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Abstract

This paper examines the interaction between European Union climate
ambition and recent trade policies affecting energy-intensive industries, with
a particular focus on steel. It assesses the extent to which EU climate policy
outcomes are influenced by current trade restrictions. By coupling a high-
resolution European energy system model with a global computable general
equilibrium framework, the analysis captures both technological feasibility
and economy-wide adjustment mechanisms along the transition pathway.
Two main results emerge. First, the paper quantifies economy-wide feedbacks
associated with steel decarbonisation under EU climate policy. EU steel pro-
duction declines by around 10% on average by 2040, with pronounced regional
heterogeneity, while aggregate macroeconomic impacts remain limited, with
EU-wide GDP losses below 0.5%. Second, trade fragmentation plays a sec-

ondary role relative to domestic climate policy. EU decarbonisation targets
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remain technically achievable, while USA steel tariffs have only marginal
additional effects on production, trade, and GDP, reflecting the limited ex-
posure of EU steel-intensive sectors to the USA market. Overall, internal cli-
mate policy design is the primary driver of economic and industrial outcomes
during the transition, reflecting the difference in scale between a comprehen-
sive structural transformation package and relatively limited protectionist
measures. Even in steel trade, competitiveness dynamics are shaped mainly
by climate policy stringency. Although macroeconomic effects are modest,
impacts are more visible in exposed sectors and vary across EU macroregions.
Climate ambition should therefore be accompanied by targeted industrial and
regional support. Where trade measures are unilateral and limited, assessing
effective domestic exposure should precede any retaliatory action.
Keywords: Climate policy, trade balance, energy system model, general

equilibrium model, model coupling, Fit-for-55

1. Introduction

The European Union (EU) has established itself as a forerunner in the
fight against climate change with the implementation in 2020 of the Euro-
pean Green Deal (1), aiming to transform the EU economy for sustainability
and prosperity. The path from European Green Deal’s objectives to practical
realization has been marked by two significant developments. The first is the
European Climate Law (2), which legally binds EU Member States to achieve
climate neutrality by 2050. The second is the Fit-For-55 (FF55) package (3),
that combines revisions to existing legislation with the introduction of new

policy instruments, with the aim to reduce EU’s greenhouse gas emissions



by 55% by 2030. Key policies within the package include amendments to
directives governing the EU Emissions Trading System (EU ETS), targets
for renewable energy deployment, energy efficiency standards, and CO5 emis-
sions regulations for vehicles. In addition to these changes, the FF55 package
introduces novel mechanisms such as the Carbon Border Adjustment Mech-
anism (CBAM) and the Social Climate Fund.

Over the past decade, global economic governance has shown a tendency
to move away from the liberalisation paradigm. Governments are adopting
interventionist measures, such as subsidies and selective tariffs, to strengthen
domestic competitiveness and strategic autonomy, a trend partially driven by
rising geopolitical instability. In the United States, policies like the Inflation
Reduction Act (4), together with renewed tariffs and trade renegotiations,
aim to re-shore clean-tech production and reduce import dependence. The
European Union has also implemented trade and industrial instruments such
as the CBAM, targeted trade defences, and subsidy schemes to sustain low-
carbon manufacturing. Emerging economies, including China and India, have
likewise expanded domestic production mandates in key low-carbon sectors
(5; 6). These developments redefine the context for Europe’s decarbonisation
efforts, reshaping the global conditions under which energy and industrial
transitions unfold.

Given this framework, the scope of the paper is to situate European
climate policies within an evolving landscape of economic and geopolitical
uncertainty, and to assess how they interact. Through this lens, we evalu-
ate their combined implications for both the energy system and the wider

economy. In particular, we focus on the energy system and steel industry.



Decarbonising energy-intensive industries hinges on the availability and cost
of low-carbon electricity, hydrogen, and other clean energy carriers. Focus-
ing on the energy system thus allows us to capture how European climate
policies, by altering the energy mix and carbon prices, reshape production
costs, while trade shocks feed back into energy demand. We dedicate par-
ticular attention to the steel industry, a hard-to-abate sector that sits at the
intersection of decarbonisation challenges and trade policy tensions. Steel
production’s energy-intensive nature and its strategic economic importance
make it a critical lens through which to examine how trade policies affect
industrial decarbonisation pathways. We use the 2025 USA tariffs on Eu-
ropean steel as a case study to investigate to what extent trade barriers in
this sector can affect production systems and influence Europe’s industrial
decarbonisation strategy.

Classical analyses of trade-environment linkages emphasise the roles of
scale, composition, and technique effects in shaping environmental outcomes
(7; 8). More recent work extends this perspective by showing that trade
regimes and policy architectures themselves can embed environmental dis-
tortions, for example by shifting emissions across borders, altering relative
competitiveness, or weakening incentives for low-carbon investment under
asymmetric regulation (9; 10). Empirical evidence on pollution-haven and
carbon-leakage dynamics remains mixed (11; 12; 13), yet it underscores the
sensitivity of energy-intensive sectors to asymmetric regulation and trade
costs. A growing literature has assessed policy instruments that seek to align
trade with climate objectives, most notably carbon border adjustment mech-

anisms and climate clubs (14; 15; 16; 17). At the same time, heterogeneous-



firm and innovation-focused analyses reveal that protectionist measures can
dampen productivity and slow clean-technology diffusion (18), while open,
rule-based regimes tend to favour innovation spillovers (19). Recent mod-
elling work further explores how trade measures influence decarbonisation
pathways in transport and industry (20; 21). Overall, these studies sug-
gest that the climate impact of protectionism is context-dependent, varying
with sectoral structure, technology availability, and policy design, making
integrated assessments that capture energy-industry-trade interactions in-
creasingly necessary.

Previous research has explored potential decarbonization pathways for
the European economy, with a substantial body of literature utilizing En-
ergy System Models (ESMs) to evaluate climate policy targets (22; 23; 24).
Mikropoulos et al. (25) conduct a comprehensive multi-model comparison
of integrated assessment and energy system models to assess EU climate
policy pathways to 2050, finding broad consensus on reduced energy de-
mand driven by electrification, increased renewables, and divergent technol-
ogy choices that underscore the value of model diversity for robust policy
insights under climate-neutral scenarios. Fragkos et al. (26) evaluated on
the previous EU’s target of reducing GHG emissions by 40% through simula-
tions using the PRIMES energy-system model. Beyond the energy modelling
perspective, economics research has addressed the economic, social and dis-
tributional impacts of energy policies (27; 28; 29; 30). One of the most
relevant studies is the European Commission’s Impact Assessment, which
shows that achieving the EU’s Fit-for-55 climate targets would strengthen

energy security, reduce dependence on imported fossil fuels, and create jobs



by redirecting investments from fossil fuels to clean energy technologies (31).
Another crucial analysis in the economic assessment literature is Weitzel
et al. (32), which employ the JRC-GEM-E3 Computable General Equilib-
rium (CGE) model, with inputs from energy system models, to assess policy
scenarios combining regulations and carbon pricing, downscaling results to
analyse household-level distributional and labour market impacts.

ESMs provide rigorous analytical frameworks to explore transition path-
ways, technological investments, and the feasibility of alternative energy
strategies (33). CGE models offer a comprehensive tool to assess climate
change mitigation policies by capturing multi-sectoral interactions, economic
agents’ behaviour, and international trade dynamics (34; 35). Energy mod-
els typically fail to account for the economic implications of changes in the
energy system, such as variations in energy demand, with outcomes often
influenced by externally defined assumptions about load levels (36; 37). In
contrast, CGE models do not typically capture the detailed representation
of supply technologies and technical constraints that ESMs offer as an ad-
vantage. Integrating different model types can expand the scope of analysis
and enable a more nuanced examination of individual sectors (38).

Building on previous research advocating the integration of CGE and
ESM frameworks, this study develops a coupled modelling approach link-
ing an energy system model and a CGE to coherently assess the combined
impacts of energy and trade policies. We develop an integrated framework
that couples the ESM PyPSA-Eur (with industrial extensions) and the CGE
model FIDELIO through a two-way soft link. This enables us to assess

policy-driven decarbonisation pathways from technical feasibility to macroe-



conomic feedbacks, and analyse the implications of trade policies, specifically,
steel tariffs, on Europe’s energy and industrial transitions.

According to the literature, models can be linked through either hard or
soft coupling. Hard coupling fully integrates models and typically involves
joint solution of a simplified hybrid system, while soft coupling keeps models
separate, using the output of one as input to the other. When information
flows in both directions, the approach is referred to as two-way soft coupling;
otherwise, it is one-way coupling.

Recent studies have advanced the integration of economic models with en-
ergy system models to better assess climate and energy policies. Gong et al.
(39) develop a bidirectional soft-coupling between the integrated assessment
model REMIND and the hourly power sector model DIETER to jointly solve
for investments and operational details, improving representation of variable
renewables and price signals in decarbonisation pathways for Germany. Fat-
tahi et al. (40) illustrate a soft-linking approach between the CGE model
ThreeME and the detailed energy system model IESA-Opt for the Nether-
lands, showing how linking models that represent macroeconomic feedbacks
and energy technology detail can alter projections of energy demand and
GDP under climate policy scenarios. Odenweller et al. (41) integrate RE-
MIND with the European energy system model PyPSA-Eur through itera-
tive, price-based soft coupling, enabling the combined evaluation of long-term
investment decisions for Germany to assess technically feasible, economically
viable pathways to climate neutrality and the role of demand-side flexibil-
ity. Collectively, these studies demonstrate how model coupling can provide

detailed, policy-relevant insights by integrating macroeconomic and energy



system dynamics, allowing evaluation of technology, market, and carbon pric-
ing interventions under realistic system constraints.

The present study enriches the literature in different directions:

1. We assess how steel industries respond to economy-wide decarbonisa-
tion dynamics, addressing a gap highlighted by Gillingham et al. (42).

2. We evaluate the influence of recent trade policies on European climate
policy outcomes, a timely and understudied topic.

3. We implement a soft coupling between a global CGE and a detailed Eu-
ropean energy system model, applied at the EU level, a methodological
advance, as previous soft-linking studies focused only on individual EU

countries.

The paper is organized as follows. Section 2 describes the methodologi-
cal framework, summarising the model coupling approach, expanded in Ap-
pendix A, and detailing the policy modelling strategy adopted in this study.
Section 3 describes the main results. Finally, Section 4 discusses the out-

comes and Section 5 draws some policy implications and conclusions.

2. Methods

To describe the methodology implemented, this Section provides first an
overview of the two models employed (Subsection 2.1) and the methods used
to couple them (Subsection 2.2). Second, we describe the policy context,
looking at both the EU climate targets and then the USA tariffs on imported
steel (Subsection 2.3). Finally, Subsection 2.4 details how these policies are
implemented within the modelling framework, while Subsection 2.5 presents

the scenario design used to address the research questions.



2.1. Models description

This analysis soft-couples a detailed energy system model, PyPSA-Eur
with a macroeconomic CGE model, FIDELIO, to capture both economy-
wide adjustments and technology-specific decarbonisation pathways.

PyPSA-Eur is an open-source techno-economic optimisation model of the
European energy system that determines cost-minimising investment and
dispatch decisions subject to technical, spatial and policy constraints. For a
detailed description of the model, the reader is referred to Brown et al. (43).
The model endogenously determines technology mix, energy prices, and in-
vestment requirements consistent with emissions constraints, minimizing sys-
tem costs. PyPSA-Eur represents electricity generation, heat production,
industry, transport, and transmission networks at high spatial and temporal
resolution. For this study, it has been extended to include energy-intensive
industrial processes, particularly steel production, following Di Bella et al.
(44). In this paper industrial production is assumed to remain geographically
fixed, relying on the existing stock of industrial plants. No relocation of pro-
duction capacity across regions is permitted within the modelling framework.

The model is run in myopic mode for 2030, 2040, and 2050 at three-
hourly resolution, with 31 country-level nodes covering the EU27 (excluding
Cyprus and Malta) and the United Kingdom. Throughout this paper, the
geographical aggregation for Europe derived from PyPSA-Eur is referred to
as “EU26+UK”. A brownfield setup is used, with endogenous expansion of
renewables, storage, and selected technologies. Climate impacts on renew-
able generation are represented using climate-adjusted ERA5 and EURO-
CORDEX projections under RCP 4.5. Electricity and methane networks are



based on existing infrastructure with limited grid expansion allowed, while
technology costs follow PyPSA Technology-Data assumptions (45). Biomass
and COs removal options are constrained in line with EU long-term strate-
gies. Current power grid is included and the expansion of transmission lines
is constrained to a maximum of 20% of existing installed capacity, weighted
by individual line lengths.

FIDELIO is a recursive-dynamic, multi-region, multi-sector CGE model
built on global multi-regional input-output data; a detailed documentation
is provided in Rocchi et al. (46). It represents international trade through
bilateral flows and Armington differentiation, and captures interactions be-
tween production, consumption, investment, government behaviour and for-
eign trade across countries and sectors. A key feature of FIDELIO is the ex-
plicit modelling of short-term rigidities and adjustment frictions, which allow
transitional dynamics and policy-induced adjustment costs to be analysed
rather than assuming instantaneous long-run equilibrium outcomes. The
model solves sequentially over time, with each period depending on the pre-
vious one, making it suitable for analysing medium-term transition pathways
under climate and trade policies.

The choice of these models reflects the need to jointly capture detailed
energy system transformation within Europe and economy-wide trade and
macroeconomic interactions at the global level. PyPSA-Eur offers a high-
resolution, open-source representation of the European energy system, with
detailed spatial and temporal resolution, a well-maintained and transpar-
ent database, and an extended formulation that endogenises steelmaking

technologies through vintage plant modelling (44). Complementing this, FI-
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DELIO provides a global, multi-regional macroeconomic framework with de-
tailed sectoral and bilateral trade representations, allowing the analysis of de-
mand responses, trade reallocation, and adjustment frictions across regions.
Its structure is especially suited to evaluating trade-related policy shocks and
their economy-wide spillovers, which are central to understanding the inter-
action between climate ambition and trade fragmentation. The integrated
modelling framework combines PyPSA-Eur and FIDELIO through a two-way
soft coupling. The full implementation is available in an open-source repos-
itory (https://github.com/cerealice/pypsa-fidelio), which provides the shell
framework coordinating data exchange, iteration control, and convergence

between the two models.

2.2. Models coupling

The two models are linked through a two-way, iterative soft-coupling
framework designed to combine their respective strengths while preserving
their internal consistency. Information is exchanged iteratively between them
until convergence is achieved for a predefined set of variables. This approach
allows each model to operate within its structure while capturing feedbacks
between the energy system and the broader economy. The coupling follows
a sequential logic, illustrated in Figure 1.

For each scenario, PyPSA-Eur is solved first to determine the energy-
system and industrial transformation implied by the climate policy, includ-
ing power-sector deployment, electricity and energy prices, steel production
costs, investment levels, household electrification rates, and carbon price sig-
nals. This sequencing reflects the fact that several of these variables are

endogenously determined within the energy system model and are not avail-
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Figure 1: Iterative framework scheme. (j, denotes the convergence indicator; convergence

is assumed when (;, falls below 1%.

able or cannot be resolved with sufficient technological detail in FIDELIO.
These outputs are then translated into a set of harmonised shocks and param-
eters that are passed to FIDELIO. In FIDELIO, these inputs affect produc-
tion costs, final demand, investment behaviour and trade flows, generating
economy-wide adjustments in sectoral output and household demand. The
CGE returns updated demand trajectories to PyPSA-Fur, meaning aggre-
gate and sector-specific activity levels, as well as demand shifts for energy-
intensive products and transport and energy services. PyPSA-Eur then re-
optimises the energy system under these updated demand conditions. This
exchange is repeated iteratively, until changes in the exchanged variables fall
below a predefined convergence threshold.

Since the two models differ in temporal and spatial resolution, the cou-
pling involves a number of harmonisation steps. PyPSA-Eur outputs, which
are generated at high temporal resolution and for discrete milestone years,
are aggregated and interpolated to match the annual time structure of FI-
DELIO. Conversely, economy-wide demand changes computed by FIDELIO

are mapped onto the sectoral and service categories required by PyPSA-Eur.
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Detailed documentation of the data mappings, convergence metrics, and im-

plementation of the coupling is provided in Appendix A.

2.3. Climate and trade policy framework

The analysis considers the interaction between European climate policy
and evolving international trade conditions. More in detail, this Section
provides a description of the two specific policy tools assessed: (i) the im-
plementation of the European Union’s climate policy architecture under the
Fit-for-55 package, and (ii) recent USA steel tariffs on imports.

The Fit-for-55 package constitutes the core instrument through which
the European Union operationalises the objectives of the European Green
Deal and the European Climate Law, namely a reduction of greenhouse gas
emissions by at least 55% by 2030 relative to 1990 levels and the achieve-
ment of climate neutrality by 2050. FF55 is a comprehensive and integrated
framework combining market-based instruments, regulatory standards, and
supporting measures across energy, industry, transport, and households. At
the centre of the package is the reform of the EU Emissions Trading System,
which introduces a tighter emissions cap, a higher linear reduction factor,
and a gradual phase-out of free allowances for energy-intensive sectors. The
scope of emissions trading is expanded to maritime transport, while a new
ETS (ETS2) applies to emissions from buildings and road transport. Com-
plementary regulatory instruments include revised targets under the Renew-
able Energy Directive (RED) and the Energy Efficiency Directive, stricter
COs performance standards for road transport, and fuel-specific regulations
for aviation and maritime transport. Additional provisions address hydrogen

and gas markets, infrastructure deployment, and social compensation mecha-
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nisms, notably through the Social Climate Fund. Taken together, these mea-
sures influence technology choices, investment patterns, and energy-system
configuration, while also generating economy-wide adjustment pressures. A
distinctive element of the FF55 architecture is the Carbon Border Adjust-
ment Mechanism, which links climate policy directly to international trade.
CBAM aims to reduce carbon leakage risks by aligning the carbon cost of
selected imports with that faced by EU producers under the ETS, and is
closely connected to the progressive removal of free allowances in covered
sectors, including steel.

Alongside climate policy, the analysis explicitly considers trade policy
shocks reflecting a renewed use of tariffs and trade restrictions. The applied
analysis focuses on recent USA tariffs on steel imports as a case study of trade
measures affecting key hard-to-abate sectors. In early 2025, the USA admin-
istration announced a 50% tariff on steel imports, prompting the European
Commission to impose retaliatory duties worth 26 bnEUR (47; 48). These
tariffs alter relative prices, competitiveness, and trade flows independently of
climate policy objectives, yet interact strongly with decarbonisation efforts
by reshaping market conditions for energy-intensive industries.

For context, we report descriptive trade statistics from the 2015 bench-
mark underlying the FIDELIO model. While not intended to represent cur-
rent trade patterns, these figures characterise the initial trade structure from
which the policy simulations depart. As shown in Table 1, the United States
absorbs around 11% of total EU exports in steel-related value-chain sectors,

suggesting a meaningful but not dominant exposure of European producers

to USA steel tariffs.
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Table 1: EU26+UK (EU27 excluding Cyprus and Malta, plus UK) exports of steel value-
chain sectors by top 10 destinations in 2015.

Destination  Share (%)

China 17.9
USA 11.4
Russia 6.3
Switzerland 6.1
Turkiye 6.0
Norway 3.2
Saudi Arabia 3.1
Mexico 3.0
South Korea 2.6
Australia 2.4

2.4. Policies implementation

Climate and trade policies are implemented within the coupled PyPSA-
Eur-FIDELIO framework according to the scope and modelling strengths
of each model. Policies that directly affect the energy system, technology
choices, and emissions constraints are primarily represented in PyPSA-Eur,
while policies that operate through trade costs, income redistribution, and
macroeconomic channels are implemented in FIDELIO. Through the two-
way coupling, the effects of these policies propagate across both models.

The Fit-for-55 climate policy package is implemented as a coherent set of
constraints consistent with the EU’s emissions reduction objectives for 2030,

2040, and 2050. In PyPSA-Eur, these objectives are operationalised through
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sector-specific greenhouse-gas emission caps, technology and fuel-mix require-
ments, and performance standards that guide investment and dispatch de-
cisions in the power system, transport, and selected industrial sectors. An
overarching emissions trajectory ensures a 55% reduction by 2030, a 90%
reduction by 2040, and Net-Zero emissions by 2050 at the EU level. Instru-
ments such as the Carbon Border Adjustment Mechanism and the recycling
of climate-policy revenues are implemented directly in the macroeconomic
model. Trade policy shocks are implemented in FIDELIO as changes in bi-
lateral trade costs affecting energy-intensive sectors, with a particular focus
on steel.

A detailed overview of the individual policy instruments and their specific

representation within each model is provided in Table 2.

Table 2: Overview of Fit-for-55 policy measures and their implementation in the modelling

framework.
Measure Details Model implementation
Revision of EU ETS Power, energy-intensive industry, and aviation =~ PyPSA-Eur, imposing a cap on
(+maritime): -63% GHG emissions in 2030 GHG emissions from the respective
relative to 2005. sectors.
ETS2 Buildings (commercial and residential) and  PyPSA-FEur, imposing a cap on

road transport: -43% GHG emissions in 2030 GHG emissions from the relative

relative to 2005. sectors.

Continued on next page
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Table 2 — Continued from previous page

Measure

Details

Model implementation

CBAM

Revision of ESR

Performance standards

for Internal Combustion

Engine (ICE)

FuelEU Maritime

Refuel EU Aviation

Industrial products from countries without

ETS pay CBAM certificates.

National emission reduction targets for build-
ings, road transport, agriculture, waste, and
small industries to achieve -40% GHG emis-
sions in 2030 relative to 2005.

Ban on internal combustion engine sales after

2035

Annual carbon intensity reduction with re-
spect to 2020: -6% (2030), -38% (2040), -80%
(2050) [CO2/t-mile]. Reference value: 91.16
gCO2e/MJ.

SAF (Sustainable Aviation Fuels) shares: 6%
(2030), 34% (2040), 70% (2050); e-fuels: 1.2%
(2030), 15% (2040), 35% (2050).

FIDELIO: CBAM is modelled as
an additional import tariff on EU
imports of CBAM-covered goods,
calculated as the EU ETS car-
bon price multiplied by the em-
bedded COz2 intensity of exporter
production (sector-weighted and
time-updated) and adjusted for the
progressive phase-out of free al-
lowances. The mechanism is ap-
plied to all CBAM-covered indus-
trial sectors, while electricity im-
ports are excluded, reflecting their
physical transmission constraints.
PyPSA-Eur, imposing a cap on
GHG emissions from non-ETS sec-

tors.

PyPSA-Eur, adjusting Electric Ve-
hicles (EVs) shares to meet per-
formance targets, detailed in Ap-
pendix B.1.
PyPSA-Eur, adjusting maritime
fuel mix to meet carbon intensity
targets, detailed in Appendix B.2.
PyPSA-Eur, adjusting aviation
fuel mix to meet SAF and e-fuel

targets, detailed in Appendix B.3.
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Table 2 — Continued from previous page

Measure

Details

Model implementation

Social Climate Fund

Gas markets

Revision of Energy Effi-

ciency Directive

Revision of Energy Per-

formance of Buildings

REPowerEU
RED)

(Revision

Regulation on methane

Alternative Fuels Infras-
tructure Regulation

New LULUCEF rules

Market Stability Reserve
(ETS)
Revision of Energy Tax-

ation Directive

ETS revenues earmarked for vulnerable house-

holds, microenterprises, and transport users.

Development of a hydrogen backbone network.

-39% primary and -36% final EU energy con-
sumption by 2030 (this translated in no more
than 1023 Mtoe for primary, 787 for final (49)).
-16% average primary energy in residential
buildings by 2030, -20% by 2035; phase-out
of fossil boilers by 2040.

Renewable energy share target: 42.5-45% in

final energy.

Common standards for methane emissions;
mandatory leak detection and repair; ban on
venting/flaring.

EV recharge stations every 60 km by 2026; Ho
refuelling every 100 km by 2028.

-310 MtCO2 target in 2030.

Adjustment of allowance supply in EU ETS.

Restructuring of energy taxation based on car-

bon content and energy efficiency.

FIDELIO: ETS revenues are re-
cycled through the Social Climate
Fund by reallocating 50% of car-
bon tax revenues to public con-
sumption, representing transfers
and support measures for house-
holds and vulnerable users, while
the remaining 50% is redistributed
through other government chan-
nels.
PyPSA-Eur, enabling hydrogen
grid expansion and utilisation.
PyPSA-Eur, validated ex-post
through resulting primary energy
consumption in Appendix C.1.
PyPSA-Eur, oil boilers are not in-
cluded, energy performance is val-
idated ex-post through resulting
building energy demand in Ap-
pendix C.1.
PyPSA-Eur, validated ex-post
through resulting RES shares in
Appendix C.1.

Not implemented (methane leaks

not represented in models).

Not implemented (specific infras-
tructures not included).

Sector not adequately represented
in either model.

Not explicitly modelled.

Not explicitly modelled.
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The EU ETS2 and the ESR partially overlap in buildings and road trans-
port, combining national emission targets with a market-based carbon price.
From 2027, both apply simultaneously, requiring coordination to ensure pol-
icy coherence, while the ESR remains relevant for uncovered sectors such
as agriculture and waste. ETS2 also includes a price stabilization mecha-
nism, with allowance releases if prices exceed EUR 45/tCOy before 2029;
accordingly, this price cap is imposed until 2030 (30). For transport sectors,
policies usually refer to emission or performance standards. Designing those

in PyPSA-Eur requires some calculations, that are shown in Appendix B.

2.5. Scenarios design

Three scenarios are analysed to disentangle the effects of climate policies
and trade tariffs. The Baseline scenario represents a counterfactual pathway
without climate policy, providing the reference trajectory against which all
policy impacts are evaluated. The EU ClimPol scenario implements the full
Fit-for-55 policy package and the European Climate Law objectives. The FU
ClimPol + Tariffs scenario builds on the climate-policy scenario by introduc-
ing trade policies in the form of the 50% tariffs on steel imports in the US.
This scenario allows the assessment of how rising protectionism and geopolit-
ical fragmentation interact with climate policy, particularly in hard-to-abate
sectors. Across all scenarios, policies are applied consistently over time, and
results are reported for the milestone years 2030, 2040, and 2050. By com-
paring outcomes across scenarios, the analysis isolates the macroeconomic,
trade, and energy-system effects of climate policy alone and in combination

with trade shocks.
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3. Results

Results are presented as energy-system outcomes generated by PyPSA-
Eur (Subsections 3.1 and 3.2) and then macroeconomic outcomes produced
by FIDELIO (Subsections 3.3 and 3.4). To facilitate interpretation, EU
countries are grouped into three macro-regions: Southern Europe (SEU),
comprising Spain, Greece, Italy, and Portugal; Eastern Europe (EEU), in-
cluding Bulgaria, Czech Republic, Estonia, Croatia, Hungary, Lithuania,
Latvia, Poland, Romania, Slovenia, and Slovakia; and Northwestern Europe
(NWEU), covering Austria, Belgium, Germany, Denmark, Finland, France,
the United Kingdom, Ireland, Luxembourg, the Netherlands, and Sweden.

3.1. Electricity production

Figure 2 shows electricity production and consumption per capita by
macro-region and total electricity generation and demand at the EU26+UK
level across the three scenarios. Relative to the Baseline, both climate-policy
scenarios (EU ClimPol and EU ClimPol + Tariffs) exhibit a pronounced in-
crease in electricity demand over time, reaching the total value of around
8200 TWh in 2050. This reflects the central role of electrification in decar-
bonization, as power increasingly substitutes for fossil fuels across industry,
transport, and other end-use sectors. The PyPSA-Eur-FIDELIO coupling
allows electricity demand to respond endogenously to structural economic
changes, providing additional flexibility and robustness to the results. In
comparison, the uncoupled PyPSA-Eur model yields electricity demand that
is, on average, 12.3 TWh higher, corresponding to less than 0.2% of to-
tal demand in 2050. This limited divergence suggests that, for this vari-
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Figure 2: Electricity production and demand per capita by macro-region (left panels) and
total electricity production and demand at the EU26+UK level (right panel) under the
Baseline, EU ClimPol, and EU ClimPol + Tariffs scenarios. Positive values represent
power generation for different technologies, while negative values show how this electricity

is consumed by end-use sector. Results are shown for 2030, 2040, and 2050.

able, long-term electricity demand trajectories are only weakly affected by
economy-wide feedbacks, and appear largely driven by the structural features
and constraints of the electricity system representation.

The expansion of power demand is broadly consistent with findings from
other European decarbonisation assessments, including recent analyses by
the Joint Research Centre (50). While their standard projections estimate
EU gross electricity will range between 3850 and 6400 TWh by 2050, the Low-
Carbon Energy Observatory outlines a significantly higher scenario reaching
10548 TWh, driven by the energy intensity of hydrogen and e-fuel production.

NWEU displays the highest per-capita electricity production, due to ex-
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tensive wind deployment, SEU relies more strongly on solar generation, while
EEU shows a more balanced renewable mix. In addition to the existing Euro-
pean power grid, transmission expansion is limited to a maximum increase of
20% of existing capacity, reflecting a conservative assumption on cross-border
coordination. This allows for moderate EU power market integration, while
potentially understating the benefits of deeper grid expansion. The power
generation mix remain similar across the two climate-policy scenarios, indi-
cating that trade measures have limited influence on the electricity system
compared to the scale of electrification and decarbonization. A major driver
of electricity demand growth in the climate-policy scenarios is the produc-
tion of electro-based fuels, in particular synthetic oil, via Fischer-Tropsch
processes. These fuels contribute significantly to total electricity consump-
tion, accounting for 26.7% of all power use in 2040 across climate policy
scenarios. This reflects the central role of syn-fuels in decarbonising hard-to-
electrify sectors such as aviation and maritime transport. The magnitude of
this effect is also influenced by modelling assumptions in PyPSA-FEur, where
all synthetic fuels are produced domestically; allowing for imports could alle-

viate pressure on the electricity system and potentially reduce overall costs.

3.2. Steel production

Figure 3 illustrates the evolution of steel production and prices across
EU macro-regions under climate and trade policy scenarios. In the Baseline
scenario, steel production follows historical spatial patterns, with output
concentrated in NWEU (71.2 Mt/yr) and lower production levels in SEU
(39.9 Mt/yr) and EEU (15.0 Mt/yr).

In 2030, climate policy has little impact on steel output, as the transi-
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Figure 3: Spatial distribution of steel production and production-weighted steel prices
across EU macro-regions in 2030, 2040, and 2050 under the Baseline, EU ClimPol, and
EU ClimPol + Tariffs scenarios. The top row shows absolute steel production levels
(Mt/yr) in the Baseline. The middle and bottom rows report percentage deviations in
steel production relative to the Baseline under climate policy alone and with additional
trade tariffs, respectively. Annotated values indicate average production-weighted steel

prices [EUR/t| by macro-region.
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tion is still in its early stages and production structures remain largely un-
changed, while 2040 represents the most disruptive phase, marked by deep
emissions reductions and peak investment and restructuring in the steel sec-
tor. EU26+UK steel production declines sharply in 2040, by 11.7% under
EU ClimPol and 12.3% under EU ClimPol + Tariffs, before recovering by
2050, when output is 0.2% and 0.3% below the Baseline, respectively.

Eastern European countries experience the largest relative reductions in
steel output, reaching around 25% by 2040. However, EU steel produc-
tion is largely concentrated in NWEU and SEU, where relative declines are
more limited, so we observe a smaller contribution to aggregate EU output
changes. This reflects the assumption that industrial production capacity is
geographically fixed, thus changes in steel output occur within the countries
where production is historically located and cannot be offset through spatial
reallocation.

Steel prices increase substantially under climate policy scenarios, most no-
tably in 2040, reflecting higher production costs associated with low-carbon
technology investments, before stabilising by 2050 as major capital adjust-
ments are completed. By comparison, the uncoupled PyPSA-Eur model
yields a production-weighted average steel price of about 526 EUR/t for
EU26+UK in 2050. When the macroeconomic feedbacks captured by FIDE-
LIO are taken into account, EU26+ UK steel prices are around 9.1% lower
(478 EUR/t), indicating that price formation is substantially influenced by
the coupling.
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3.8. Macroeconomic results

Figure 4 shows GDP deviations relative to the Baseline for EU macro-
regions under the EU ClimPol and EU ClimPol + Tariffs scenarios, com-
puted as five-year averages for 2030, 2040, and 2050.
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Figure 4: Variation in GDP relative to the Baseline scenario, expressed in percentage
points, for NWEU, EEU, SEU, and the EU26+ UK aggregate. Results are shown for the
EU ClimPol and EU ClimPol + Tariffs scenarios and for the milestone years 2030, 2040,

and 2050, averaging for 5 years around the corresponding one.

Overall, aggregate GDP impacts for the EU26+UK remain limited, indi-
cating moderate system-wide transition costs, as higher production costs are

partly offset by increased low-carbon investment. GDP effects are slightly
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positive in 2030, reflecting the early transition phase with moderate invest-
ment needs and less stringent emissions constraints. By 2040, GDP im-
pacts turn negative with respect to the Baseline values, coinciding with the
most demanding phase of the transition, marked by deep emissions reduc-
tions (-90%) and peak investment and restructuring requirements. In 2050,
GDP deviations partially recover as major transition investments have largely
been completed and the system enters a more stable phase. Impacts are un-
even across regions: EEU experiences the largest GDP losses, reaching up
to -1.4%, while NWEU and SEU are less affected, reflecting differences in
industrial structure and renewable resource availability, with more limited
renewable potential in the EEU compared to strong wind resources in the
NWEU and solar potential in the SEU. Finally, the introduction of USA
steel tariffs does not significantly alter the GDP trajectory relative to the
climate policy scenario alone. This limited effect is primarily attributable
to two factors: steel production represents only 1.3% of EU GDP (51), and
steel-intensive products exported to the USA account for less than 2% of

total EU production in these sectors® (52).

3.4. Trade implications
Figure 5 reports the variation in export volumes, excluding intra-EU
trade, by macro-region and year (2030, 2040, and 2050) for the aggregated

steel-intensive sectors, as percentage deviations relative to the Baseline. We

! According to the FIGARO input-output database (2015), around 11% of EU exports
of steel-intensive products are destined to the USA, and extra-EU exports represent ap-
proximately 17% of total EU production of these goods. Combining these shares implies

that US-bound exports correspond to roughly 2% of overall EU steel-intensive production.
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focus on these sectors because the analysis aims to provide a closer assessment
of industries that are particularly exposed both to decarbonisation policies
and to trade restrictions, given their energy intensity and trade openness.
Appendix Appendix C.3, with Figures C.14 and C.15, reports the corre-
sponding results for total trade flows. While the qualitative patterns are
similar, the magnitude of changes is substantially smaller when considering
aggregate trade, reflecting the more limited exposure of the overall economy

compared to steel-intensive sectors.
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Figure 5: Variation in exports of steel-intensive sectors by macro-region relative to the
Baseline, for EU ClimPol and EU ClimPol + Tariffs. Values are computed as 5-year av-
erages and exclude intra-EU macro-regional trade flows. The steel-intensive sectors sectors
includes primary steel production, fabricated metal products, machinery and equipment,

and motor vehicles and transport equipment.

All values represent five-year averages before the target years, smoothing
short-term fluctuations. The steel-intensive sectors encompass primary steel
production (Classification of Products by Activity code CPA C24 S) as
well as downstream steel-intensive manufacturing sectors: fabricated metal
products (CPA_C25), machinery and equipment (CPA C28), motor vehi-

cles, trailers and semi-trailers (CPA_C29), and other transport equipment
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(CPA _(C30). This classification is adopted to capture not only direct trade
effects in raw steel but also indirect adjustments transmitted through verti-
cally integrated industrial activities. Regional aggregation distinguishes the
three chosen European macro-regions and selected non-EU economies that
play a central role in global steel trade.

Across all European macro-regions, climate policy implementation leads
to a reduction in exports from 2040, reflecting a broadly homogeneous re-
sponse across Eastern, Southern, and Northwestern Europe. Export reduc-
tion for EU regions is lower when intra-European trade is included, as shown
in Appendix C.2 (e.g., in Figure C.10 for 2040, EU ClimPol: EEU -8.21%,
NWEU -4.34%, SEU -6.53%). This reflects the fact that intra-EU trade
is less affected by transition-related price increases and constitutes a sub-
stantial share of total EU trade (around 70% (52)). The introduction of
USA tariffs has a negligible additional effect on EU exports, indicating that
the dominant driver of the export contraction is domestic decarbonisation
rather than external trade measures. Figures C.18 further reports the evo-
lution of trade dependency indicators, measured as the ratio of exports to
sectoral output. While non-zero, changes in export intensity remain mod-
est across regions and years. In particular, decarbonisation induces only
limited increases in the export/output ratio, suggesting that climate policy
affects trade volumes without generating a structural shift in the trade ori-
entation of steel-intensive sectors. In contrast, USA experiences an increase
in exports under EU ClimPol scenario, up to 2.09% in 2040, consistent with
a competitiveness-driven reallocation of steel and steel-intensive production

towards regions facing weaker climate constraints. This export expansion is
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reduced when tariffs are introduced, highlighting the role of trade tariffs in
dampening competitiveness gains associated with asymmetric climate ambi-
tion. China exhibits a larger increase in export with respect to USA, within
the EU ClimPol up to 3.08%, slightly more when tariffs are applied. Finally,
Canada shows a pronounced sensitivity to USA trade measures: while EU
climate policy alone has a limited effect on Canadian exports, the introduc-
tion of tariffs leads to a marked reduction, reflecting Canada’s strong trade
integration with the US.

Figure 6 presents the variation in import volumes, excluding the intra-
EU trade, by macro-region and year (2030, 2040, and 2050), measured as
percentage deviations from the Baseline for the aggregated steel-intensive

sectors.
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Figure 6: Variation in total imports of steel-intensive sectors by macro-region relative
to the Baseline, for EU ClimPol and EU ClimPol + Tariffs. Values are computed as
5-year averages and exclude intra-EU macro-regional trade flows. The steel-intensive sec-
tors sectors includes primary steel production, fabricated metal products, machinery and

equipment, and motor vehicles and transport equipment.

Import increase in all EU26+4UK regions with respect to the Baseline, par-
ticularly in 2040. The introduction of USA tariffs leads to only marginal addi-
tional changes, confirming that EU import dynamics are primarily shaped by
internal climate policy rather than external trade measures. As for exports,
Figure C.19 shows the evolution of import dependency, measured as the ra-

tio of imports to sectoral output. While climate policy induces increases in
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import shares in some regions, these remain limited in absolute terms, indi-
cating a marginal rise in trade relevance rather than a structural change in
external dependence. The United States experiences a moderate reduction
in imports, which becomes more pronounced when tariffs are introduced (-
2.70% in 2040). China shows a decline in imports under the EU ClimPol sce-
nario, while USA tariffs further amplify this contraction. For both countries,
the observed reduction in imports is predominantly attributable to decreased
procurement from EU member states, partially offset by the substitution of
products sourced from other countries and the expansion of domestic manu-
facturing within steel-intensive sectors (as in Figure C.16 (2040): EU ClimPol
yields +0.75% USA and +1.18% China; EU ClimPol + Tariffs yields +0.68%
and +1.24% respectively). Canada and Mexico, by comparison, exhibit mi-
nor change in import volumes under KU ClimPol alone, and both nations

record slightly stronger reductions of imports once USA tariffs are applied.

4. Discussion

This study integrates a high-resolution European energy system model
with a global macroeconomic trade model to assess how climate ambition
and trade fragmentation jointly shape energy, industrial, and economic out-
comes. By soft coupling PyPSA-Eur and FIDELIO in a two-way iterative
framework, the analysis captures feedbacks between technology deployment,
energy prices, industrial costs, trade flows, and aggregate economic activity
that are typically examined in isolation. In line with other similar stud-
ies (53; 54), the two-way coupling highlights an important asymmetry in

cross-model feedbacks. On the energy-system side, electricity demand levels
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adjust endogenously to macroeconomic changes, but these variations do not
substantially alter the optimal technology mix or the spatial structure of gen-
eration, which remains primarily driven by resource availability and system
constraints. By contrast, price signals transmitted from the energy system to
the macroeconomic model play a much stronger role. In particular, changes
in energy and steel prices generated by PyPSA-Eur significantly affect pro-
duction costs, trade flows, and demand responses in FIDELIO. Steel prices
are especially sensitive to the coupling, as endogenous demand adjustments
and economy-wide feedbacks lead to systematically lower prices than in the
uncoupled energy-system representation. Overall, these results suggest that
coupling is most critical for capturing price- and demand-mediated adjust-
ment mechanisms, while the core technological configuration of the energy
system remains relatively robust to macroeconomic feedbacks.

Across all scenarios, changes in production, trade, and economic outcomes
for EU26+UK are shaped predominantly by EU climate policy itself, while
trade tariffs on steel play a secondary role. Trade disruptions do not mate-
rially alter the direction or timing of the decarbonisation pathway, reflecting
the difference in scale between a comprehensive structural transformation
package and relatively limited protectionist measures. .

Looking at specific industries, in line with other recent studies (55; 56),
the electricity system emerges as the backbone of the transition, with rapid
electrification and the expansion of renewable generation underpinning emis-
sions reductions across sectors. Synthetic fuel production for aviation and
maritime transport substantially amplifies electricity demand (57). This cen-

tral role of electricity also highlights the importance of examining potential
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frictions that could hinder such expansion, including political and strategic
constraints that lie outside the scope of the present modelling framework.

The reduction in steel output peaks around 2040, when emissions targets
tighten sharply and a large share of existing steelmaking capacity must be
replaced or retrofitted with low carbon technologies, increasing adjustment
costs and output price, and temporarily reducing production. Even in the
steel sector, where trade measures might be expected to play a more promi-
nent role, production adjustments remain primarily driven by the stringency
of climate policy. The steel sector’s adjustment dynamics highlight not only
the relevance of climate ambition in driving production changes but also the
potential role of complementary industrial support. This is in line with recent
proposals envisaging the re-purposing of free allocation and the alignment of
ETS revenues with broader industrial decarbonisation objectives that aim to
direct additional resources toward the deployment and scaling of low-carbon
technologies, thereby potentially mitigating adjustment costs and reinforcing
competitiveness in emissions-intensive sectors (58).

The primary driver of adjustment in steel-intensive trade flows for EU is
domestic climate policy rather than external trade measures. EU decarbon-
isation leads to higher production costs and prices in steel and downstream
sectors, reducing export competitiveness and increasing reliance on imports.
This finding is consistent with the risk of carbon leakage in emissions-intensive
industries under asymmetric climate ambition. Existing literature suggests
that instruments such as carbon border adjustments or targeted industry
support may mitigate these competitiveness effects by narrowing cost dif-

ferentials across regions, although their effectiveness depends on design and
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coverage (59; 60; 15). By contrast, the introduction of USA steel tariffs gen-
erates only marginal additional effects on EU trade flows, reflecting both the
limited exposure of EU steel-intensive production to the USA market and the
dominance of internal policy-driven cost pressures. Outside the EU, asym-
metric climate ambition creates temporary competitiveness gains for regions
with weaker climate constraints, notably the United States and China, while
tariffs primarily reallocate trade away from closely integrated partners such as
Canada rather than delivering sustained export gains for the tariff-imposing
country.

At the macroeconomic level, GDP impacts remain moderate for overall
EU26+UK but are unevenly distributed across regions, with Eastern Europe
experiencing the largest relative losses due to differences in industrial struc-
ture and more limited renewable resource availability. These regions often
have economies reliant on fossil-fuel industries or energy-intensive manufac-
turing and show “low adaptability” to the clean energy shift (61). This result
is in line with literature (61; 62) and highlights the importance of accom-
panying climate policy with targeted support measures, such as enhanced
investment subsidies, expanded use of the Social Climate Fund, and region-
specific industrial transition assistance.

Consistently, analyses of recent trade tensions show that the macroeco-
nomic impact of tariffs on Europe is minor. For example, an EU-USA “trade
war” scenario was estimated to trim EU GDP by only ~0.2-0.5%. Moreover,
only about 3% of EU GDP is tied to exports potentially affected by USA
steel tariffs, “constraining the potential for significant direct economic dam-

age” (63). Within the scenarios considered in this paper, moderate tariffs
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do not materially influence the direction or timing of the transition, imply-
ing that escalation through retaliatory trade measures is unlikely to deliver

meaningful economic or climate gains.

5. Conclusions

This paper set out to examine two closely related questions: whether
recent USA trade measures materially affect European climate policy out-
comes, and how steel decarbonisation interacts with broader economic and
trade dynamics. The results show clearly that, for EU26+ UK, the trajec-
tory of decarbonisation is determined primarily by internal climate ambition
rather than by external trade policies. Recent steel tariffs, while relevant
for specific bilateral trade relations, do not significantly alter the timing, di-
rection, or feasibility of the EU’s transition pathway, nor do they materially
affect aggregate economic outcomes. Their effects are concentrated largely
outside the EU, generating distortions for closely integrated trading part-
ners with USA, without delivering sustained competitiveness gains for the
tariff-imposing country.

More broadly, the analysis demonstrates that steel decarbonisation in the
EU is shaped by economy-wide adjustment processes rather than by sector-
specific technological constraints. Production, prices, and trade flows in the
steel sector respond to the interaction between climate policy stringency
and endogenous demand adjustments captured in the coupled PyPSA-Fur-
FIDELIO framework. The pronounced contraction of EU steel production
observed around 2040 reflects the alignment of tightening emissions targets

with peak investment and restructuring needs, while the partial recovery by
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2050 indicates that adjustment pressures ease once major capital turnover
has occurred. Persistent regional heterogeneity, particularly the larger rela-
tive output losses in Eastern Europe, underscores the importance of analysing
industrial decarbonisation within an integrated macroeconomic context.

Taken together, these findings suggest that safeguarding EU industrial
competitiveness is less a matter of defensive trade measures and more a
question of aligning climate ambition with targeted industrial support, co-
ordinated climate-trade instruments, and region-specific transition policies.
Delivering an economically resilient and politically sustainable decarbonisa-
tion pathway therefore requires coherent integration of climate, industrial,
and social policy frameworks.

From a modelling perspective, the study highlights the added value of
integrated energy—economy frameworks for analysing industrial decarbon-
isation. While high-resolution energy-system models capture technologi-
cal feasibility and system-level constraints, coupling with a macroeconomic
trade model is essential to represent endogenous price formation, demand
responses, and trade adjustments that materially affect sectoral and aggre-
gate economic outcomes. The results indicate that such coupling is par-
ticularly important when research questions concern global trade dynamics,
competitiveness, and economy-wide adjustment mechanisms. By contrast,
for analyses focused primarily on power-system technologies or operational
optimisation, the incremental benefits of full energy-economy integration are
more limited relative to the additional complexity and computational cost.

Limitations and future research

Several simplifying assumptions point to promising avenues for future re-
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search. In the macroeconomic model, investments related to steel are aggre-
gated within the broader “Manufacture of Basic Metals” sector (C24 in CPA
codes), encompassing iron and steel, ferro-alloys, and non-ferrous basic met-
als. This aggregation may obscure upstream and downstream value-chain
interactions that could influence adjustment dynamics. In addition, trade
measures are assumed to persist over the full projection horizon, climate
policy is implemented only within the European Union, and synthetic fuel
demand is fully satisfied by domestic production. Relaxing these assump-
tions would allow future analyses to better capture evolving trade regimes,
international fuel supply chains, and the global diffusion of climate ambition.

A further limitation is the exclusion of tariffs on steel-intensive down-
stream products. For example, the United States has imposed tariffs on car
imports, set at 25% for most trading partners, with differentiated rates of
15% for EU27 countries and 0% for Canada and Mexico under existing trade
agreements (64). Such measures may indirectly affect steel demand by damp-
ening production in one of its largest end-use sectors. Extending the mod-
elling framework to incorporate downstream tariff measures would enable
a more comprehensive assessment of how trade policy propagates through
value chains and ultimately shapes steel consumption and industrial decar-

bonisation trajectories.
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Appendix A. Methodology for models’ coupling

Appendiz A.1. Qualitative description of the coupling

The coupling between PyPSA-Eur and FIDELIO requires the definition
of a Baseline scenario, as several variables are introduced as shocks relative
to baseline values and a counterfactual is needed for comparative analysis.
Accordingly, the first stage of the coupling consists of iteratively running the
two models until convergence is achieved in the Baseline scenario.

PyPSA-Eur is executed first, as FIDELIO relies on a number of exogenous
inputs derived from the energy system model and does not explicitly represent
electricity and energy system dynamics. Prior to this step, FIDELIO is run
in a Pre-Baseline configuration that excludes inputs from PyPSA-Eur. This
preliminary simulation is necessary because baseline variables in FIDELIO

are defined as deviations relative to the Pre-Baseline scenario.

The variables transferred from PyPSA-Eur to FIDELIO include:
e Shares of electricity generation technologies in the electricity mix;

e Average electricity and energy prices (PyPSA-Eur operates at hourly

resolution; averages are computed using hourly consumption as weights);

e Average steel and aluminium production costs (PyPSA-Eur operates
at hourly resolution; averages are computed using hourly consumption

as weights);
e Investments in electricity generation technologies;

e [nvestments in steel and aluminium production technologies;
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e Household-level electricity and non-electricity consumption shares, par-
ticularly for passenger transport and residential heating (which are not

endogenously modelled in FIDELIO);

e Carbon prices at the European level for ETS1 and ETS2.

A series of Python and R scripts is used to process and transform the
outputs of PyPSA-Eur into the input format required by FIDELIO. FIDE-
LIO is then executed with the corresponding input interface activated and
the relevant scenario specification selected.

Following the FIDELIO simulations, the outputs are processed into a for-
mat compatible with PyPSA-Eur to initiate the first iteration of the coupled
modelling framework. The corresponding script computes shock values cap-
turing changes in key economic indicators under the FU ClimPol and EFU
ClimPol + Tariffs scenarios relative to the Baseline, as well as changes in
the Baseline relative to the Pre-Baseline scenario. The variables transferred

from FIDELIO to PyPSA-Eur consist of variations in:

e Industrial production;

Agricultural output;

Service-sector activity;

Household consumption of electricity and heat;

Household demand for land-based transport;

Demand for maritime transport services;

Demand for aviation services;
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e Steel and aluminium production levels.

Once these shock values are prepared, PyPSA-Eur is rerun to complete It-
eration 1, now incorporating the economic feedbacks derived from FIDELIO.
This iterative process is repeated until a predefined convergence threshold is
reached, at which point the final simulations of each model are taken as the
converged results of the coupled framework.

The two models differ along multiple dimensions, necessitating harmo-
nization of variables to ensure consistent interactions. First, regarding tem-
poral resolution, PyPSA-Eur operates with a three-hourly time step for a
single year in 2020, 2030, 2040, and 2050, whereas FIDELIO has annual
resolution and runs continuously from 2015 to 2050. To transfer variables
from PyPSA-Eur to FIDELIO, values for non-simulated years are obtained
through linear interpolation, while historical values for 2015 are derived from
FIDELIO’s source data. Conversely, when transferring variables from FIDE-
LIO to PyPSA-Eur, only values corresponding to years simulated in PyPSA-
Eur (2030, 2040, 2050) are used, as 2020 is treated as historical and fixed.
Second, with respect to spatial resolution, PyPSA-Eur represents most coun-
tries at a single-node country level, with additional nodes for geographically
complex countries (e.g., Italy: one node for the peninsula and Sicily, one
node for Sardinia). FIDELIO provides country-level values for the EU, as
well as for selected non-EU countries (e.g., USA, China, India) and a “Rest
of the World” category. For countries outside the EU, model inputs are held
constant during the coupling, though FIDELIO’s internal trade mechanisms
allow them to interact with EU economies. A core assumption of the cou-

pled framework is that non-EU countries do not implement climate policies,
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consistent with the study’s focus on the European Union.

Appendiz A.2. Variables exchanged from PyPSA-FEur to FIDELIO

A python script converts PyPSA-Eur variables into a standardized nomen-
clature, then an R-based data processing workflow harmonizes PyPSA-Eur
outputs for FIDELIO. The script standardizes regional identifiers, filters rel-
evant countries and technologies, and maps PyPSA technology codes to a
consistent nomenclature. FIDELIO adopts 2015 as its baseline year, whereas
PyPSA-Eur simulations begin in 2020. However, as the analysis focuses on
future developments rather than historical dynamics, values for years prior
to 2020 are assumed to remain constant and identical across both models to
ensure consistency in the coupling framework. The variables exchanged and
details about the processes are described below. For the Baseline scenario,
only electricity generation shares and carbon price are exchanged. All other
variables are expressed as deviations from the corresponding PyPSA-Eur val-

ues in the policy scenarios, relative to the Baseline.

Appendixz A.2.1. Electricity generation shares

PyPSA-Eur electricity generation results are post-processed through a
dedicated data harmonisation pipeline, spatially aggregated at the country
level and mapped to FIDELIO’s electricity subsectors of the NACE D35
code which is "Electricity, gas, steam and air conditioning supply". For each
scenario, country, and model year, electricity production is converted into
technology-specific shares. To align the differing temporal resolutions of the
models, PyPSA-Eur outputs available for the years 2020, 2030, 2040, and

2050 are interpolated to annual values over the 2015-2050 horizon, using
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linear or exponential interpolation where required to ensure numerical sta-
bility and convergence of the coupled framework. To ensure compatibility
with the FIDELIO base-year calibration, electricity technology shares are
rebased on observed 2015 input-output production structures from the FI-
DELIO database. Specifically, PyPSA-Eur derived shares are scaled such
that total electricity output by country and year matches the corresponding
D35 aggregate, while preserving the relative technology composition implied
by the energy system optimisation. This ensures that D35 continues to rep-
resent the same share of output in monetary terms in the economy. The

rebasing is performed according to Eq. A.1.

SPyPSA
FID _ _ “cty D35
ety — PyPSA Sc,y ) (A-l)
t ety
where SE{ESA denotes the PyPSA-FEur electricity share of technology ¢ in

country ¢ and year y, and SD3° is total electricity production in the FIDELIO
input-output database.
Finally, the processed variables are exported as exogenous shares of elec-

tricity production as variation with respect to values in 2015.

Appendiz A.2.2. Carbon price trajectories for ETS1 and E'TS2

COg, price trajectories produced by PyPSA-Eur correspond to the shadow
prices of the COy emissions constraints applied to the sectors covered by
ETS1 and ETS2, respectively. In the Baseline scenario, these prices are
zero, reflecting the absence of binding emissions constraints. PyPSA outputs
are available only at milestone years (2020, 2030, 2040, and 2050); therefore,

the time series are harmonized by introducing a zero-price reference in 2015
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and constructing annual values through piecewise linear interpolation. For
the Baseline scenario, ETS1 prices are entirely replaced by an exogenous
projection based on IEA assumptions (56), ensuring consistency with the
reference pathway adopted in FIDELIO. ETS2 prices are set to zero prior to
the system’s introduction and capped at an upper bound of 45 EUR/tCO,
in 2030 to prevent unrealistically steep short-term price increases (65). Fi-
nally, ETS1 prices over the initial period (2015-2020) are harmonized across
scenarios in order to isolate policy-induced price differentials in subsequent

years.

Appendixz A.2.3. Average electricity and energy prices

Electricity and energy price signals from PyPSA-Eur are transferred to
FIDELIO in the form of country-level relative price variations with respect
to PyPSA-Eur Baseline. PyPSA-Eur provides electricity prices as shadow
prices of the electricity balance constraint, and aggregate energy prices as
shadow prices of the secondary energy balance constraint, both reported at
optimized years (2030, 2040, and 2050). Prices are defined on each timestep
and are therefore calculated as weighted averages, with weights corresponding
to electricity generation and energy production, respectively. Changes in
prices induced in the Climate Policy scenarios are expressed as proportional
deviations from the corresponding Baseline values at the country-year level.
For each price type = € {elec, ener}, the price shock applied in FIDELIO is
computed as Eq. A.2

pz,policy px,baseline

x _ et T Pt

Apcvt - z,baseline (A2>
c,t
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I baseli : .
where po " and pgy™°™ denote, respectively, electricity or aggregate en-

ergy prices in country c and year ¢ under the policy and Baseline scenarios.
To ensure consistency with FIDELIO’s annual temporal resolution, the re-
sulting relative price shocks are extended over the period 2015-2050 using
piecewise linear interpolation between milestone years, with a zero-deviation
reference imposed in 2015. The final country-specific electricity and energy
price deviation profiles are implemented as exogenous price shifters of the
endogenous prices of the macroeconomic model.

Soft-linking detailed energy system models (e.g., TIMES, PRIMES, PyPSA)
with CGE models can generate unrealistically large macroeconomic impacts
when high ESM-derived energy price increases are passed directly to the
CGE. European studies show that strong decarbonization or supply shocks
often produce price spikes that translate into implausible GDP losses (e.g.,
-5.5% for the Netherlands in Fattahi et al. (40)), partly due to inconsis-
tencies between base-year CGE prices and future marginal prices in ESMs
(54). To avoid this, researchers commonly apply price-dampening meth-
ods, such as numerical scaling, elasticity adjustments, or iterative smooth-
ing, to ensure that the transmitted price signals yield credible macroeco-
nomic outcomes. The scaling is necessary because electricity prices in the
two models reflect different underlying mechanisms: in PyPSA-Eur, prices
are marginal-cost indicators shaped by network constraints, hourly dispatch,
and the shadow value of carbon or system-integration requirements, whereas
in FIDELIO they summarise average production costs within a CES-based,
annually-aggregated equilibrium. Passing the full PyPSA-Eur price change
into FIDELIO would therefore overstate the effective cost shock perceived at
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the macroeconomic level, conflating marginal scarcity signals with structural
production costs. In this case we apply a price dampening coefficient of 50%.
An additional methodological clarification is required regarding the interpre-
tation of energy prices. In our modelling framework, electricity and energy
prices are obtained as the dual variables of the respective demand-balance
constraints. They therefore represent marginal system costs, that is, whole-
sale prices reflecting the short-run marginal cost of supplying an incremental
unit of energy. As a consequence, these prices do not incorporate the recovery
of capital expenditures made in previous optimisation periods, even though
capacity built in earlier years is carried forward in the pathway simulations.
In real-world energy systems, such costs are typically recouped through sys-
tem charges or regulated tariffs. To ensure that the price signals passed from
PyPSA-Eur to FIDELIO fully reflect the investment requirements of the sys-
tem, we assume a uniform investment repayment period of ten years. Given
that our pathway simulations advance in ten-year increments, this implies
that all investments made in a given optimisation year are fully amortised by
the time the next iteration is computed. Importantly, the technical lifetimes
of assets remain unchanged and follow the values specified in the technology
dataset. This approach guarantees that the investment costs associated with
electricity supply technologies are consistently accounted for and ultimately
embedded within the electricity prices faced by end-users in FIDELIO.

In coupled energy-economy frameworks, electricity price changes induced
by climate policy reflect multiple underlying mechanisms. Decarbonisation
policies simultaneously increase the capital intensity of electricity supply,

through a shift toward low-carbon generation technologies, and raise the
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cost of residual fossil-based generation through carbon pricing and associ-
ated operating cost changes. When transmitting these effects from a detailed
energy-system model to a macroeconomic model with distinct price channels
for current production and investment, it is therefore necessary to distin-
guish between price changes linked to capital deepening in the power sector
and price changes arising from carbon pricing and operational costs borne by
non-decarbonised generation. Representing the electricity price shock as a
composite of an investment price effect and an electricity output price effect
provides a pragmatic way to preserve this distinction within a general equi-
librium framework, while remaining consistent with the structure of both
modelling approaches. We operationalise this decomposition by using the
change in the low-carbon "green" electricity share as a proxy for the capital-
intensity component of the electricity price shock. Specifically, we define the

investment-driven share of the electricity price change as Eq. A.3.

gT‘een_ShCLTG - green_ShaTeBaseline,n,t

s,n,t

1— green_3hareBasel,me’mt

from_inv,, = (A.3)

where s indexes policy scenarios, n denotes countries, and ¢ denotes model
periods. This expression measures the scenario-induced increase in green
generation relative to the maximum feasible increase from the baseline (i.e.,
up to a fully green electricity mix), yielding a normalised share in [0, 1] under
typical conditions. We allocate the fraction from_inv, , of the electricity
price shock to the investment price channel, capturing the higher capital
intensity associated with the shift toward low-carbon generation, and the
remaining fraction 1 — from_invg, , to the electricity output price channel,

capturing price effects arising from carbon pricing on residual fossil-based
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generation as well as other short-run operating cost changes. This map-
ping allows the coupled framework to represent electricity-sector decarboni-
sation as both a contemporaneous cost shock faced by electricity users and
a capital-deepening process with broader macroeconomic implications, while
remaining consistent with system constraints embedded in the energy-system
scenarios. Because this decomposition relies on a proxy rather than an ac-
counting identity, it should be interpreted as a modelling assumption; future
work could refine the split using explicit system cost decompositions (e.g.,
separating CAPEX, fixed O&M, fuel, and carbon components) directly from

the energy-system results.

Appendiz A.2.4. Average steel and aluminium prices

Steel and aluminium prices are treated analogously to electricity and en-
ergy prices. In PyPSA-Eur, price signals are obtained as shadow prices of the
corresponding industrial production constraints. Annual country-level prices
are computed as weighted averages over timestep, with weights given by
steel and aluminium production, respectively. Policy-induced effects are ex-
pressed as proportional deviations from the Baseline scenario at the country-
year level and are available for 2030, 2040, and 2050. These deviations are
extended to annual trajectories over 2015-2050 via piecewise linear inter-
polation, imposing a zero-deviation reference in 2015-2020. The resulting
country-specific price shock profiles are introduced in FIDELIO as exogenous
shifters of endogenous industrial production costs. For the same reasons as
the electricity and energy price a dampening coefficient is imposed to smooth

the effect of these price shocks on the CGE structure.
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Appendiz A.2.5. Investments in power generation technologies

Electricity sector investment signals are extracted from PyPSA-Eur at
the country- and technology-specific level and harmonized with FIDELIO’s
baseline investments. In PyPSA-Eur, investments are reported on an an-
nual basis for each power generation technology and are annualized taking
into account the assets lifetimes and a discount rate. Reported investments
include not only new capacity additions for the given year but also ongo-
ing expenditures from previous years that have not yet reached the end of
their economic lifetime (e.g., investments recorded in 2040 also account for
unexpired investments made in 2030). Policy-induced investment effects are

expressed as proportional deviations from the Baseline scenario following Eq.

AA4.

policy Ibase
tech __ TGt c,t
AICJ - ]base

c,t

(A4)

where I? oY and T 255 are the PyPSA-Eur investment values for country
¢, technology tech, and year ¢ under the policy and Baseline scenarios, re-
spectively. In cases where both Baseline and policy investments are zero,
deviations are set to zero. If the policy scenario shows zero investment while
a baseline investment exists, the deviation is set to -1 with a small offset to
prevent negative scaling issues. Conversely, if the Baseline is zero but policy
investments are positive, the deviation is computed relative to the mean base-
line investment of the country to ensure consistency with national investment
levels. These deviations are then applied to FIDELIO’s baseline investments
anchored in 2015. The resulting trajectories are extended to a full yearly

time series over 2015-2050 using piecewise linear interpolation and capped to
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avoid negative or implausibly large values. Finally, the processed country-
and technology-specific investment paths are implemented in FIDELIO as

exogenous shocks, driving the evolution of power system capacity.

Appendiz A.2.6. Investments in steel and aluminium production technologies

Investments in industrial assets are calculated following the same method-
ology as for the electricity sector, at the country- and technology-specific
level. Annual investment values are computed from PyPSA-Eur outputs and
reflect annualized capital costs, including investments from previous opti-
mization years that have not yet been fully amortized. Policy-induced effects
are expressed as proportional deviations from the Baseline scenario. Cases
where both Baseline and policy investments are zero are set to zero; if only
the policy scenario is zero, the deviation is slightly adjusted to avoid neg-
ative scaling; if only the Baseline is zero, deviations are calculated relative
to the country’s mean baseline investment. These deviations are applied to
FIDELIO’s 2015 baseline investments, extended over 2015-2050 using lin-
ear interpolation, and capped to avoid negative or implausibly large values.
The resulting country- and industry-specific investment trajectories are in-
corporated into FIDELIO as exogenous shocks driving industrial capacity

evolution.

Appendix A.2.7. Electrification shares across households

For each scenario, annual sectoral shares of electricity required to satisfy
energy service demand in the passenger transport and household sectors are
extracted and normalized, checking that the upper bound is 100%. Values

for intermediate years are determined via linear interpolation between the
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available data points, ensuring a temporally smooth trajectory. The relative
change of electrification under policy scenarios compared to the Baseline is

computed for each country n, sector s, and year t as Eq. A.5.

baseline

n8t (A.5)

policy

nst — share

' share
pct_dlffms’t =

baseline

share"

policy

where share;, ;

is the electrification share under the policy scenario,

baseline j5 the electrification share under the baseline scenario, and pet_diff,

share
represents the relative difference in electrification share between the policy

and baseline scenarios. Missing or negative values set to zero for consistency.

Appendiz A.3. Variables from FIDELIO to PyPSA-Eur

Economic feedbacks generated by the CGE model FIDELIO are trans-
ferred to PyPSA-Eur through a systematic comparison of policy and Baseline
simulation outputs. The analysis focuses on sectoral output and household
consumption variables evaluated at the optimized years in PyPSA-Eur, which
are 2030, 2040, and 2050. At the sectoral level, production quantities are ag-
gregated across detailed sectors belonging to a given macro-sector (industry,
agriculture, shipping, aviation, and services) for each country n and year t.
For a generic sector s, the relative policy-induced variation with respect to
the baseline is computed as in Eq. A.6.

QPolicy __ Baseline

An,s’t _ n,s,t n,s,t (AG)

Baseline
n,s,t

where QSﬁﬁfhne and chﬁf Y denote total sectoral output in the Baseline and

policy scenarios, respectively. Relative changes below a small threshold are
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set to zero to avoid the propagation of numerical noise. Household consump-
tion effects are derived using a two-step procedure based on COICOP cate-
gories. First, total household consumption expenditure is reconstructed for
each country and year by combining household purchasing power, an exoge-
nous consumption bridge, and endogenous consumption shares. Household

consumption in COICOP category ¢ is computed in Eq. A.7.
Hn,c,t = Bn,t : PPn,t *On,et <A7>

where PP, ; denotes household purchasing power, B, ; is an exogenous scaling
bridge, and oy, .; is the consumption share associated with COICOP category
c. Policy-induced variations in household consumption are then computed
analogously to the sectoral case. In addition to individual COICOP cat-
egories, transport-related consumption effects are obtained by aggregating
COICOP categories associated with passenger transport services prior to
computing relative changes. The resulting country- and year-specific relative
change signals are exported as exogenous shocks and fed back into PyPSA-
Eur, where they modify sectoral demand levels and household consumption

patterns in subsequent energy system optimization runs.

Appendiz A.4. Convergence algorithm

In each scenario, the modelling framework follows an iterative coupling
between PyPSA-Eur and FIDELIO, as displayed in Figure 1, in order to
ensure that the results of the two models are aligned.

Before initiating the integrated modelling process, FIDELIO is first ex-
ecuted independently (without inputs from PyPSA-Eur) to generate a set

of parameters required for the Baseline scenario. These include electricity
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demand shares prior to the PyPSA-Eur optimisation, steel production levels,
and historical input-output values for the year 2015, which serve as reference
points for subsequent analyses. In the first step, PyPSA-Eur is run to pro-
duce detailed representations of the energy system, which then serve as inputs
to FIDELIO. FIDELIO subsequently simulates the macroeconomic adjust-
ments and generates updated demand for selected service sectors, which are
fed back into PyPSA-Eur as shocks to corresponding energy services. This
iterative exchange continues until both models converge on a consistent so-
lution. This method is applied for all the three scenarios evaluated.

To evaluate if the coupled models reach a stable equilibrium, convergence
between consecutive iterations is assessed using a Gauss-Seidel method, as
commonly applied in similar soft-coupling frameworks (66). At iteration k,
the convergence criterion (j quantifies the relative variation in the exchanged
demand vectors between two successive iterations, aggregated over all years

€ (2030, 2040, 2050).

Each demand vector D, ; represents the European-level aggregation of
variables exchanged from FIDELIO to PyPSA-Eur (industry, steel, agri-
culture, water transport, air transport, and services output, and house-
hold consumption data for COICOP4 and COICOPS-10), for a given year
y € (2030, 2040, 2050).

The adjusted demand vector D, ; is computed as a weighted sum of all
previous demand vectors D, ; up to iteration k, following the recursive for-

mulation in Eq. A.8:

k
D) 1) A8
wh (k+2 )(k+3) ;H (8.8)
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where ¢ denotes the iteration index. This weighting scheme progressively
smooths the convergence trajectory by assigning greater weight to more re-
cent iterations. This process is repeated also to get D;jk_l, stopping at the
previous iteration k — 1

The convergence criterion (; quantifies the relative change between con-
secutive iterations of the coupled model. It is defined as the ratio of the

Euclidean distance between the two most recent adjusted demand vectors,

/

y,ks as

D, and D, ;. ,, to the Euclidean norm of the latest demand vector D

in Eq. A9

G = VE, (s~ Diac) (A.9)

Zy (D;,k) ’

A small value of (; indicates limited variation between iterations, sug-

gesting that the coupled system has approached a steady-state equilibrium

(we assume 1% as the threshold to be reached).

Appendix B. Modelling emission/performance standards from Eu-

ropean policies

Appendix B.1. Passenger cars and vans

PyPSA-Eur requires, as an input, the distribution of Electric Vehicles
(EVs), fuel cell electric vehicles (FCEVs), and internal combustion engine
(ICE) cars within the total vehicle fleet for each investment year. In this
study, we determine the share of EVs based on observed technological trends
and current policy provisions, assuming no deployment of FCEVs for land-

based passenger transport. Fuel cell vehicles are excluded due to their limited
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cost-competitiveness and low energy conversion efficiencies, which result in
a financially unsustainable total cost of ownership (67). EU Commission
sets target for new registered cars, thus we need to translate these into fleet-
wide average emission factors and subsequently into the projected EV share.
As of 2021, the average emission factor of the EU vehicle fleet was 173.95
gCO4/km, based on calculation from JRC-IDEES data (68). The European
car market replaces approximately 11.37 million vehicles per year out of a
total fleet of 291 million (2019) (69), corresponding to an annual turnover
of 4%. Starting from a 2021 baseline emission factor for newly sold cars of
EFewcars 2021 = 95 gCO2/km (49), the emission factor of new cars in each

subsequent year y is calculated as Eq. B.1.

EFnewcars,y = EFnewcars,2021 ' (1 - T)(y72021) (Bl)

where r represents the annual reduction rate. In the Baseline scenario,
the annual emission factor reduction rate r is set to 1.6%, corresponding to
the historical average for light-duty vehicles (70). Under the FF55 policy
framework, the EU targets emission factors of 49.5 g COy/km for new pas-
senger cars and 90.6 g CO,/km for new vans by 2030, the latter accounting
for approximately 11% of the light-duty vehicle (LDV) fleet (71). From 2035
onward, new internal combustion engine (ICE) vehicle sales are to be fully
phased out, with a target of 0 g COq/km for new vehicles (72). The aver-
age emission factor of the entire fleet in a given year Y.,q is then obtained

recursively as Eq. B.2.
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Yvend
E : Yend—Ys
EF&HC&TS,Yend = [SHGW ’ EFDBWC&TS:Z/] + (1 - Snew>( end ~¥start) ' EFallcarS,Ystarc

y:1/start

(B.2)

where spey = 11.37/291 = 4% denotes the annual share of newly sold

vehicles. In this analysis, E F,jcars is computed for 2030, 2040, and 2050,
using Yieare = 2021 and the corresponding Yenq.

The share of FCEVs is assumed to remain at 0%, as hydrogen-powered
cars and vans are generally more expensive than EVs for passenger applica-
tions, and the development of hydrogen refueling infrastructure continues to
lag behind that of electric charging networks (73; 74). The share of EVs in
the total fleet is derived from the resulting fleet emission factor, assuming
that EVs emit 0 gCO9/km and that the initial share of EVs in 2021 was
negligible (approximating 100% ICE LDV), as Eq. B.3:

E‘/share -0 + (1 - E‘/share) : EFallcars,ZOZl = EFallcars,Yend (BB)

Solving for EVyy..e vields the implied share of electric vehicles consistent
with the FF55 performance standards. The shares are depicted in panel a
and b of Figure B.7. Currently, PyPSA-Eur represents only passenger land
transport within its framework. To enhance the scope of the analysis, future
extensions will incorporate additional transport sectors, such as maritime and
aviation, to provide a more comprehensive assessment of the decarbonization

pathways in the European mobility system.
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Appendiz B.2. Shipping sector

The FuelEU Maritime Regulation, part of the Fit-for-55 package, estab-
lishes a progressive reduction in the GHG intensity of fuels used in maritime
transport, aiming for a 6% decrease by 2030, 38% by 2040, and 80% by 2050,
relative to the 2020 fleet-wide average GHG intensity of 91.16 gCOqeq/MJ (?
). To achieve these targets, alternative fuels such as ammonia and methanol,
both included in PyPSA-Eur, are expected to play a crucial role in decar-
bonising the maritime sector. Ammonia is a hydrogen-based fuel with a zero
direct emission factor (0 gCOseq/MJ), whereas methanol has an emission in-
tensity of 68.9 gCOyeq/MJ). Given the lower thermal efficiency of methanol
in internal combustion engines compared to oil, an efficiency value of 36% is
assumed (75). In the absence of policy intervention, the maritime sector is
assumed to remain fully reliant on oil-based fuels. Under the FuelEU Mar-
itime regulatory framework, however, the model must identify the optimal
fuel mix among ammonia, methanol, and oil that satisfies the required GHG
intensity constraints.

For 2030, this regulation overlaps with the International Maritime Or-
ganization (IMO) strategy on reducing GHG emissions from ships, which
mandates that at least 5% of the energy used in international shipping come
from zero-emission fuels (76). Accordingly, we assume that 5% of the mar-
itime energy demand in the EU is supplied by ammonia. The remaining

shares of methanol and oil are computed using Eq. B.4.
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MeOHShare : GHGMeOH -+ NHgShCL?"@ . GHGNH3

+ (1 — NHjzshare — MeOHgpare) - GHG oy = GHG1apger
(B.4)

where GHG /.0p=68.9 gCOseq/MJ, GHG y g, =0 gCOseq/MJ, GHG;;=91.16
gCO2eq/MJ, GHGy4yget,2030=85.69 gCO2eq/MJ and NHsshare=5%. Solving
Equation B.4 yields a methanol share of 4.14% for 2030. By 2050, oil is
assumed to be completely phased out from maritime fuel use, requiring an
average GHG intensity of 18.23 gCOseq/MJ. Solving the same balance equa-
tion without the oil component results in a composition of 73.5% ammonia
and 26.5% methanol. For 2040, we assume a linear increase in the methanol
share of approximately 1.1% per year, leading to a 15.3% methanol share. To
meet the 2040 target intensity of 56.5 gCOqeq/MJ, the corresponding share
of ammonia is 34.3%, with the remainder supplied by oil. Extending the
same linear trend to 2050 implies a 26.3% methanol share; assuming conser-
vatively that 25% of demand is still met by oil in 2050, the remaining 48.7%
is supplied by ammonia. Results in terms of energy are shown in Figure B.7,

panel c.

Appendiz B.3. Aviation sector

PyPSA-Eur receives as input the shares of various fuels in a sector’s en-
ergy consumption, enabling a straightforward application of policy measures.
The model incorporates the use of synthetic fuels (synfuels) produced from
CO2 and hydrogen, initially synthesizing methanol and subsequently con-
verting it into kerosene. Additionally, for Sustainable Aviation Fuels (SAF),
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PyPSA-Eur considers biofuels derived from sustainably sourced biomass. Un-
der the ReFuel Aviation policy (77), a specific proportion of the SAF share
is mandated to come from synfuels, while the remainder consists of biofuels.
The model assumes that the efficiency of a turbofan engine powered by syn-
fuels is equivalent to that of a kerosene-based engine, given that the chemical
composition remains unchanged. In contrast, for biomass-fuelled engines,
Akdeniz et al. (78) estimate an 18.18% increase in thermal efficiency com-
pared to the conventional thermal efficiency of 50.084% (79). The projected

shares are depicted in Figure B.7, panel d.

Appendix C. Additional results

Appendiz C.1. Consistency of model outcomes with Fit-for-55 directives

This section presents an assessment of model outcomes for the EU ClimPol
scenario against EU 2030 energy policy targets that could not be directly im-
plemented as model constraints. These include the revised Energy Efficiency
Directive, the revised Energy Performance of Buildings Directive, and the
revised Renewable Energy Directive. Since PyPSA-Eur treats energy ser-
vice demands as exogenous inputs, simply reducing demand levels would not
reveal the system-level challenges associated with achieving these targets.
Similarly, for renewable energy shares, imposing them as constraints would
not capture the difficulty or trade-offs the system faces in meeting such ob-
jectives.

First, total EU final energy consumption in 2030 reaches approximately
13000 TWh, corresponding to about 1116 Mtoe, which is around 9% above

the reference value associated with the revised Energy Efficiency Directive
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a) Passenger cars: EV vs ICE (Baseline) b) Passenger cars: EV vs ICE (Policy scenarios)
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c) Shipping: energy vectors (Policy scenarios) d) Aviation: energy vectors (Policy scenarios)
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Figure B.7: Assumed evolution of transport technology and energy carrier shares under
Baseline and policy scenarios. (a) Passenger car drivetrain shares in the Baseline scenario.
(b) Passenger car drivetrain shares under policy scenarios. (c) Shipping energy carrier

shares under policy scenarios. (d) Aviation energy carrier shares under policy scenarios.

target (1023 Mtoe). This indicates that, while the transition substantially
reshapes the energy system, the simulated pathways do not fully achieve the
required reduction in aggregate final energy consumption by 2030, suggesting
either remaining demand rigidities or conservative assumptions on efficiency
improvements in end-use sectors.

Second, the results show a markedly stronger performance for the build-

ings sector. Final energy use in residential and services buildings decreases
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by more than 23% relative to the 2020 reference level set by the directive,
exceeding the revised Energy Performance of Buildings Directive target of
a 16% reduction by 2030. This outcome reflects the strong penetration of
electrification in buildings heating and indicates that the modelled transition
is consistent with near-term policy ambitions in this sector.

Third, renewable electricity generation amounts to roughly 4160 TWh in
2030, corresponding to only about 32% of total final energy consumption,
well below the RED target range of 42.5-45%. Even under a sensitivity case
in which nuclear electricity is counted as renewable, the share rises only to
around 37%, still short of the target. This gap is noteworthy when placed in
context: in 2024, renewables accounted for approximately 25.4% of total final
energy consumption (80), implying that while the modelled scenarios deliver
a substantial increase relative to current levels, they fall short of the accelera-
tion required to meet the revised RED targets by 2030. Importantly, nuclear
energy is not considered renewable under EU legislation, and its inclusion
here serves only as an illustrative upper bound, reinforcing the conclusion
that achieving the 2030 renewable share target would require faster deploy-
ment of renewables beyond the power sector. Overall, these results suggest
that the modelled transition is broadly aligned with sector-specific efficiency
objectives, particularly in buildings, but that additional policy effort or more
ambitious assumptions would be required to simultaneously meet economy-

wide energy efficiency and renewable share targets by 2030.
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Appendiz C.2. Bilateral trade results

Bilateral trade heatmap steel-intensive products, year 2030, EU ClimPol
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Figure C.8: Bilateral trade deviations for steel-intensive products under EU climate policy
(EU ClimPol), for year 2030, averaged over 2026-2030. The heatmap reports percentage
deviations in bilateral trade flows relative to the Baseline for aggregated regions (EEU,
NWEU, SEU, USA, CHN, CAN, MEX, ROW), including intra-EU macro-regional trade.
Rows indicate importers and columns exporters; the final row and column (“TOT”) show

total imports and exports by region.
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Bilateral trade heatmap steel-intensive products, year 2030, EU ClimPol + Tariffs
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Figure C.9: Bilateral trade deviations for steel-intensive products under EU climate policy

and USA tariffs on steel implementation (EU ClimPol + Tariffs), for year 2030, averaged

over 2026-2030. The heatmap reports percentage deviations in bilateral trade flows relative

to the Baseline for aggregated regions (EEU, NWEU, SEU, USA, CHN, CAN, MEX,

ROW), including intra-EU macro-regional trade. Rows indicate importers and columns

exporters; the final row and column (“TOT”) show total imports and exports by region.

81



Bilateral trade heatmap steel-intensive products, year 2040, EU ClimPol
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Figure C.10: Bilateral trade deviations for steel-intensive products under EU climate policy
(EU ClimPol), for year 2040, averaged over 2036-2040. The heatmap reports percentage
deviations in bilateral trade flows relative to the Baseline for aggregated regions (EEU,
NWEU, SEU, USA, CHN, CAN, MEX, ROW), including intra-EU macro-regional trade.
Rows indicate importers and columns exporters; the final row and column (“TOT”) show

total imports and exports by region.
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Bilateral trade heatmap steel-intensive products, year 2040, EU ClimPol + Tariffs
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Figure C.11: Bilateral trade deviations for steel-intensive products under EU climate
policy and USA tariffs on steel implementation (EU ClimPol + Tariffs), for year 2040,
averaged over 2036-2040. The heatmap reports percentage deviations in bilateral trade
flows relative to the Baseline for aggregated regions (EEU, NWEU, SEU, USA, CHN,
CAN, MEX, ROW), including intra-EU macro-regional trade. Rows indicate importers
and columns exporters; the final row and column (“TOT”) show total imports and exports

by region.
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Bilateral trade heatmap steel-intensive products, year 2050, EU ClimPol
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Figure C.12: Bilateral trade deviations for steel-intensive products under EU climate policy
(EU ClimPol), for year 2050, averaged over 2046-2050. The heatmap reports percentage
deviations in bilateral trade flows relative to the Baseline for aggregated regions (EEU,
NWEU, SEU, USA, CHN, CAN, MEX, ROW), including intra-EU macro-regional trade.
Rows indicate importers and columns exporters; the final row and column (“TOT”) show

total imports and exports by region.
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Bilateral trade heatmap steel-intensive products, year 2050, EU ClimPol + Tariffs
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Figure C.13: Bilateral trade deviations for steel-intensive products under EU climate

policy and USA tariffs on steel implementation (EU ClimPol + Tariffs), for year 2050,

averaged over 2046-2050. The heatmap reports percentage deviations in bilateral trade
flows relative to the Baseline for aggregated regions (EEU, NWEU, SEU, USA, CHN,
CAN, MEX, ROW), including intra-EU macro-regional trade. Rows indicate importers

and columns exporters; the final row and column (“TOT”) show total imports and exports

by region.
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Appendiz C.3. Further trade results

Variation wrt Baseline [%]
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Figure C.14: Variation in total exports of products from all sectors by macro-region rel-

ative to the Baseline, for EU ClimPol and EU ClimPol + Tariffs. Values are computed

as b-year averages and exclude intra-EU macro-regional trade flows. The steel-intensive

sectors sectors includes primary steel production, fabricated metal products, machinery

and equipment, electrical equipment), and motor vehicles and transport equipment
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All sectors imports
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Figure C.15: Variation in total imports of products from all sectors by macro-region
relative to the Baseline, for EU ClimPol and EU ClimPol + Tariffs. Values are computed
as H-year averages and exclude intra-EU macro-regional trade flows. The steel-intensive
sectors sectors includes primary steel production, fabricated metal products, machinery

and equipment, electrical equipment), and motor vehicles and transport equipment
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Steel-intensive sectors output
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Figure C.16: Percentage deviations in output of steel-intensive products relative to the
Baseline under the EU ClimPol + Tariffs scenario in 2050 (five-year average over 2046-
2050).
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All sectors output
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Figure C.17: Percentage deviations in total output of all products relative to the Baseline

under the EU ClimPol + Tariffs scenario in 2050 (five-year average over 2046-2050).
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Steel-intensive export share (exports / output)
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Figure C.18: Share of steel-intensive exports in total steel-intensive industry output, in-
dicating export dependency by macroregion. Results are shown for the Baseline, EU
ClimPol, and EU ClimPol + Tariffs scenarios for 2030, 2040, and 2050 (five-year aver-

ages).
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Steel-intensive import share (imports / output)
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Figure C.19: Share of steel-intensive imports in total steel-intensive industry output, in-
dicating import dependency by macroregion. Results are shown for the Baseline, EU
ClimPol, and EU ClimPol + Tariffs scenarios for 2030, 2040, and 2050 (five-year aver-

ages).
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