden regionally
and setting collective targets (i.e. ‘T’ scenarios) can make domestic en-
ergy production more cost-effective than relying on imports (observed in
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‘S’ and ‘F’ scenarios). Conversely, the energy imports from outside
Europe projected by ‘S’ and ‘F’ scenarios highlight potential challenges
to Europe’s energy security; This is a particularly pressing issue amid
rising geopolitical concerns. Furthermore, climate action scenarios
indicate a shift in the composition of energy imports, with crude oil
imports declining while refinery oil product imports rising. This shift
raises concerns about emission displacement, as emissions from fuel
production could be displaced outside Europe. The projected growth of
the share of renewable electricity in PEC is influenced by two key fac-
tors: (i). The decreased levelisedcost of renewable energy technologies,
as seen even in the ‘REF’ scenario and (ii). The implementation of the EU
RED mandates that at least 42.5 % of electricity supply comes from re-
newables by 2030. Furthermore, we projected that under the individual
target setup, i.e. the ‘S’ and ‘F’ scenarios, PEC savings may overshoot the
EED target, a trend not seen in the system-wide burden-sharing

-14
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Changes in Final Energy
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framework. This suggests that when countries prioritise self-sufficiency
over collective optimisation, they may implement more aggressive do-
mestic energy-saving measures than necessary, potentially leading to
higher costs.

Fig. 14 quantifies the contributions of energy savings toward
achieving the 2030 energy efficiency target, which illustrates changes in
PEC and FEC between 2020 and 2030. PEC changes, represented by blue
bars, are derived from Fig. 6, while FEC savings, shown as green bars,
are taken from Fig. 7. FEC savings are most prominently realised in the
building sector (see Fig. 7), while other demand sectors show minimal
energy savings across all scenarios. In the building sector, these savings
are achieved through retrofitting efforts (i.e. mostly driven by the EU
EPBD policy on dwelling retrofitting targets) and the adoption of highly
efficient end-use technologies, such as heat pumps. For a detailed
analysis of energy savings in the building sector, we refer readers to our
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Fig. 14. Changes in energy transformation and import, FEC, and PEC between 2020 and 2030.
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previous studies [37,45].

Not all reductions in FEC translate directly into PEC savings, as en-
ergy transformation processes introduce additional energy re-
quirements. The gap between primary and FEC reflects the overall
efficiency of the energy system, with larger discrepancies indicating
increasing inefficiencies in energy conversion. In the ‘REF’ and ‘i’ sce-
narios, FEC savings are estimated at approximately 4 EJ and 3 EJ,
respectively. However, their impact on PEC differs: while the ‘i’ sce-
narios achieve a reduction of around 2 EJ in PEC demand, the ‘REF’
scenario sees an increase of approximately 1 EJ. This suggests that
without climate control measures, declines in FEC, primarily driven by
population decline in some countries and demand-side efficiency im-
provements, do not necessarily lead to proportional PEC savings.
Instead, the ‘REF’ scenario experiences a rise in PEC, indicating an
increasingly inefficient energy transformation process. The difference of
approximately 1 EJ between final and PEC savings in the ‘i’ scenarios is
due to the cumulative effect of energy losses in the various energy
conversion processes in the system.

The implementation of the EED target in the ‘e’ and ‘a’ scenarios may
lead to substantial FEC savings, reaching approximately 14 EJ across all
scenario variants. In the ‘eS’, ‘eF’, ‘aS’, and ‘aF’ scenarios, around 12-13
EJ of PEC savings are observed, implying conversion losses of about 1-2
EJ, roughly consistent with those observed in the ‘i’ scenarios. However,
in the ‘eT” and ‘aT’ scenarios, PEC savings are lower, at roughly 10 EJ,
suggesting increasing losses in energy conversion up to about 4 EJ.
Notably, the ‘S’ and ‘F’ collaboration frameworks overshoot the neces-
sary PEC savings targets compared to the system-wide optimisation in
the ‘T’ scenario (see Fig. 6 for the extent of this overshooting). This
occurs because these collaboration frameworks provide fewer opportu-
nities for cross-border coordination, leading to an excessive focus on
domestic PEC reductions rather than optimising energy use across re-
gions. Consequently, while they achieve higher PEC savings, these
collaboration frameworks lead to higher energy system costs (see
Fig. 11). This highlights the trade-offs between national energy inde-
pendence and system-wide optimisation.

Avoided CO; emissions between 2020 and 2050 are primarily driven
by the level of climate ambition rather than the collaboration frame-
work. While the ‘e’ scenarios achieve slightly higher emission reductions
than the ‘i’ scenarios, the ‘a’ scenarios deliver the most substantial cuts,
largely due to the inclusion of the proposed 2040 climate target. The
additional policy cost associated with meeting the 2040 target in the a’
scenarios is relatively insignificant when compared to the ’e’ scenarios.
This suggests that the proposed 2040 climate target is a cost-effective
strategy for achieving the EU’s long-term climate objectives.

The examination of country-level per capita emissions and policy
costs (Figs. 12 and 13, respectively) reveals only marginal differences
between the ‘S’ and ‘F’ collaboration frameworks. This similarity arises
from their comparable burden-sharing structures, which indicates that
the fairness-based allocation used in our study closely mirrors a scenario
in which all European countries undertake equal decarbonisation ef-
forts. This is because the carbon budget allocation described in Dekker
et al. [65] shows only minor differences within Europe between the
equal responsibility principle (i.e. the basis of the ‘F’ scenarios) and
grandfathering (i.e. the driver of the ‘S’ scenarios).

Emission intensity varies significantly across regions under the ‘T’
scenarios framework. Some countries, particularly in Western and
Northern Europe, will retain residual emissions in 2050. To balance
these emissions and achieve climate neutrality at the European level,
other regions, mainly in Central Europe, are projected to yield negative
emissions through the deployment of Negative Emission Technologies
(NETs). Given a certain EU-level emission reduction target, the model
typically decides whether a country retains residual emissions or ach-
ieves negative emissions, primarily based on two factors: (i). The
availability of negative emission technology potential, e.g. CCS storage
and biomass potential for bioenergy with carbon capture and storage
(BECCS), and (ii). The share of hard-to-abate sectors in each country.
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Nevertheless, the projected high deployment of BECCS in countries such
as Germany, Poland, Switzerland, and Austria seems unlikely given the
current low levels of CCS deployment in general, the national policy
trends in such countries, economic viability, and public acceptance
[78-801.

Under the ‘T’ strategy, Europe achieves its climate objectives at the
lowest possible costs (within the set of scenarios considered here), as
attested by the fact that “T” bars in Fig. 11 are consistently lower than
their ‘S’ and ‘F’ counterparts. This collaborative approach also supports
a more balanced distribution of policy costs across countries by enabling
coordinated action. Conversely, the ‘S’ and ‘F’ frameworks lead to
greater regional cost disparities, with Western and Northern European
countries shouldering the highest burdens. The policy cost disparity
across Europe, as shown in Fig. 13, indicates that South-West Europe,
Scandinavia, and the Baltic countries are projected to face significantly
higher per capita policy costs under the ‘S’ and ‘F’ collaboration
frameworks when meeting the EED target (‘¢’ and ‘a’ climate ambition).
This is driven by several factors, one of which is that the most cost-
effective way to achieve energy savings is through demand-side man-
agement, e.g. retrofitting buildings to reduce space heating demand.
This is particularly beneficial in regions with high space heating needs,
e.g. Northern Europe, and in areas with older, poorly insulated building
stock, e.g. Eastern Europe (see Refs. [37,45] for a detailed analysis of the
European residential sector)

In Norway, policy costs are projected to decrease under the ‘eS’, ‘eF’,
‘aS’, and ‘aF’ scenarios compared to the ‘iS’ and ‘iF’ cases. This decline in
costs with increasing climate ambition may appear counterintuitive. It is
primarily driven by a reduction in electricity exports and the associated
infrastructure requirements, such as interconnectors and generation
capacity, assuming domestic demand remains relatively constant across
scenarios. The projected drop in exports under scenarios with EED tar-
gets is mainly due to more limited capacity expansion. Under the ‘S’ and
‘F’ collaboration frameworks, countries are projected to rely more on
domestic energy production, as net electricity trade is counted as PEC.
This accounting method reduces the demand for electricity imports and,
in turn, lowers the need for Norwegian exports and related infrastruc-
ture investment. In contrast, under the ‘T’ framework, Norway is pro-
jected to contribute a larger share of the system-wide effort, primarily
through increased utilisation of its energy resources to support the
broader European energy transition. This outcome is linked to the PEC
savings target being applied at the European level, where the PEC
associated with renewable electricity generation is counted only in the
country where it is generated.

5. Conclusion and policy messages

This study examines how varying levels of climate ambition and
cross-border collaboration influence Europe’s ability to reach net-zero
emissions by 2050, as stipulated under the European Green Deal.
Assessment of current energy policies through our set of scenarios sig-
nals the inadequacy of existing energy policies in directly limiting CO»
emissions, with the EU ETS being the only mechanism in Europe that
imposes a strict emissions cap. This outcome emphasises the limitations
of the existing EU ETS coverage, which does not fully address hard-to-
abate sectors, i.e. international aviation and maritime, as well as agri-
culture. To achieve net zero, Europe requires supplementary policies, e.
g. stricter emissions caps, targeted incentives for advanced technologies
specific to last-mile decarbonisation efforts, and increased support for
renewables & energy efficiency measures. Without such enhancements,
Europe risks falling short of its 2050 climate neutrality goal. Ambitious
climate goals, e.g. the recently published EED and the proposed
enforcement of a 2040 emission abatement target, further drive signif-
icant CO, reductions. However, it is also important to consider the cost
burden and fairness for each national government within Europe.

The ‘S’ and ‘F’ collaborations result in more evenly distributed
emissions, reflecting their emphasis on either uniform burden-sharing or
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fair-based allocations. However, these approaches are less cost-effective
overall compared to the ‘T’ collaboration framework. System-wide
cooperation demonstrates the potential for minimising total policy
costs by optimising resource use and emission reductions across Europe.
However, this framework requires strong political will and coordination,
as it creates disparities in Europe-wide cost burdens that may require
compensation mechanisms designed at the EU level. Although this
approach reduces Europe’s reliance on external energy sources, it does
not always translate into a more cost-effective or coordinated energy
transition at the European level. Ultimately, the collaboration frame-
work determines how equitably and efficiently Europe can achieve its
climate goals. While equity-focused frameworks like the fairness
approach may align better with social and political priorities, the
system-wide collaboration offers a pathway to decarbonisation at the
lowest aggregate cost, albeit with greater regional disparities that must
be addressed through policy design at the European level. To reconcile
the tension between cost-efficiency and fairness, a hybrid policy mech-
anism that integrates redistributive funding (e.g. the EU Modernisation
fund [81]) into system-wide burden-sharing could help align equity and
efficiency in practice.

A significant dependency on imports of refinery oil products from
outside Europe may arise to meet the growing energy demand in Europe.
This shift is particularly more pronounced in scenarios with aggressive
reduction of PEC. This dynamic highlights a critical challenge in meeting
the EU EED targets: while domestic PEC savings contribute to emission
reductions, they do not eliminate Europe’s dependence on external en-
ergy sources. Although the EU has introduced mechanisms to address
carbon leakage, such as the Carbon Border Adjustment Mechanism
(CBAM) [69], this policy currently places a price only on embedded
carbon in imported goods while excluding emissions from imported
refinery oil products. Given this gap, we recommend extending the
CBAM framework to include refinery imports, ensuring that
carbon-intensive fuels are subject to equivalent pricing regardless of
their origin. This interdependence between PEC, energy savings, and
import reliance underscores a tripartite challenge for Europe: achieving
decarbonisation goals, ensuring energy security, and minimising the
outsourcing of emissions to its vicinity regions.

Our model projections underscore the strategic role of Norway in a
decarbonised European energy system across different scenarios. Nor-
way’s low-cost power system emerges as a valuable asset in supporting
regional adequacy and system integration. However, these projections
should be interpreted with caution. They are subject to significant un-
certainty, particularly concerning domestic support for energy infra-
structure development in Norway, and due to model simplifications
regarding short-term operational dynamics and interconnection con-
straints. In addition, the accounting method for net electricity trade
plays a key role in shaping these outcomes. We recommend a reassess-
ment of how PEC is accounted for at the national level, particularly
concerning electricity trade. For example, a distinction should be made
between electricity traded within the EU and from outside the Union.
Ideally, electricity generated within the EU would be accounted for only
in the country of origin, while electricity imported from outside the EU
should be counted in the country where it is consumed.

6. Outlook

This study communicates key systemic trade-offs between fairness,
cost-efficiency, and energy independence in Europe’s decarbonisation
strategy. Furthermore, we show how different collaboration frameworks
shape the distribution of emissions, costs, and technological deployment
across member states. Nevertheless, there remain several avenues for
future research that could complement and expand upon our findings.

First, our analysis underscores the need for dedicated studies tar-
geting the industrial and transport sectors, which are among the hardest
to decarbonise. These sectors face unique barriers, e.g. high process
temperatures, reliance on liquid fuels, and slower adoption of
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electrification technologies. An exploration of innovative solutions
tailored to these sectors is crucial, e.g. direct electrification, advanced
biofuels, green hydrogen, or along with the strategic deployment of
NETs. Further work is needed to explore these dynamics in greater depth
using more detailed land use, biomass, and infrastructure assessments.

Second, expanding the geographical scope of analysis to include
Europe’s neighbouring regions, e.g. North Africa, the Middle East, and
the Eurasian region, is vital to address the growing reliance on energy
imports observed across all scenarios in this study. Europe’s energy
transition is deeply intertwined with global energy systems and supply
chains. Understanding these interdependencies is crucial for ensuring
both energy security and global equity in resource utilisation.

Third, the present study’s fairness scenario framework is based on
historical emissions as the primary determinant of burden-sharing.
Analysing this scenario enables us to introduce, to some extent, the
national perspectives in the context of high-level EU climate policies. At
the same time, this study does not explicitly represent national policies,
e.g. Germany’s Climate Action Law (Klimaschutzgesetz) [82] and Spain’s
Climate Change and Energy Transition Law [83]. While this simplifies
the complex real-world policy landscape, it allows for a clearer analysis
of the effect of EU-level climate policy alone on the energy transitions at
the national level. It also enables us to assess the role of European-level
collaboration and system-wide trade-offs. We acknowledge that in many
countries, national instruments may exert a stronger influence than the
European-level policies. Future work could explore more detailed
bottom-up representations of national policy frameworks and examine
their interactions with EU-wide mechanisms. This analysis could be
strengthened by linking models that operate at different geographical
scales, from global frameworks to European scale models to national and
local level models that capture place-specific constraints. Methodolog-
ical coupling, for example, between energy system optimisation models,
agent-based models, and simulation approaches, would enable
bottom-up detail to inform top-down strategies and vice versa, thereby
reducing blind spots of policy recommendations.

Sensitivity analyses should be conducted to address the uncertainties
identified in this study. For instance, the role of the Norwegian power
system varies considerably across scenarios, yet the model does not
capture regional or cultural dimensions. Potential impacts on Indige-
nous communities, such as the Sdmi people described in Refs. [84,85],
who may be directly affected by future infrastructure developments, are
not represented. Further research employing market-based models with
higher temporal resolution could offer more detailed insights into the
availability and flexibility of the Norwegian power system in supporting
the broader European grid. Such models could also account for factors
like grid congestion, which can significantly influence electricity prices.
Another important area for sensitivity analysis is the deployment of
NETs. At the time of writing, many aspects of these technologies remain
uncertain. Exploring a range of NETs deployment scenarios would help
to assess their potential implications for system development and policy
outcomes.

Lastly, there are some policies not fully captured by the current
modelling approach that merit further research. For instance, policies
such as the CBAM [86] could significantly impact global trade and
emission displacement from Europe to the rest of the world, yet their
implications on the energy transition require further consideration.
Similarly, integrating detailed market behaviours, such as the
decision-making processes of energy producers and consumers, and
socio-economic factors, such as migration within Europe, or shifts in
labour markets, could provide a more nuanced understanding of the
transition. Additionally, incorporating potential breakthroughs in
decarbonisation technologies, such as solid-state batteries or advanced
small modular nuclear reactors, could refine future pathways and reveal
new opportunities for innovation-driven mitigation strategies. These
directions for future research would not only address gaps in the current
study but also provide a more holistic and forward-looking framework to
support Europe’s ambitious climate goals.
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In an era increasingly shaped by isolationist policies, we emphasise
that global cooperation is the most effective way to address the complex
challenges of the energy transition. A fair and sustainable path forward
depends on shared responsibility, ensuring that all nations can take part
in and benefit from decarbonisation efforts. We hope this study con-
tributes to the ongoing discussion on how collaboration shapes energy
policies at global, regional, and national levels.

In section 2, we outlined the EU ETS as one of the most essential policies among EU climate policies. This appendix provides an interpretation of the
EU ETS policy and how we incorporate the climate targets into the TIMES-Europe model as constraints. While our approach is stylistic and comprises
minor deviations from the official policy documents, it aligns with the overarching goals of the EU ETS. The calculation of emission allowances
considers historical emissions, reduction targets, and the Linear Reduction Factor (LRF).

The LRF, which determines the annual decrease in the total number of allowances, is applied in several phases as follows.

e Phase I (2005-2007): No LRF was applied during this pilot phase, with a fixed cap of approximately 2299 MtCO3 per year for participating

countries.

Phase III (2013-2020): An LRF of 1.74 % was introduced.

Phase II (2008-2012): An implicit annual reduction aligned with Kyoto Protocol targets was applied, though no formal LRF was defined.

e Phase IV (2021-2030): The LRF increased to 2.2 % and was further adjusted to 4.2 % under the Fit for 55 packages. For ETS2 sectors, a separate

LRF of 5.1 % applies starting in 2026.

The EU ETS Phases I and II were based on verified emissions from 2005, which serve as the baseline for reduction targets. For the EU27, UK,
Iceland, and Norway, this data is published by the European Environment Agency (EEA) transparency database [87]. For Switzerland, the data can be
sourced from the UNFCCC national inventory submission [88]. The aggregated 2005 emissions baseline for Europe is shown in Table 2.

Table 2

Europe’s total CO, emissions 2005 [87].

Country

2005 Emissions (MtCO3)

Austria
Belgium
Bulgaria
Croatia
Cyprus
Czech Republic
Denmark
Estonia
Finland
France
Germany
Greece
Hungary
Ireland
Italy

Latvia
Lithuania
Luxembourg
Malta
Netherlands
Poland
Portugal
Romania
Slovakia
Slovenia
Spain
Sweden
EU27 Total
UK
Switzerland (CH)

13

32
58
38
5

5
97
37
17
45
150
493
71
30
19
216
4
13
3

2
86
238
37
74
30
9
172
22
1883
201
5

(continued on next page)
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Table 2 (continued)

Country 2005 Emissions (MtCO5)
Iceland (IS) 2
Norway (NO) 14

The critical phases for our modelling are Phase Il and Phase IV of ETS. From here, the EU implement a hard cap on emissions that reduces annually.
The annual reduction in emissions R is calculated using equation (1):

R=Cy x LRF (€D)]

Where.

R = Annual reduction in emissions (in MtCO,).
Co = Cap at the start of the period (in MtCO53).
LRF = Linear Reduction Factor

Example of calculation:
For Phase III (2013-2020), with an initial cap C, of 2084 MtCO, [87,88] and an LRF of 1.74 %, for the first year of ETS:

R=2,084 x 1.74% = 38.3 MtCO,

Hence, approximately 38.3 MtCO, was removed from the annual allowances for the year 2013.

In this study, we focus solely on CO, emissions, whereas the EU ETS officially also includes N2O and PFCs. For modelling purposes, emission
allowances are implemented starting in 2020 and are presented in Table 3. While the official EU ETS only extends to 2030, in this study, we assume the
trajectory continues linearly until 2050 following the Phase IV LRF.

Table 3
ETS allowances cap
Year ETS 1 (MtCOy) ETS 2 (MtCO3) Total Allowances (MtCO-)
2020 1561 - 1561
2025 1433 - 1433
2027 1347 1200 2547
2030 1128 1015 2143

The EU ETS sectoral coverage as represented in the TIMES-Europe model is detailed in Table 4. For modelling purposes, all ETS 1 sectors are
capped starting in 2020, while ETS 2 sectors begin in 2027. This slightly deviates from the official starting years for aviation (2021) and maritime
(2024).

Table 4
The EU ETS sectoral coverage.
TIMES-Europe Sector Inclusion
ETS 1 Power & Heat generation All processes
Industry All processes
Aviation Intra-Europe flights only
Maritime All emissions for all intra EU voyages;
50 % emission of extra EU voyages
ETS 2 Buildings All processes
Road transport All processes

Appendix 2. Parametrisation of EU Energy Policies

The model parameters presented in Table 5 are derived from a broad range of EU policies. These policies, which we classify as sectoral policies
(positioned at the bottom of the policy pyramid). They serve as background parameters in our modelling framework. However, certain EU policies, e.g.
FuelEU Maritime [89] and CBAM [86], are not incorporated in this study, though they may influence future emission trajectories. As outlined in
Section 2, these policies are interpreted as modelling constraints that apply at the European level, independent of the collaboration framework. This
allows the TIMES-Europe model to endogenously optimise the most cost-efficient allocation of investments to meet these constraints.

Table 5
Background parameter synthesised from EU policies

Policy Model Parameter Reference
Renewable Energy Directive (RED I & II) Renewable electricity shares Europe-wide target: >42.5 % by 2030 [49]
Part of RED: Offshore energy strategy Offshore wind capacity: 60 GW (2030), 300 GW (2050)
Ocean energy capacity: 300 GW by 2050
Part of RED: Hydrogen strategy Electrolyser capacity: 6 GW (2024), 40 GW (2030)

(continued on next page)
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Table 5 (continued)

Policy Model Parameter Reference
Green hydrogen production: 120 PJ (2024), 1200 PJ (2030)
Alternative Fuels & Transport Sustainable aviation fuel: >2 % (2025), 70 % (2050) [73,90]
Decarbonisation All new vehicles will have zero emissions by 2035
Emission reductions: 55 % by 2030 for passenger cars (PC) and light commercial vehicles (LCV), and 90 % by 2040 for
heavy-duty vehicles (HDV).
Energy Performance of Buildings Directive Retrofitting rate: 3 % dwelling stock per year Europe-wide [74]
(EPBD) All new buildings must be zero-emission
Carbon Management & Net-Zero Industry CO3, injection capacity: [91,92]

50 MtCOy/year (2030), 280 MtCOz/year (2050)

Table 6 presents the foreground parameters, which drive the key distinctions between scenarios in this study. Unlike background parameters,
foreground parameters are optimised differently depending on the collaboration framework.

e Solo (S) Collaboration: Each country faces equal reduction rates and final allowances.
e Fair (F) Collaboration: Emission reductions and allowances are allocated per country based on an equal cumulative per capita principle.
e Together (T) Collaboration: Emission reductions and allowances are optimised at the European level as a whole.

For instance, the EU EED requires a 25 % reduction in PEC by 2030 (relative to 2005 levels), setting a PEC cap of 49.1 EJ in 2030 (EU-wide). Under.
e Solo (S) Collaboration: Each country must achieve a 25 % reduction in PEC.

e Fair (F) Collaboration: The required reduction is divided equitably per country, based on fair-share principles as described in Dekker et al.
e Together (T) Collaboration: Europe as a whole must achieve a 25 % reduction, allowing some countries to underperform if others overcompensate.

Table 6
Foreground parameter synthesised from EU Policies

Policy Model Parameter Reference
Energy Efficiency Directive (EED) PEC cap: 49.1 EJ by 2030 Europe-wide [30]

FEC cap: 38.1 EJ by 2030 Europe-wide
2040 Climate Target CO emissions cap: ~0.42 GtCOze by 2040 (reflecting a 90 % reduction from 1990 levels) [31]

Table 7 summarises the scenario-specific parameters applied across all scenarios. The REF serves as a baseline, assuming background parameters
(Table 5) evolve at historical growth rates observed between 2015 and 2020 (post-Paris Agreement trends). For example, the building retrofitting rate
under ‘REF’ follows the 1 % annual dwelling stock renovation rate observed in 2015-2020. Additionally, as noted earlier, the EU EED is only
implemented in the ‘e’ and ‘a’ scenarios, while the 2040 climate target is exclusive to ‘a’ scenarios.

Table 7
Scenario parameterisation

Scenario Burden Sharing Type Sectoral Policies ETS EED: 2030 PEC and FEC 2040 Emission Reduction
Cap Target
REF  Reference - Growth rate trend - - -
derived from 2015 to
2020
iS Implemented — Equal reduction rate and final Optimise at the Emission cap with - -
Solo allowances per country. European level. identical LRF per
country.
iF Implemented — Reduction rate and final allowances per ~ Optimise at the Emission cap with - -
Fair country based on an equal cumulative European level. fair LRF burden.
per capita principle.
iT Implemented - Reduction rate and final allowances at Optimise at the Emission cap with - -
System the European level as a whole. European level. LRF at the European

level.

eS Efficient — Solo

eF Efficient — Fair

eT Efficient —

System

aS Ambitious —
Solo

aF Ambitious - Fair

Equal reduction rate and final
allowances per country.

Reduction rate and final allowances per
country based on an equal cumulative
per capita principle.

Reduction rate and final allowances at
the European level as a whole.

Equal reduction rate and final
allowances per country.

Reduction rate and final allowances per
country based on an equal cumulative
per capita principle.

Optimise at the
European level.

Optimise at the
European level.

Optimise at the
European level.

Optimise at the
European level.

Optimise at the
European level.

15

Emission cap with
identical LRF per
country.

Emission cap with
fair LRF burden.

Emission cap with
LRF at the European
level.

Emission cap with
identical LRF per
country.

Emission cap with
fair LRF burden.

Reduce 25 % PEC and
34 % FEC relative to the
2005 levels.

Reduce 25 % PEC and
34 % FEC relative to the
2005 levels.

Reduce 25 % PEC and
34 % FEC relative to the
2005 levels.

Reduce 25 % PEC and
34 % FEC relative to the
2005 levels.

Reduce 25 % PEC and
34 % FEC relative to the
2005 levels.

90 % reduction in net

emissions compared to 1990

levels by 2040.
90 % reduction in net

emissions compared to 1990

levels by 2040.

(continued on next page)
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Table 7 (continued)
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Scenario Burden Sharing Type Sectoral Policies ETS EED: 2030 PEC and FEC 2040 Emission Reduction
Cap Target
aT Ambitious - Reduction rate and final allowances at Optimise at the Emission cap with Reduce 25 % PEC and 90 % reduction in net
System the European level as a whole. European level. LRF at the European 34 % FEC relative to the  emissions compared to 1990

level. 2005 levels. levels by 2040.

Appendix 3. Sectoral emissions intensity across Europe

Fig. 15,16, 17, 18, 19 and 20 present the sectoral emissions intensity as a breakdown of Fig. 12. In the power and heat sector (Fig. 15), emissions
shift into negative territory across Europe relative to the ‘REF’ scenario, especially in central countries like Germany, Switzerland, Poland, Czechia,
and Slovakia under the ‘T" scenarios. The agricultural sector (Fig. 16) shows minimal change across scenarios, reflecting limited decarbonisation
options in the model. Industrial emissions (Fig. 17), consistent with Fig. 9, are higher in ‘T” scenarios, particularly in Central Europe. The transport
sector (Fig. 18) follows similar trends across scenarios, suggesting cost-driven rather than policy-driven decarbonisation by 2050. In contrast, the
upstream and buildings sectors show marked differences between ‘REF’ and climate policy scenarios, highlighting the critical role of policy in driving

their transition.
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Data availability

Data will be made available on request.
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