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EXECUTIVE SUMMARY KEY FINDINGS 

 Identical fossil fuel price specific shocks are assessed across three EU energy system states 

 Fossil fuel dependency declines from 59% in 2025 to 23% in 2050 

 Electricity price pass through falls from 7.5% to 1.0% as decarbonisation progresses 

 Buildings achieve the strongest resilience gains, while industry retains indirect exposure 

 Efficiency, electrification and renewables reduce shock transmission and welfare impacts 

EXECUTIVE SUMMARY 

Fossil fuel price shocks remain a major source of economic disruption, affecting energy affordability, 

competitiveness and household welfare. While energy efficiency, electrification and renewable 

energy deployment are primarily discussed as decarbonisation strategies, their contribution to 

energy system resilience has received less attention. This study examines how the progressive 

transformation of the EU energy system alters its exposure to fossil fuel price shocks. Using the 

PRIMES model, identical fuel-specific price shocks are applied to three representative energy -

system configurations corresponding to different stages of the EU energy transition in 2025, 2040 

and 2050. Resilience is assessed across three dimensions: structural exposure, shock transmission 

and welfare impacts. The results indicate a substantial improvement in resilience over time. Fossil 

fuel dependency and import exposure decline, while electrification and renewable energy 

penetration increase across all sectors. As a result, the transmission of external price shocks to EU 

energy prices and expenditures becomes progressively weaker. Buildings emerge as the strongest 

beneficiary of the transition, supported by renovation, energy efficiency improvements and heat-

pump deployment. Transport improves more gradually as electric vehicles gain market share, while 

industry remains comparatively exposed due to persistent energy-intensive processes and residual 

fossil fuel use. Overall, the findings suggest that the energy transition delivers resilience benefits in 

addition to emissions reductions. By reducing dependence on imported fossil fuels and weakening 

the link between international fuel markets and domestic energy costs, energy efficiency, 

electrification and renewable energy deployment can enhance both energy security and economic 

stability in the European Union. 

  



   
 

   
 

1. INTRODUCTION  

 

Geopolitical events and disruptions in international energy markets, such as those experienced in 

recent years, are among the primary causes of short-term fossil fuel price shocks (Xu et al., 2026; 

Akadiri, 2025). The impacts of these shocks extend throughout the energy system ultimately 

affecting electricity, heating and transport energy costs. Consequently, sectors that depend directly 

or indirectly on fossil fuels, including power generation, industry, transport and households, 

experience increased energy expenditures. The magnitude of these impacts depends not only on 

the severity of the shock itself, but also on the structural characteristics of the energy system, 

including its level of fossil fuel dependence, electrification and renewable energy penetration. 

A recent example stems from the sharp increases in electricity and natural gas prices observed 

during the 2021-2023 energy crisis, which demonstrated how external price shocks propagated 

through the European energy system and translated into higher energy expenditures for household 

and other end-use sectors across the European Union (EU) (Varal et al. 2026). These impacts 

occurred despite substantial policy efforts to strengthen energy security and reduce fossil fuel 

dependence through initiatives such as the REPowerEU Plan (European Commission, 2022). 

The exposure of energy systems to international fossil fuel price shocks is traditionally assessed 

through energy security indicators, such as import dependency and fossil fuel reliance. Energy 

system resilience is a complementary concept that reflects the ability of the energy system to 

withstand external disturbances while maintaining affordable and reliable energy services. In the 

context of energy price shocks, resilience depends on structural characteristics such as energy 

efficiency, electrification, renewable energy deployment and reduced fossil fuel dependency, which 

determine the extent to which shocks are transmitted to end users. 

At the same time, regions such as the EU are pursuing ambitious medium- and long-term strategies 

to achieve climate neutrality, with energy efficiency improvements, electrification and renewable 

energy deployment placed at the centre of the decarbonisation agenda through initiatives such as 

the European Green Deal, the Climate Target Plan, the Fit for 55 package and the REPowerEU Plan 

(EC, 2019; EC, 2020; EC, 2021; EC, 2022). These dimensions are predominantly discussed in the 

literature and policy framework as key enablers of Greenhouse Gas (GHG) emissions reductions and 

the transition towards a carbon-neutral economy. In parallel, they may also play an important role 

in strengthening energy resilience by reducing dependence on imported fossil fuels and limiting 

exposure to volatile international energy markets. Consequently, the transition towards climate 

neutrality is expected to fundamentally alter the resilience characteristics of the European energy 

system. Through lower energy demand, greater electrification, increased deployment of domestic 

renewable energy sources and reduced fossil fuel dependency across end-use sectors such as 

industry, buildings and transport, a decarbonised future energy system may become less vulnerable 

to external energy market disturbances and fossil fuel price shocks. 



 

 
5 

1.1 Literature review 

Buildings, industry and transport account for the majority of final energy consumption in the EU and 

continue to rely, to varying degrees, on energy carriers directly or indirectly derived from fossil fuels. 

Consequently, their exposure to international fossil fuel price shocks depends not only on consumer 

behaviour but also on the structural characteristics of the energy system, including energy demand 

levels, fuel mix, electrification rate and dependence on imported fuels. Energy efficiency 

improvements can reduce energy consumption across sectors and thereby lower exposure to 

energy price volatility. At the same time, electrification, renewable energy deployment and fuel 

diversification expand the range of supply options and reduce reliance on fossil fuels, while 

increasing the share of domestically produced and low variable cost energy sources. Across sectors, 

these resilience-enhancing developments include building renovations and heat pumps in buildings, 

process optimisation, electrification and renewable fuels in industry, and vehicle efficiency 

improvements, electrification and alternative fuels in transport. Together, these changes reduce 

vulnerability to fossil fuel price shocks and strengthen the resilience of the energy system.  

When approaching resilience from the energy systems perspective, literature focuses on 

interconnectivity of energy infrastructures and the ability of markets to provide affordable energy 

services. Recent work on coupled gas and electricity systems argues that resilience to price shocks 

should be considered a distinct dimension of energy security, emphasising the importance of fuel 

diversification and reduced dependence on fossil fuels (Chyong, 2026) . Along similar lines, several 

other studies have investigated the relationship between energy transition and resilience. Research 

examining electricity market dynamics finds that increasing renewable energy penetration can 

reduce the sensitivity of electricity prices to fluctuations in natural gas prices and improve long-term 

price stability. These studies suggest that renewable deployment may provide resilience benefits in 

addition to emissions reductions (Navia Simon & Díaz Anadón, 2025; Pavlík et al., 2025). 

Overall, literature indicates that energy efficiency, electrification and renewable energy deployment 

can strengthen resilience across multiple sectors of the economy. However, existing studies typically 

analyse households, industry, transport or energy systems separately (Chyong, 2026; Navia Simon 

& Díaz Anadón, 2025). Consequently, limited evidence exists on how the broader transformation of 

the energy system affects the transmission of fossil fuel price shocks across sectors and ultimately 

influences consumer exposure, which constitutes the focus of the present study. 

The section below includes findings from literature for each demand sector of the energy system. 

Industry 

Amaglobeli et al. (2024) analyse the energy crisis of 2022 for firms in Germany and the United States 

using survey-based evidence. They find that firms responded through cost pass-through to 

consumers, reductions in profit margins and investments in energy saving measures. Their results 

indicate that energy intensive industries are particularly vulnerable to international energy price 



   
 

   
 

increases, while energy efficiency investments improve the firms' ability to cope with future shocks. 

Similarly, the International Energy Agency (IEA) highlights that energy costs represent a substantial 

operational expenditure for many industries and firms, particularly small- and medium-size 

enterprises. The IEA analysis concludes that energy efficiency improvements simultaneously reduce 

operating costs, enhance competitiveness and increase resilience to future energy price volatility by 

lowering energy dependence. At a broader economic level, studies examining European regions 

show that industrial competitiveness is strongly influenced by fossil fuel dependency and exposure 

to imported energy. Regions characterised by high dependence on natural gas and energy-intensive 

activities exhibit greater sensitivity to energy price shocks than regions with more diversified energy 

systems. These findings suggest that energy efficiency, electrification and supply diversification are 

important drivers of industrial resilience (den Nijs and Thissen, 2026) . 

Buildings 

In recent years, a growing body of literature has investigated the implications of energy price shocks. 

Burlinson et.al. (2024) propose a definition of energy price resilience and an empirical method to 

measure it. They link their results to health, disability, and wellbeing outcomes by assessing low 

energy and thermal affordability, and low energy and financial solvency. Fetzer et al. (2024) measure 

the exposure of Welsh households to energy price shocks, as a function of the building type, the 

resident’s characteristics and occupants’ preferences (e.g., indoor temperature). They find that 

energy price shocks have a greater impact on high income regions which are characterised by high 

status occupations, high education, elderly people and properties with low occupancy. D'Agostino 

et.al. (2023) use EnergyPlus to assess the impacts of a winter gas supply disruption to evaluate the 

thermal resilience of residential buildings, considering both building envelope characteristics and 

HVAC system performance. Their study simulated how buildings respond to energy supply shortages 

and examined a range of emergency intervention strategies that could be implemented to help 

occupants maintain essential indoor thermal conditions during the disruption. Guan et.al. (2023) 

use a detailed household expenditure database to evaluate the impacts of increased energy prices 

on a large set of expenditure groups in 116 countries. Their results indicate a range of 2.7 to 4.8% 

increase in household expenditures under specific energy price scenarios. Singhal et.al (2026) used 

survey data to examine household responses to the natural gas crisis following the Russian-

Ukrainian war. They focused on short-term heating consumption reduction through lower 

thermostat settings, and on long-term energy efficiency retrofit decisions assessing how higher 

energy costs influenced investments in energy saving measures. The study finds that although many 

households initially reduced heating demand in anticipation of higher energy costs, these behavioral 

changes were temporary, with thermostat settings eventually returning to levels before the crisis. 

In contrast, both the planning and implementation of energy efficiency investments increased 

substantially, indicating that home energy upgrades became a key long-term strategy for coping 

with rising energy prices. Peersman et.al. (2024) use survey data based on hypothetical energy price 

shocks to assess how households adjust energy consumption and spending in response to changes 

in energy prices. Their results highlight that the price elasticity of demand is significantly higher to 
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upward price trends compared to downward price trends. Furthermore, the elasticity to prices is 

higher for low-income families and households planning major home renovations, and smaller for 

high income households with higher propensity of spending. There is also a growing number of 

studies focusing on the macroeconomic consequences of price shocks, which are not elaborate 

further as they fall out of the scope of this study. 

Transport 

The transport sector has received significant attention in literature due to its continued dependence 

on oil-based fuels such as diesel, gasoline and kerosene. Recent studies show that oil price shocks 

rapidly affect freight costs, passenger mobility and supply chain operations, making transport one 

of the sectors most exposed to international fossil fuel market volatility. As transport remains 

heavily reliant on petroleum products, fluctuations in oil prices can generate wide ranging economic 

impacts (Xylia et al., 2026; Kačmáry et al., 2026). 

Recent research has increasingly focused on electrification as a resilience strategy for the transport 

sector. Xu et al. examine the coupling of transport and electricity systems under increasing 

electrification and conclude that electric mobility can improve energy security and reduce 

dependence on imported fossil fuels while simultaneously supporting decarbonisation objectives 

(Mitra et al., 2025). Similarly, studies on sector coupling highlight that transport electrification 

enables greater utilisation of renewable electricity and reduces direct exposure to oil markets. By 

shifting energy demand from petroleum products towards electricity supplied by an increasingly 

diversified generation mix, electrification weakens the transmission of international oil price shocks 

to transport users and is therefore increasingly regarded as a measure that can enhance resilience 

(Mitra et al., 2025; Pranawengkapti et al., 2025).  

 

1.2 Gap and novel contributions 

The existing literature demonstrates that energy price shocks affect industries, households and 

transport systems and the wider economy through multiple channels. However, as the literature 

review on energy system resilience showed that most studies investigate sectors separately, either 

focusing on consumer impacts, industrial competitiveness, transport vulnerability or energy system 

resilience in isolation. Consequently, limited evidence exists regarding how the progressive 

transformation of the whole energy system through energy efficiency improvements, electrification 

and renewable energy deployment alters the transmission of fossil fuel price shocks across sectors 

(Amaglobeli et al., 2024). In addition, existing studies are predominantly retrospective, focusing on 

observed responses to the recent energy crisis rather than evaluating potential future shocks 

considering the evolution of the energy system. Third, current studies typically employ survey-

based, econometric, or case study level approaches that capture specific aspects of each demand 

sector resilience. 



   
 

   
 

This gap motivates the integrated energy  system modelling approach adopted in the present 

deliverable. 

This study complements scientific literature in several innovative ways. Firstly, it moves beyond ex-

post analyses of past energy crises by providing a forward looking assessment of energy system and 

demand sector exposure to energy price shocks under alternative future energy system pathways, 

and under time- and magnitude varying price shocks. It explicitly captures the role of key resilience-

enabling decacbonisation strategies such as energy efficiency improvements, renovation measures, 

electrification technologies, fuel mix diversification and renewable energy deployment in shaping 

energy system resilience to rising energy prices. To do so, an energy system modelling framework 

with endogenous feedback of international fuel prices to end-user prices is applied. The framework 

accounts for interactions between energy demand, technology adoption, fuel switching, power 

supply and energy expenditures, thereby providing a more comprehensive assessment of resilience 

than existing survey-based approaches. Finally, in parallel it quantifies the extent to which the 

stepwise energy transition progress until 2050 can mitigate the impacts of energy price shocks on 

end-users, by quantifying the relevant key performance indicators for energy system setups aligned 

with energy transition drivers. 

 

1.3 Scope, research questions and outline 

The scope of this study is to investigate energy system resilience from the lenses of the progressive 

decarbonisation of the European energy system that advances to 2050 with improvements of 

industrial processes, building stock, and transport technologies. Specific research questions 

answered include: 

RQ1: How does the exposure of the European energy system to fossil fuel price shocks 

evolve under alternative present and future energy system configurations? 

RQ2: To what extent do energy efficiency improvements, electrification and 

renewable energy deployment reduce the transmission of fossil fuel price shocks 

across the energy system and to final consumers? 

RQ3: How do resilience characteristics differ across industry, buildings and transport, 

and which sectors benefit most from increasing energy efficiency and renewable 

energy penetration? 

These research questions are answered using PRIMES, a fully-fledged energy system model with 

detailed representation of the demand sectors and the power and heat supply mix of each EU 

Member State. The methodology section that follows presents the model, it details the energy 

system resilience indicators and the approach that is used to capture the shocks in different energy 

system configurations and provides further details on the scenarios deployed for the assessment. 
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Section 3 presents the results and analyses the findings, and Section 4 answers the main research 

questions and draws key conclusions on energy system resilience.  

 

2. METHODOLOGY  

The methodological framework is based on the PRIMES energy system model, a partial equilibrium 

model of the European energy system (EU 27) that represents energy demand, supply, prices and 

investment decisions across all sectors of the energy system, by achieving equilibrium between 

energy demand and supply, which are cleared by endogenously calculated prices. PRIMES 

incorporates forward looking behaviour and intertemporal optimisation whereby economic agents 

form expectations about future prices and policies and base their investment decisions accordingly. 

The full PRIMES documentation is available in (E3Modelling, 2018)  . 

 

2.1 The PRIMES model  

PRIMES is a comprehensive energy system model used for energy demand projections, assess power 

sector developments, evaluate the impact of energy and climate policies, and assess the impact of 

extreme events, such as fossil fuel price shocks which have been observed with increased frequency 

in recent years (REPowerEU Plan, EC,2022). The model is composed of a series of interconnected 

modules, each one representing the decision making behaviour of a representative actor within the 

energy system. The model covers all key sectors of the energy system, including electricity 

generation, industry, residential and service buildings, services, agriculture, and transport.  

PRIMES explicitly represents a broad range of conventional and alternative energy carriers, including 

fossil fuels, electricity, biomass, biofuels, hydrogen and synthetic fuels. This enables the assessment 

of fuel diversification pathways, electrification strategies and reductions in fossil fuel dependency, 

all of which are key determinants of industrial resilience to external fuel price shocks. 

This integrated approach enables a comprehensive assessment of how changes in the energy mix, 

electrification levels, and power sector decarbonization influence end use sector exposure to energy 

price volatility. 

Electricity and fuels supply 

The PRIMES modelling framework provides an integrated representation of energy supply, fuel 

markets and price formation, making it particularly suitable for analysing the propagation of energy 

price shocks across sectors and the resulting impacts on energy system resilience. The model 

projects sector-specific prices for fossil fuels, electricity, bioenergy commodities and synthetic fuels 



   
 

   
 

based on international energy market developments, domestic infrastructure costs, processing 

costs, policy measures and demand and supply interactions. This enables a consistent assessment 

of how external disturbances in energy markets translate into end-user energy prices across the 

economy. 

A key strength of the framework for resilience analysis is its endogenous representation of energy 

markets. Electricity prices are determined through the PRIMES power sector model, which captures 

generation dispatch, investment decisions, cross border trade and customer-specific pricing 

structures. Biofuel and synthetic fuel prices are generated through dedicated modules that optimise 

resource allocation, technology deployment and infrastructure investments while accounting for 

policy constraints and competing uses of energy carriers. Consequently, the model captures not only 

direct price effects but also market-driven adaptation mechanisms, including fuel substitution, 

renewable energy deployment and structural changes in energy supply. 

Industry 

PRIMES-Industry has a detailed representation of industrial energy demand and technology 

adoption. The model captures the interaction between industrial activity, energy demand, fuel use 

and technology deployment across 10 industrial sectors, 31 subsectors and more than 200 energy 

uses. This high level of disaggregation enables the assessment of heterogeneous responses across 

industrial sectors with different production processes, energy requirements and technology 

options. Industrial agents are modelled as making intertemporal investment and operating 

decisions based on relative energy prices, technology costs, policy signals and behavioural factors 

such as uncertainty and risk. Consequently, the model captures not only the direct impacts of 

changing energy prices on industrial energy use, but also the pace at which industries adapt through 

fuel switching, process optimisation, electrification and energy efficiency investments. The model 

also captures horizontal energy efficiency measures, such as heat recovery and process 

optimisation, which can reduce overall energy demand while maintaining production levels. The 

dynamic representation of technology turnover allows resilience to be treated as an evolving 

property shaped by investment decisions, technology diffusion and policy interventions. The 

framework therefore enables the evaluation of multiple dimensions of industrial resilience, 

including exposure to fossil fuel price volatility, dependence on imported fuels, diversification of 

energy carriers, responsiveness to changing market conditions, and long-term adaptation to 

decarbonisation pathways.  

Buildings 

PRIMES BuiMo, the residential sector model of PRIMES, captures the interaction between building 

stock evolution, renovation decisions, technology adoption, fuel use and energy prices through a 

detailed representation of 54 building typologies distinguished by age and geographical location and 

29 end-use categories, including space heating, cooling, domestic hot water and cooking. This high 
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level of disaggregation enables the assessment of heterogeneous household responses to changing 

economic, technological and policy conditions. For resilience analysis the model’s representation of 

household decision making regarding renovations and technology choices is a key characteristic. 

Consumers are modelled as agents choosing among alternative technologies based on investment 

and operating costs, energy prices, policy incentives (e.g. ETS-related costs) and behavioural factors 

reflecting consumer preferences and technology acceptance. Consequently, the model captures 

both the direct impacts of changing energy prices and the pace at which households adapt through 

renovation actions, fuel switching and the adoption of more efficient technologies, such as heat 

pumps. The model explicitly represents competing heating technologies and energy carriers, 

allowing the assessment of electrification pathways, fuel diversification and reductions in fossil fuel 

dependency, all of which are key determinants of resilience to external prices. Building energy 

performance is represented through both passive measures, such as insulation and envelope 

improvements, and active measures related to the efficiency of equipment. The model's vintage 

structure captures the inertia of the building sector and the gradual penetration of more resilient 

technologies, treating resilience as an evolving property shaped by investment decisions, 

technology turnover and policy interventions. 

Transport 

PRIMES-TREMOVE provides a detailed representation of transport system evolution under 

alternative policy and market conditions that may induce energy market disturbances and fuel price 

shocks. The model captures the dynamic interaction between transport activity, fleet turnover, 

technology adoption, fuel use and energy prices across all major transport modes, including road, 

rail, aviation, inland navigation and maritime transport. A key strength of the modelling framework 

for the resilience analysis is its representation of heterogeneous decision making by transport 

agents. Vehicle and fuel choices are determined through cost minimising behaviour while 

accounting for policy measures, infrastructure availability, behavioural inertia, risk aversion and 

imperfect information. Consequently, the model captures not only the economic impacts of 

changing fuel prices but also the pace at which consumers and operators adapt through technology 

switching, fuel substitution and changes in transport patterns, which are distinctly different owing 

to the heterogeneity of transport segments. From an energy system perspective, PRIMES-TREMOVE 

explicitly represents multiple competing energy carriers of conventional and alternative fuels 

enabling the assessment of diversification pathways and reductions in fossil fuel dependency, key 

to the assessment of transport system resilience to external fuel price shocks.  

2.2 Energy system resilience assessment methodology 

The methodology followed to assess the resilience of the energy system is designed in such a way 

that ensures that the shocks are interpreted as unexpected, short-term disturbances, affecting costs 

rather than structural behaviours of agents. 



   
 

   
 

The starting point is a Baseline scenario run (detailed in section 3.1) computed with the PRIMES 

model which considers a business-as-usual development of prices until 2050 (Figure 2). Structural 

elements of the energy system, such as technology choices, final energy demand by end-use and 

fuel in the energy system are projected based on economic and consumer choices, under the current 

policy framework of each EU Member State. 

Subsequently, price shocks are applied to international fossil fuels (i.e., natural gas, oil and coal) as 

exogenous multipliers relative to the Baseline international fossil fuel price trajectories (Figure 2). 

The shocks are not fed back into the investment and technology choice modules of the supply or 

demand side modules of PRIMES to avoid anticipatory adjustments in technology choices and 

energy use by the agents, that – depending on the agent – would otherwise act proactively on such 

shocks. Instead, final energy demand is kept unchanged, and energy expenditures are recomputed 

using shocked price levels. While demand side investment behaviour of the model is held fixed, the 

supply side module responds to price shocks by moderate shifts of energy carriers depending on 

their relative costs capturing their impact on electricity, alternative fuels and heating prices. 

Importantly, owing to the short-term nature of the shocks, only existing capacity in any energy 

system state is utilized. In other words, in any given state the supply system does not lean into new 

investments, for example in renewables or storage to supply electricity. The supply module is run 

separately for each energy system configuration (i.e., selected shock years) incorporating the same 

fossil fuel price shock in each case (section 2.3). The resulting wholesale electricity and heat prices 

are then used to recompute end-user energy expenditures across the sectors. This approach 

captures the price transmission mechanism from primary fuels to final energy carriers, while 

maintaining a consistent representation of demand side rigidity for different energy configurations, 

representative of the EU energy transition drivers. 

The adopted methodology is designed to isolate the exposure of the energy system and final 

consumers to external fossil fuel price shocks under different stages of the energy transition or 

system states. Consequently, the analysis quantifies the direct transmission of fossil fuel price 

shocks through the energy system and their impacts on end-users, while treating the evolving 

structure of the energy system itself, including energy efficiency, electrification and renewable 

energy deployment, as the primary determinant of resilience. The methodology therefore assesses 

how resilient different energy system configurations are to identical external disturbances, rather 

than how consumers might subsequently adapt to them. 

Following this stepwise modelling procedure, a set of resilience indicators are computed and 

assessed, over three areas, namely structural resilience indicators, shock transmission indicators, 

and welfare indicators. 

The energy system resilience methodological framework is graphically illustrated in Figure 1. 
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Figure 1. Methodological framework of energy system resilience assessment with PRIMES 

 

 

Table 1 presents the resilience indicators developed for the assessment. The indicators are grouped 

into three complementary dimensions of resilience. Structural resilience indicators describe the 

characteristics of the energy system state and are derived directly from model outputs. Shock 

transmission and welfare indicators are based on the relative differences between the Baseline and 

the Shock scenarios and quantify the transmission of fossil fuel price shocks and their economic 

impacts on end users and the wider energy system. 

Table 1. Energy system resilience assessment indicators (structural, shock transmission, welfare) 

Indicator Formula Description 

Structural resilience 

Fossil dependency (𝑭𝑫) 
∑ 𝑓𝑢𝑒𝑙 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛𝑓𝑜𝑠𝑠𝑖𝑙 𝑓𝑢𝑒𝑙

∑ 𝑓𝑢𝑒𝑙 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛𝑓𝑢𝑒𝑙
 

Dependence of the agent on 
fossil fuels and its direct 
exposure to fossil fuel price 
shocks 

Energy efficiency (𝑬𝑬) 
𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛

𝐴𝑐𝑡𝑖𝑣𝑖𝑡𝑦
 

Energy intensity relative to its 
2015 value, where 2015 = 1. 
Lower values indicate lower 
energy consumption per unit 
of activity and improved 
energy efficiency 

Electrification (𝑬𝑳𝑬) 
𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛

∑ 𝑓𝑢𝑒𝑙 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛𝑓𝑢𝑒𝑙
 

Proxy for electrification and 
diversification, indicating 
potential buffering capacity 



   
 

   
 

against fossil fuel price 
volatility 

Renewables (𝑹𝑬𝑺) 
𝑅𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒 𝐸𝑛𝑒𝑟𝑔𝑦

𝐹𝑖𝑛𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝐷𝑒𝑚𝑎𝑛𝑑
 

Penetration of renewables in 
end-use sectors, that similar 
to electrification buffers 
against fossil fuel price 
volatility 

Renewable electricity (𝑹𝑬𝑺 −
𝑬) 

𝑅𝑒𝑛𝑒𝑤𝑎𝑏𝑙𝑒 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛

𝐺𝑟𝑜𝑠𝑠 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛
 

Penetration of renewables in 
electricity generation, with 
increased penetration 
indicating less reliance on 
fossil fuels and their price 
volatility 

Import exposure (𝑰𝑬) 
𝐹𝑜𝑠𝑠𝑖𝑙 𝑓𝑢𝑒𝑙 𝑖𝑚𝑝𝑜𝑟𝑡𝑠 

𝐺𝑟𝑜𝑠𝑠 𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝐸𝑛𝑒𝑟𝑔𝑦
 

Reliance on fossil fuel and 
other imports and can 
capture the exposure to non-
EU price shocks(a) 

Shock transmission  

Price pass through (𝑷𝑷𝑻) 
% 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦/ℎ𝑒𝑎𝑡 𝑝𝑟𝑖𝑐𝑒𝑠

% 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑓𝑜𝑠𝑠𝑖𝑙 𝑝𝑟𝑖𝑐𝑒𝑠
 

Extent to which fossil price 
shocks affect electricity/heat 
prices(b) 

Shock transmission factor 
(𝑺𝑻𝑭) 

% 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑖𝑛 𝑒𝑛𝑒𝑟𝑔𝑦 𝑒𝑥𝑝𝑒𝑛𝑑𝑖𝑡𝑢𝑟𝑒  

% 𝑖𝑛𝑐𝑟𝑒𝑎𝑠𝑒 𝑖𝑛 𝑓𝑜𝑠𝑠𝑖𝑙 𝑓𝑢𝑒𝑙 𝑝𝑟𝑖𝑐𝑒𝑠
 

Ratio between the 
percentage increase in energy 
expenditure and the 
percentage increase in fossil 
fuel prices, providing a 
measure of how strongly 
price shocks translate into 
end-user costs 

Welfare 

Total fuel expenditure (𝑻𝑭𝑬) 
𝑇𝐹𝐸𝑆ℎ𝑜𝑐𝑘 − 𝑇𝐹𝐸𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒

𝑇𝐹𝐸𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒
 

Relative increase in total 
expenditure on energy 
carriers caused by the 
external price shock 

Total system cost (𝑻𝑺𝑬) 
𝑇𝑆𝐸𝑆ℎ𝑜𝑐𝑘 − 𝑇𝑆𝐸𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒

𝑇𝑆𝐸𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒
 

Overall welfare cost of the 
energy system, including 
energy, investment, carbon 
and disutility costs. Assess the 
economy-wide impact of 
fossil fuel price shocks and 
the cost of different system 
states 

Household spending on energy 
(𝑯𝑯𝑬𝑿𝑷) 

𝐻𝐻𝐸𝑋𝑃𝑆ℎ𝑜𝑐𝑘 − 𝐻𝐻𝐸𝑋𝑃𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒

𝐻𝐻𝐸𝑋𝑃𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒
 

Relative increase in share of 
expenditures on annual 
energy expenses in houses 
and passenger transport as 
share of household income 
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(a) Import exposure by sector is calculated as the share of total energy system fuel imports associated with the sector's final energy 

demand 

(b) Price pass-through is based on end-user electricity prices by sector; gas prices are additionally analysed for buildings and industry, 

and gasoline prices for transport 

 

2.3 Scenario specification 

The analysis uses a Baseline scenario, where the fossil fuel price development evolves in a business-

as-usual manner, and a Shock scenario, where shocks are encountered as they occur in the short- 

(2025), mid- (2040) and long-term (2050). The Scenarios are described subsequently. 

Baseline scenario 

The Baseline scenario is calibrated to latest energy statistics (Eurostat) and projects the impact of 

the most recently applied macroeconomic projections (European Commission, 2024; Eurostat 

2023), fuel prices, technological developments, and policies in place at an EU and Member State 

level pertaining the evolution of the EU energy system until 2050. The Baseline achieves the EU 

energy targets on energy efficiency and renewables’ deployment by 2030 in line with the Energy 

Efficiency Directive and the RED III (Directive (EU) 2023/2413, 2023). Beyond 2030, country-specific 

pathways are implemented, with policy measures designed to reflect the GHG emissions trajectories 

reported by each Member State, thereby aligning with the longer-term ambition of individual 

countries rather than the overarching objectives of the EU for climate neutrality (NECPs). In other 

words, the Baseline scenario builds on the EU-level and Member State-level policies and represents 

the current policy and market context. 

Indicatively, the EU-level policies considered include the recast Renewable Energy Directive (RED III) 

(Directive (EU) 2023/2413, 2023), the amended Directive on Energy Efficiency (Directive (EU) 

2023/1791), the revised Energy Performance of Buildings Directive (Directive (EU) 2024/1275), the 

EU ETS(Directive (EU) 2018/410) directive, including ETS2 (Directive (EU) 2023/959), as well as 

policies related to CO2 standards for vehicles and alternative fuels. The Member State-level policies 

and ambitions after 2030 that are considered in the Baseline scenario are those included in the 

updated National Energy and Climate Plans (NECPs) and other documents reflecting national 

decarbonization efforts, especially those targeting the building stock, transport activity, and 

industrial evolution. 

The development of international fuel prices for the Baseline projections are based on the Global 

Energy and Climate Outlook (European Commission, Joint Research Centre, 2025)reflecting the 

2022 energy crisis, reduced Russian gas imports, and the sustaining impacts beyond the crisis. This 

leads to persistently higher prices in all basic fossil fuel after 2022, which oil maintaining a consistent 



   
 

   
 

upward trend, natural gas stabilizing at high levels and coal following the same trend but at lower 

intensity. The projections used are shown in Figure 2. 

 

 

 

 

 

 

 

 

 

Figure 2. International fossil fuel prices in the Baseline and in the Shock scenario in 2025, 2040 
and 2050 

Key characteristics of the energy supply and demand system under the projection period are 

presented by sector in  

Table 2 – Table 5. Indicators include, for example, energy intensity, Renewable Energy Source (RES) 

capacity and share of electric vehicles. The projection years 2025, 2040 and 2050 represent the 

different system states of, respectively, early-stage, intensified and high energy efficiency, 

renewables, and electrification. The quantification of the evolution of the Baseline energy system is 

based on Member State results aggregated to EU27. 

 

Table 2. Key energy system indicators for the Baseline scenario for the power supply sector in GW 

(EU27 level totals) 

 2025 2040 2050 

Nuclear energy 98.6 111.1 99.4 

Hydro 130.4 140.6 143.5 

Wind 243.1 620.8 805.6 

Solar 372.9 761.5 1058.5 

0

20

40

60

80

100

120

2025 2040 2050

Oil

€
/
b
o
e

0

50

100

150

200

250

300

350

2025 2040 2050

Gas

0

5

10

15

20

25

30

35

2025 2040 2050

Coal

Shock Baseline



 

 
17 

Geothermal heat 1.1 2.2 2.6 

Other renewables 0.2 3.3 11.1 

Solids-fired 94.5 11.3 1.4 

Oil-fired 18.0 4.3 1.2 

Gas-fired 177.9 80.4 69.9 

Biomass-waste fired 48.4 57.9 53.5 

 

Table 3. Key energy system indicators for the Baseline scenario for the industry sector (EU27 level 

totals and weighed averages) 

 2025 2040 2050 

Energy intensity (toe/MEuro) 85.9 64.3 54.9 

Annual efficiency improvement per energy use (compared to 2015) 
   

Steam 0.9% 9.6% 7.0% 

Heat 7.8% 9.2% 7.3% 

Electric processing 15.1% 17.2% 12.7% 

 

Table 4. Key energy system indicators for the Baseline scenario for the buildings (households) 
sector (EU27 level totals and weighed averages) 

 2025 2040 2050 

Energy intensity (kwh/m2) 129.4 86.5 77.8 

Annual renovation rate (% of building stock) 1.2 1.1 1.3 

Energy Savings from renovation (average energy savings in % 
compared to a non-renovated building) 

44.7 15.7 12.0 

Share of heat pumps (%) 13% 33% 36% 

Number of heat pumps (Million households) 25.4 67.8 74.7 

 



   
 

   
 

Table 5. Key energy system indicators for the Baseline scenario for the transport sector (EU27 
level totals and weighed averages) 

 2025 2040 2050 

Energy intensity passenger transport (toe/Gpkm) 35.0 18.1 12.3 

Energy intensity freight transport (toe/Gtkm) 23.9 16.7 13.1 

Modal share of passenger cars road transport (% of activity) 64% 61% 59% 

Modal share of road freight transport (% of activity) 68% 65% 65% 

Share of electric vehicles in road transport (%)a 4% 45% 75% 

(a) Includes all road transport modes (passenger cars, vans, public road transport, freight road transport) 

 

The system states that characterize the energy transition projected in the Baseline, are not separate 

scenarios, but milestones along the same transition pathway. They represent the gradual 

replacement of a relatively fossil fuel intensive system by an energy system with lower energy 

requirements, greater electrification and a predominantly renewable electricity supply. The early-

stage retains substantial fossil fuel capacity and comparatively high energy intensity across the 

demand sectors. Renewable electricity and efficient technologies are already present, but heat 

pumps account for only 13% of household heating technologies and electric vehicles for 4% of the 

road vehicle stock. The energy system therefore remains strongly exposed to fossil fuel consumption 

and international energy markets. The intensified state represents the main acceleration of the 

transition. By 2040, the rapid expansion of wind and solar capacity substantially reduces the role of 

fossil fuels in electricity generation. In parallel, industrial and building energy intensity decline, while 

heat pumps supply 33% of households and electric vehicles account for 45% of the road vehicle 

stock. Demand sectors consequently shift away from the direct use of fossil fuels and rely 

increasingly on electricity supplied from renewable sources. The high state consolidates these 

structural changes by 2050. Wind and solar capacity reach approximately 806 GW and 1,059 GW, 

respectively, while coal and oil-fired capacity are almost entirely phased out. Energy intensity 

declines further across industry, buildings and transport, and electric vehicles represent 75% of the 

road vehicle stock. Changes in passenger and freight modal shares remain comparatively moderate, 

indicating that the transformation of transport is driven primarily by efficiency improvements, 

technological change and electrification rather than a substantial redistribution of activity between 

transport modes. 
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Shock scenario 

In the Shock scenario, sectoral activity, useful energy demand, installed demand technologies, and 

demand side investment decisions remain fixed at the levels of the corresponding Baseline system 

state (section 2.2). The shock therefore does not induce behavioural demand responses, 

anticipatory investment, or technology switching by final consumers. The supply system may adjust 

dispatch and fuel use within the capacity and infrastructure already available in each system state, 

but no new capacity is installed in response to the shock. This entails that system state metrics such 

as energy efficiency and process integration, energy intensity, electric vehicles penetration, 

renovation rate, fuel mix in demand sectors are similar to the Baseline scenario.  

The shock scenario applies the same fuel specific price shocks across the three system states of the 

energy system transition (2025, 2040 and 2050), which are selected as representative milestones of 

the EU energy transition. This approach enables the assessment of how the same external 

disturbance affects the energy system with markedly different structural characteristics, at early-

stage, intensified and high levels of energy efficiency, electrification and renewable energy 

penetration. By exposing each energy system configuration to the same shock, differences in 

outcomes can be attributed to changes in the structure of the energy system itself, thereby 

providing a direct measure of how resilience evolves over time. Three shock years are considered: 

 Shock 1 (2025) – Early-stage: the energy system is at an early-stage transition with 

relatively low levels of energy efficiency and overall penetration of renewable energy. 

 Shock 2 (2040) – Intensified: the energy system is at an intermediate stage with 

increased electrification rates, energy efficiency and RES penetration. 

 Shock 3 (2050) – High: the energy system is at a more mature low carbon state with 

higher levels of energy efficiency and RES penetration. 

All shocks have the same magnitude in relative terms compared to the Baseline scenario (Figure 2). 

The magnitude of the shocks is designed to reflect severe but plausible disruptions, consistent with 

observed price increases during recent energy crises, such as the 2022 energy crisis due to the 

Russian invasion in Ukraine, or the oil price shock due to the middle east war. Specifically, relative 

to the Baseline, the Shock scenario increases international oil, natural gas and coal prices by 65%, 

140% and 25%, respectively. The same relative increases are applied in 2025, 2040 and 2050. 

While the demand side investment behaviour in the Baseline and the Shock scenario is the same, 

the supply side of the model is impacted by such price shocks, primarily by shifts in primary fuels 

where existing capacity allows. Ultimately the effect of the import fuel price shoch is transmitted to 

the end-users through the impact on fuel prices (conventional and alternative) and electricity and 

heat prices owing to higher supply costs from transformation sectors. Therefore, both direct and 

indirect impacts on demand sectors are captured.  



   
 

   
 

3. RESULTS AND DISCUSSION 

3.1 Structural Resilience 

Figure  illustrates how the structural characteristics of the EU energy system evolve across the three 

analysed system states. Although the transition is primarily driven by decarbonisation objectives, it 

also alters the system's exposure to external energy market disturbances. Over time, fossil fuels 

account for a smaller share of energy use, imports become less dominant, and electricity supplied 

from renewable sources plays an increasingly important role across end-use sectors. These 

developments do not eliminate exposure to fossil fuel price shocks altogether, but they substantially 

reduce the channels through which such shocks can affect consumers and the wider economy. 

A clear decline in fossil fuel reliance is observed across the transition pathway. At the aggregate EU 

level, fossil fuels account for 59% of energy demand in 2025, falling to 35% in 2040 and reaching 

23% by 2050. The scale of change is particularly notable in transport, where fossil fuel dependency 

drops from 91% to 33%. This reflects the growing role of electric mobility, complemented by 

efficiency improvements in the remaining vehicle fleet. Buildings also exhibit improvement, 

reducing fossil fuel dependency from 42% to 19% as electrified heating technologies gradually 

replace conventional systems. Industrial progress is more gradual, yet dependency still falls from 

45% to 23%, indicating that even sectors traditionally considered difficult to decarbonise become 

significantly less reliant on fossil energy over time.  

The reduction in fossil fuel consumption is accompanied by a marked decline in import exposure. 

From an EU perspective, the share of energy demand linked to imported fuels falls from 53% in 2025 

to 20% in 2050. Transport records the largest absolute improvement, with import exposure 

declining from 86% to 31%. Despite this progress, it remains the most import dependent sector by 

the end of the projection period, reflecting the continued use of liquid fuels in segments that are 

more difficult to electrify. Buildings and industry follow a similar direction of travel, reaching import 

exposure levels of 17% and 20%, respectively, by 2050. Taken together, these developments point 

to a gradual weakening of the link between EU energy consumption and international fuel markets. 

Electrification emerges as one of the defining features of the transition pathway. Across the EU 

energy system, electricity increases its share of final energy demand from 24% in 2025 to 48% by 

2050, gradually replacing the direct consumption of fossil fuels in a wide range of applications. The 

most visible shift occurs in transport. Starting from a very low base, electrification rises from 3% in 

2025 to almost 39% by 2050 as electric vehicles gain market share and progressively reshape energy 

demand patterns. Buildings experience a similarly important change, with electricity accounting for 

56% of final energy demand by 2050. Much of this increase is linked to the growing deployment of 

heat pumps, which simultaneously reduce fuel consumption and improve energy efficiency. Viewed 

alongside the decline in fossil fuel use, these trends suggest that electrification acts as a key 

mechanism through which resilience gains materialise over time. 
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Improvements in energy efficiency constitute a second major component of the resilience 

transition. While electrification plays an important role, the observed gains also reflect a broader 

set of changes, including building renovation, process optimisation, equipment replacement and 

the gradual uptake of more efficient technologies across all demand sectors. For this reason, 

resilience improvements should not be attributed to any single driver. 

Using 2015 as the reference year (2015 = 1), the energy intensity indicator declines steadily 

throughout the projection period. Transport exhibits the largest improvement, with the index falling 

from 0.93 to 0.33 by 2050, reflecting both vehicle efficiency improvements and increasing 

electrification. Buildings also record substantial gains as renovation measures and more efficient 

heating systems reduce final energy requirements. In industry, progress is somewhat more gradual, 

although energy intensity still declines considerably over the period. The overall picture is one of a 

system that requires significantly less energy to deliver the same economic and social services, 

thereby reducing the volume of energy exposed to external price volatility. 

The expansion of renewable energy further reinforces the resilience gains observed across the 

transition pathway. While renewable energy increasingly penetrates final consumption sectors, the 

most consequential change occurs in the electricity sector. The share of renewable electricity 

generation increases from 53% in 2025 to 80% in 2040 and reaches 83% by 2050, fundamentally 

altering the structure of power supply. 



   
 

   
 

 

 
Figure 3. Structural resilience across system states: sectoral ranges in EU energy transition 

This shift has implications that extend beyond emissions reduction. As wind, solar and other 

renewable technologies account for a larger share of generation, electricity prices become less 

dependent on internationally traded fossil fuels and the volatility often associated with those 

markets. The relationship is not eliminated entirely, particularly because dispatchable thermal 

capacity continues to play a supporting role. Nevertheless, the results suggest a gradual decoupling 

between fossil fuel market developments and electricity supply costs. Combined with rising 

electrification, this diversification of energy sources increases the system's ability to absorb external 

shocks without transmitting their full effects to consumers. 
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These results indicate that all sectors become progressively less exposed to fluctuations in 

international fossil fuel markets. The findings suggest that resilience gains are driven not only by 

lower fossil fuel consumption but also by reduced reliance on imported energy carriers, thereby 

limiting vulnerability to geopolitical disruptions and international market volatility. Increased 

electrification reduces direct exposure to fossil fuel prices and allows end-use sectors to benefit 

from an increasingly decarbonised electricity supply. Similar decoupling occurs through the 

penetration of renewables and a more energy efficient system state. 

3.2 Shock Transmission 

The structural changes discussed in the previous section become particularly evident when 

examining the transmission of fossil fuel price shocks through the energy system. While all three 

system states are exposed to the same external disturbance, the resulting impacts differ. This 

suggests that the evolution of the energy system itself plays an important role in determining how 

strongly international fuel price fluctuations affect domestic consumers. Figure  presents two 

complementary indicators of shock transmission across the analysed system states and sectors. The 

first measures price pass-through, capturing the extent to which changes in fossil fuel prices are 

reflected in end-user energy prices. The second evaluates the broader propagation of the shock 

through energy expenditures. Together, the indicators provide insight into both the immediate 

market response and the wider economic consequences of fossil fuel price volatility. 

The most striking result concerns the changing relationship between fossil fuel markets and 

electricity prices. In the early-stage system, a sizeable share of international fuel price volatility is 

transmitted to final consumers through electricity prices. By contrast, this relationship becomes 

much weaker in the later system states. At the aggregate EU level, electricity price pass-through 

falls from 7.5% in 2025 to around 1% in both 2040 and 2050, indicating that the electricity system 

becomes considerably less sensitive to fluctuations in fossil fuel markets. 

The timing of this change is also noteworthy. Most of the reduction occurs before 2040, coinciding 

with the rapid expansion of renewable electricity generation and the declining role of fossil fuel-

based generation technologies. Beyond that point, further improvements are relatively modest, 

suggesting that a large share of the resilience gains has already been realised. 

The pattern is not uniform across sectors. Buildings experience the strongest reduction in pass-

through, falling from 11.2% to approximately 1.4%. This reflects both the growing penetration of 

heat pumps and the declining importance of fossil fuels in meeting heating demand. Transport 

improves more gradually as liquid fuels continue to play a role throughout much of the transition 

pathway. Industry presents a somewhat different picture. Although electricity price pass-through is 

consistently low and falls further over time, this should not be interpreted as evidence of low overall 

vulnerability, a point that becomes more apparent when examining expenditure-based indicators 

in the following analysis. 



   
 

   
 

 

 

Figure 4. Shock transmission indicators for energy system resilience across system states: 
sectoral ranges in the EU energy transition. Price pass-through represents electricity prices 

Table 6 provides a more detailed view of shock transmission by examining fuel specific pass-through 

rates. While the electricity results already point towards a gradual decoupling from fossil fuel 

markets, the fuel level analysis reveals more details regarding the heating and transport sectors. 

Natural gas remains relatively exposed to international market conditions throughout the transition, 

particularly in industry. Pass-through rates for industrial gas consumption decline over time, falling 

from 54.6% in the early-stage system to 33.5% in the high system state. Nevertheless, the level 

remains comparatively high, reflecting the continued importance of gas in several industrial 

applications and the direct link between industrial gas prices and wholesale fuel markets. 

Households exhibit a stronger improvement. Gas price pass-through falls from 22.3% to 10.9%, 

largely because natural gas gradually loses market share to alternative heating solutions. As heat 

pumps and electrified heating systems become more widespread, a smaller proportion of 

household energy demand remains directly exposed to gas market volatility. 

A somewhat different pattern emerges in transport. Gasoline pass-through declines only 

moderately, from 11.9% to 9.0%. At first sight this may appear surprising given the substantial 

transformation occurring within the transport sector. However, the explanation lies in the 

distinction between pass-through and exposure. The price paid for gasoline remains closely linked 

to oil markets, but gasoline itself becomes progressively less important within the transport energy 

mix as electric vehicles gain market share. As a result, the overall impact of oil price shocks on 

transport expenditure falls more rapidly than the gasoline pass-through indicator alone would 

suggest. 
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Table 6. Price pass-through rates for gas in industry and households and gasoline across 
different system states in the EU energy transition 

 Early-stage Intensified High 

Gas blend, industry 54.6% 50.9% 33.5% 

Gas blend, households 22.3% 16.2% 10.9% 

Gasoline blend, transport 11.9% 11.3% 9.0% 

 

While price pass-through captures the immediate effect of the shock on energy prices, the shock 

transmission factor provides a broader perspective by examining its impact on total energy 

expenditure. For this reason, it offers a direct indication of the economic significance of external 

fuel price disturbances for final consumers and economic sectors. 

The results point to a substantial improvement in resilience over time. At the aggregate EU level, 

the shock transmission factor declines from 0.58 in the early-stage system to 0.27 in the high system 

state, indicating that a progressively smaller share of the original disturbance reaches end users. 

Importantly, the reduction is not driven by a single mechanism. Lower fossil fuel dependency, higher 

energy efficiency and an increasingly diversified energy mix all contribute to limiting the propagation 

of the shock through the energy system. 

Buildings emerge as the strongest performer. The transmission factor falls from 0.74 to 0.29, 

reflecting the combined effect of renovation, electrification and reduced reliance on fossil fuel-

based heating. Transport also becomes noticeably more resilient, although improvements occur 

more gradually as vehicle fleets take time to turn over. By 2050, the transmission factor has almost 

halved relative to its initial value. 

Industry presents a more complex picture. Unlike the other sectors, improvements are 

comparatively modest, with the indicator remaining close to its initial level throughout much of the 

transition. This finding is particularly interesting because it contrasts with the very low electricity 

price pass-through observed earlier. In other words, low direct exposure to electricity price changes 

does not automatically translate into low overall vulnerability. Industrial energy expenditure 

remains influenced by a combination of residual fossil fuel use, indirect electricity effects, 

intermediate energy carriers and the structural characteristics of energy intensive production 

processes. 

Overall the results suggest that the energy transition progressively weakens both the direct and 

indirect channels through which fossil fuel price shocks affect the economy. Nevertheless, the 

persistence of relatively high transmission effects in industry serves as a reminder that resilience 



   
 

   
 

gains are not evenly distributed and that some sectors may require additional policy attention even 

in highly decarbonised energy system configurations. 

3.3 Welfare Impacts 

Figure 5 presents the evolution of welfare indicators across the early-stage, intensified and high 

system states (see methodology section 2.2). Total fuel expenditure describes the increase in 

expenditure on energy carriers caused by the external price shock. Total system cost captures the 

broader increase in energy system costs, including capital, energy, non-energy costs as well as 

disutility costs and auction payments by demand sectors. Household spending on energy measures 

the effect of the price shock on household energy expenditure in buildings and transport. Lower 

values indicate smaller economic effects from the price shock and therefore greater welfare 

resilience. 

The welfare results indicate that the resilience gains identified in the previous section translate into 

tangible economic benefits. Although all three system states are exposed to the same external 

disturbance, the associated cost increases become progressively smaller as the energy transition 

advances. At the aggregate EU level, the increase in fuel expenditure falls from 14.9% in the early-

stage system to 6.9% in the high system state. A similar pattern is observed for total system costs, 

which decline from 10.5% to 4.1%. In practical terms, this means that the same fossil fuel price shock 

generates significantly lower economic disruption in a more decarbonised energy system. 

The strongest improvements are observed in buildings. By 2050, the increase in fuel expenditure 

associated with the shock is reduced to only 2.8%, while the impact on total system cost falls to 

1.3%. This finding is consistent with the broader structural transformation of the building sector, 

where energy demand is reduced through renovation and efficient technologies while heating 

increasingly relies on electricity rather than directly purchased fossil fuels. As a result, households 

become substantially less exposed to fluctuations in international fuel markets. 

Transport follows a different trajectory. Resilience improvements emerge more gradually and 

become particularly visible between 2040 and 2050. This timing reflects the relatively slow turnover 

of vehicle fleets and the progressive penetration of electric mobility. Once electrification reaches 

sufficient scale, however, the economic effects of oil-price shocks diminish rapidly, leading to 

markedly lower expenditure impacts in the high system state. 

Industry remains the most vulnerable sector throughout the analysis. Although welfare impacts 

decline somewhat over time, the improvement is considerably smaller than that observed in 

buildings or transport. By 2050, industrial fuel expenditure still increases by 14.5% under the shock 

scenario. This persistence reflects the continued importance of energy intensive processes and 

residual fossil fuel use in parts of the industrial sector. It also highlights that decarbonisation 

improves resilience across all sectors, but the magnitude of the benefit depends strongly on the 

availability of viable alternatives to fossil fuels. This result is consistent with the relatively limited 

reduction in the industrial shock transmission factor. Notably, the distribution of these benefits is 
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uneven. Sectors that can combine efficiency improvements, electrification and renewable energy 

uptake experience markedly larger resilience gains than sectors where technological alternatives 

remain more constrained. 

 

 

Figure 5. Welfare indicators for energy system resilience across system states: sectoral ranges in 
the EU energy transition 

The effects on households are revealing because they reflect the direct consequences of energy 

price shocks on consumers. Here, the resilience benefits of the energy transition become especially 

visible. In the buildings sector, the increase in household energy expenditure almost disappears by 

the end of the projection period, falling from 14.2% in the early-stage system to close to zero in the 

high system state. This result suggests that improvements in building performance and heating 

technologies can substantially shield households from future energy market disruptions. 

Regarding transport, while household expenditures become progressively less sensitive to fossil fuel 

price shocks, the improvement occurs more gradually. A significant share of mobility demand 

remains linked to conventional vehicles during much of the transition period, meaning that oil price 

volatility continues to affect household budgets. Only once electric vehicles become dominant does 

transport expenditure display resilience gains comparable to those observed in buildings. 
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Taken together, the results suggest that households benefit from the energy transition not only 

through lower emissions and reduced energy consumption, but also through greater protection 

against unexpected increases in energy prices. From a consumer perspective, this may represent 

one of the most tangible and socially relevant benefits identified in the analysis. 

4. CONCLUSIONS AND FURTHER RESEARCH 

This study assessed how the different states of the progressive transformation of the EU energy 

system affects its resilience to external fossil fuel price shocks. Using the PRIMES model, the same 

fuel specific price shocks across the three system states where applied representing the early-stage, 

intensified and high system states in 2025, 2040 and 2050. Resilience was assessed across three 

complementary dimensions: structural exposure, shock transmission and welfare impacts. By 

maintaining the energy demand structure, activity levels and installed technologies of each system 

state during the shock, the analysis isolated the contribution of the evolving energy system structure 

to resilience. 

Regarding the first research question, the results show that exposure to fossil fuel price shocks 

declines substantially as the energy transition progresses. At the energy system level, fossil fuel 

dependency decreases from 59% in 2025 to 23% in 2050, while import exposure falls from 53% to 

20%. These improvements are supported by greater energy efficiency, electrification and renewable 

energy deployment. The electricity share in final energy demand increases from 24% to 48%, while 

renewable electricity generation rises from 53% to 83%. The transition therefore strengthens 

resilience by reducing fossil fuel consumption, lowering import requirements and diversifying the 

energy supply. 

Regarding the second research question, the structural transformation of the energy system 

substantially weakens the transmission of external shocks. Electricity price-pass through at the 

energy system level increasingly declines over the transition pathway from 7.5% in the early-stage 

system to 1.0% in the high system, an overall reduction of approximately 87%. Fuel specific pass-

through rates also decline, although their magnitude varies. The shock transmission factor 

decreases from 0.58 to 0.27, representing a reduction of approximately 52%. These results confirm 

that decarbonisation weakens both the initial transmission of fossil fuel price shocks and their 

broader propagation through sectoral energy expenditures. 

Regarding the third research question, resilience gains differ considerably across sectors. Buildings 

experience the earliest and strongest improvements. Renovation, energy efficiency, electrification 

and heat pump deployment reduce the building shock transmission factor from 0.74 to 0.29. The 

resulting increase in total fuel expenditure under the shock falls from 13.5% to 2.8%, while the 

increase in total system cost declines from 8.2% to 1.3%. Household energy expenditure associated 

with buildings becomes almost insensitive to the imposed shock in the high system state. Transport 

improves more gradually because of its high initial dependence on oil-based fuels and the time 
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required for fleet replacement. Nevertheless, electrification increases from 3% in 2025 to 

approximately 39% in 2050, while fossil fuel dependency falls from 91% to 33%. Consequently, the 

transport shock transmission factor declines from 0.62 to 0.34, and the increase in household 

transport energy expenditure falls from 15.1% to 4.1%. Industry retains more persistent exposure. 

Although industrial electricity price pass-through remains low, the industrial shock transmission 

factor decreases only moderately, from 0.40 to 0.36. In the high system state, industry also retains 

the largest welfare impacts, with total fuel expenditure increasing by 14.5% and total system cost 

by 11.1% under the shock. This indicates that low electricity price pass through does not necessarily 

imply low overall vulnerability, as industry remains exposed through residual fossil fuel 

consumption, electricity demand, intermediate energy carriers and energy intensive production 

processes. 

The results have important policy implications. Energy efficiency, electrification and renewable 

energy deployment provide resilience benefits in addition to reducing greenhouse gas emissions. 

Energy efficiency reduces the volume of energy exposed to price disturbances, while electrification 

shifts demand away from direct fossil fuel use. However, electrification strengthens resilience only 

when supported by a diversified electricity system with high renewable penetration, sufficient 

network capacity, storage and other forms of flexibility. Additional measures are needed in industry, 

including process optimisation, electrification, renewable heat, low carbon fuels and reduced 

reliance on natural gas. The welfare results also have implications for energy affordability. 

Renovation, energy efficiency and clean heating technologies can protect households against 

heating price shocks. Transport affordability improves more slowly, leaving households dependent 

on conventional vehicles exposed during the transition. Policies supporting building renovation, 

heat pumps and electric mobility should therefore account for household income, housing tenure, 

location and access to charging infrastructure to ensure that resilience benefits are distributed 

equitably. 

Several limitations should be considered. The oil, natural gas and coal shock multipliers differ 

because they are informed by historically observed price movements. Sectoral results therefore 

reflect both differences in energy system structure and differences in the magnitude of the 

underlying fuel shocks. In addition, the shocks are treated as unexpected and short-term. Demand 

activity, installed technologies and investment decisions remain fixed, while supply adjustments are 

limited to existing capacity. The analysis therefore measures the immediate resilience of each 

system state rather than subsequent behavioural or investment responses. The EU27 results may 

also conceal significant differences among Member States in energy mixes, industrial structures, 

building stocks, transport systems, retail price formation and household incomes. Further research 

could assess individual Member States or regional clusters, decompose the effects of oil, natural gas 

and coal shocks, and examine distributional impacts across household groups. Additional scenarios 

could allow consumers and producers to anticipate disturbances and invest in energy efficiency, 

renewable generation, storage and supply flexibility. Short-term demand responses, such as 

changes in heating, mobility or industrial activity, could also be introduced. 



   
 

   
 

Overall, the analysis demonstrates that the EU energy transition can substantially strengthen 

resilience to external fossil fuel price shocks. It reduces structural exposure, weakens shock 

transmission and limits welfare impacts. Buildings achieve strong and relatively early-stage 

improvements, transport benefits increasingly as electrification progresses, and industry retains 

more persistent exposure. Energy system resilience should therefore be recognised as an additional 

strategic benefit of decarbonisation, alongside emissions reduction, energy security and 

affordability. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
31 

REFERENCES 

Amaglobeli, D., Guilhoto, J., Jahan, S., Khalid, S., Lam, W.R., Legoff, G.M., Meyer, B., Sheng, X.S., 

Smietanka, P., Waddell, S. and Weitz, D. (2024) ‘Firms’ resilience to energy shocks and response to 

fiscal incentives: Assessing the impact of the 2022 energy crisis’, IMF Working Papers, 2024/027. 

International Monetary Fund. Available at: 

https://www.imf.org/en/publications/wp/issues/2024/02/10/firms-resilience-to-energy-shocks-

and-response-to-fiscal-incentives-assessing-the-impact-of-542428 

Akadiri, S.S. and Özkan, O. (2025) ‘Energy Markets, Geopolitical Risks, and Global Trade: A High‐

Stakes Tug of War’, Geological Journal. Available at: https://doi.org/10.1002/gj.70026Burlinson, A., 

Davillas, A., Giulietti, M. and Waddams Price, C. (2024) ‘Household energy price resilience in the 

face of gas and electricity market crises’, Energy Economics, 132, 107414. 

https://doi.org/10.1016/j.eneco.2024.107414 

Chyong, C.K. (2026) Resilience to Price Shocks in Coupled Gas Electricity Markets. Brussels: Centre 

on Regulation in Europe. Available at: https://cerre.eu/publications/resilience-to-price-shocks-in-

coupled-gas-electricity-markets/ 

D’Agostino, D., Becchio, C., Crespi, G. and Corgnati, S.P. (2023) ‘Assessment of passive and active 

buildings resilience to gas supply disruption in winter across European climates’, Sustainable Cities 

and Society, 92, 104461. https://doi.org/10.1016/j.scs.2023.104461 

den Nijs, S. and Thissen, M. (2026) ‘Enhancing regional resilience for energy price shocks: efficient 

gas use and upstream decarbonization’, Journal of Industrial Ecology, 30, pp. 121–134. Available at: 

https://doi.org/10.1007/s44498-026-00009-z. 

E3Modelling (2018) PRIMES Model Version 2018: Detailed Model Description. Athens: E3Modelling 

and Energy Economy Environment Modelling Laboratory, National Technical University of Athens. 

Available at: https://www.ricardo.com/media/rcopaene/the-primes-model-2018.pdf 

European Commission (2024) 2024 Ageing Report: Underlying assumptions and projection 

methodologies. Institutional Paper 257. Brussels: European Commission, Directorate-General for 

Economic and Financial Affairs. Available at: https://economy-

finance.ec.europa.eu/document/download/ea60b7c2-1b91-4e28-b651-

2385d589e8c4_en?filename=ip257_en_1.pdf  

European Commission (2022) REPowerEU Plan. Communication from the Commission to the 

European Parliament, the European Council, the Council, the European Economic and Social 

Committee and the Committee of the Regions, COM(2022) 230 final, 18 May 2022. Brussels: 

European Commission. Available at: https://eur-lex.europa.eu/legal-

content/EN/TXT/?uri=CELEX:52022DC0230 

https://www.imf.org/en/publications/wp/issues/2024/02/10/firms-resilience-to-energy-shocks-and-response-to-fiscal-incentives-assessing-the-impact-of-542428
https://www.imf.org/en/publications/wp/issues/2024/02/10/firms-resilience-to-energy-shocks-and-response-to-fiscal-incentives-assessing-the-impact-of-542428


   
 

   
 

European Commission (2021) 'Fit for 55': Delivering the EU's 2030 Climate Target on the Way to 

Climate Neutrality (COM(2021) 550 final). Brussels: European Commission. Available at: https://eur-

lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52021DC0550 

European Commission (2020) Stepping up Europe’s 2030 climate ambition: Investing in a climate-

neutral future for the benefit of our people (COM(2020) 562 final). Brussels: European Commission. 

Available at: https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:52020DC0562 

European Commission (2019) The European Green Deal (COM(2019) 640 final). Brussels: European 

Commission. Available at: https://eur-lex.europa.eu/legal-

content/EN/TXT/?uri=CELEX:52019DC0640 

European Commission (n.d.) National energy and climate plans NECPs). Available at: 

https://energy.ec.europa.eu/strategy/energy-union/national-energy-and-climate-plans_en 

European Commission (n.d.) National Building Renovation Plans. Available at: 

https://energy.ec.europa.eu/topics/energy-efficiency/energy-performance-buildings/national-

building-renovation-plans_en  

European Commission, Joint Research Centre (2025) Global Energy and Climate Outlook (GECO) 

2025. Available at: https://joint-research-centre.ec.europa.eu/projects-and-activities/global-

energy-and-climate-outlook/geco-2025_en 

European Parliament and Council of the European Union (2018) Directive (EU) 2018/410 of 14 

March 2018 amending Directive 2003/87/EC to enhance cost effective emission reductions and low 

carbon investments, and Decision (EU) 2015/1814. Official Journal of the European Union, L 76. 

European Parliament and Council of the European Union (2023a) Directive (EU) 2023/959 of 10 May 

2023 amending Directive 2003/87/EC establishing a system for greenhouse gas emission allowance 

trading within the Union and Decision (EU) 2015/1814. Official Journal of the European Union, L 

130. 

European Parliament and Council of the European Union (2023b) Directive (EU) 2023/1791 of 13 

September 2023 on energy efficiency and amending Regulation (EU) 2023/955 (recast). Official 

Journal of the European Union, L 231, pp. 1–111. Available at: https://eur-

lex.europa.eu/eli/dir/2023/1791/oj/eng 

European Parliament and Council of the European Union (2023c) Directive (EU) 2023/2413 of 18 

October 2023 amending Directive (EU) 2018/2001, Regulation (EU) 2018/1999 and Directive 

98/70/EC as regards the promotion of energy from renewable sources, and repealing Council 

Directive (EU) 2015/652. Official Journal of the European Union, L 2023/2413. Available at: 

https://eur-lex.europa.eu/eli/dir/2023/2413/oj/eng 



 

 
33 

European Parliament and Council of the European Union (2024) Directive (EU) 2024/1275 of 24 April 

2024 on the energy performance of buildings (recast). Official Journal of the European Union, L 

2024/1275. Available at: https://eur-lex.europa.eu/eli/dir/2024/1275/oj/eng 

Eurostat (n.d.) Energy Balances. Available at: 

https://ec.europa.eu/eurostat/cache/visualisations/energy-balances/enbal.html 

Eurostat (2023) Population projections at national level (2022–2100) - EUROPOP2023 (proj_23n). 

Available at: https://ec.europa.eu/eurostat/cache/metadata/en/proj_23n_esms.htm 

Fetzer, T., Gazze, L. and Bishop, M. (2024) ‘Distributional and climate implications of policy 

responses to energy price shocks’, Economic Policy, 39(120), pp. 711–756. 

https://doi.org/10.1093/epolic/eiae038 

Fierro, L.E. and Martinoli, M. (2025) ‘An empirical inquiry into the distributional consequences of 

energy price shocks’, Journal of International Money and Finance, 159, 103421. Available at: 

https://doi.org/10.1016/j.jimonfin.2025.103421. 

Guan, Y., Yan, J., Shan, Y., Zhou, Y., Hang, Y., Li, R., Liu, Y., Liu, B., Nie, Q., Bruckner, B., Feng, K. and 

Hubacek, K. (2023) ‘Burden of the global energy price crisis on households’, Nature Energy, 8, pp. 

304–316. https://doi.org/10.1038/s41560-023-01209-8 

Kačmáry, P., Kleinová, K. and Lörinc, N. (2026) ‘Price shocks and their implications for sustainable 

logistics, energy security and supply chain resilience in Europe’, Sustainability, 18(16), 8085. 

Available at: https://doi.org/10.3390/su1816808.  

Keramidas, K., Fosse, F., Aycart, J., Dowling, P., Garaffa, R., Giurgiu Fuchs, E., Ordonez, J., Petrovic, 

S., Russ, P., Schade, B., Schmitz, A., Soria Ramirez, A., Van Der Vorst, C. and Weitzel, M. (2026) Global 

Energy and Climate Outlook 2025: Market Competitiveness of Clean Energy Technologies. 

Luxembourg: Publications Office of the European Union. JRC145985. 

https://doi.org/10.2760/6843693 

Kremer, E., Reissl, S., Fierro, L.E., Emmerling, J., Lamperti, F. and Roventini, A. (2025) ‘Energy price 

shocks in the European Union: Macroeconomic impacts, distributional effects and policy responses’, 

Energy Economics, 152, 108979. Available at: https://doi.org/10.1016/j.eneco.2025.108979. 

Mitra, B., Pal, S., Reeve, H. et al. (2025) ‘Unveiling sectoral coupling for resilient electrification of the 

transportation sector’, npj Sustainable Mobility and Transport, 2, 2. Available at: 

https://doi.org/10.1038/s44333-024-00019-z. 

Navia Simon, D. and Díaz Anadón, L. (2025) ‘Power price stability and the insurance value of 

renewable technologies’, Nature Energy, 10, pp. 329–341. https://doi.org/10.1038/s41560-025-

01704-0 



   
 

   
 

Pavlík, M., Kurimský, F. and Ševc, K. (2025) ‘Renewable energy and price stability: An analysis of 

volatility and market shifts in the European electricity sector (2015–2025)’, Applied Sciences, 15(12), 

p. 6397. Available at: https://doi.org/10.3390/app15126397. 

Peersman, G. and Wauters, J. (2024) ‘Heterogeneous household responses to energy price shocks’, 

Energy Economics, 132, 107421. https://doi.org/10.1016/j.eneco.2024.107421 

Pranawengkapti, K., Shrestha, S., Werland, S. et al. (2025) ‘Sector coupling: accelerating renewable 

energy integration in transport with electric vehicles’, Sustainable Earth Reviews, 8, 16. Available at: 

https://doi.org/10.1186/s42055-025-00117-x. 

Singhal, P., Kaestner, K., Schwarz, A. and Pahle, M. (2026) ‘How do households react to a real cost 

shock? Evidence from the energy price crisis in Germany’, Energy Economics, 155, 109142. 

https://doi.org/10.1016/j.eneco.2026.109142 

Varal, S. and Reaños, M.A.T. (2026) ‘Energy price shocks in Europe and its impacts on vulnerable 

households: A demand system approach.’, Energy Economics, 2026, Article 109429. Available at: 

https://doi.org/10.1016/j.eneco.2026.109429 

Weber, I.M., Thie, J.-E., Lara Jauregui, J. and Teixeira, L. (2026) ‘Carbon prices and inflation in a world 

of shocks: Systemically significant prices and industrial policy targeting in Germany’, Energy Policy, 

217, 115395. Available at: https://doi.org/10.1016/j.enpol.2026.115395. 

Xu, Y., Guo, X., Jiang, W. and Zhang, Y. (2026) ‘Geopolitical shocks and the global energy system: 

Mechanisms of spillover transmission’, Energies, 19(1), 251. Available at: 

https://doi.org/10.3390/en19010251. 

Xylia, M., Bößner, S., Jaramillo Gil, S., Opiyo, R., Heaps, C., Haq, G., Han, G., Huang, S., Tšerkašina, E., 

Pedraza, J. and Odenyo, J. (2026) ‘Oil-price shocks as a transport crisis: A turning point for fossil 

dependence’, Stockholm Environment Institute Perspectives, 23 April. Available at: 

https://www.sei.org/perspectives/oil-shocks-transport-crisis-turning-point-fossil-dependence/  

 

 

 

 



 

 
35 

 

SEED MICAT PARTNERS 

 

 

                    

 

                          

 

                        

 


	Executive Summary Key Findings
	Executive Summary
	1. Introduction
	1.1 Literature review
	Industry
	Buildings
	Transport

	1.2 Gap and novel contributions
	1.3 Scope, research questions and outline

	2. Methodology
	2.1 The PRIMES model
	Electricity and fuels supply
	Industry
	Buildings
	Transport

	2.2 Energy system resilience assessment methodology
	2.3 Scenario specification
	Baseline scenario
	Shock scenario


	3. Results and discussion
	3.1 Structural Resilience
	3.2 Shock Transmission
	3.3 Welfare Impacts

	4. Conclusions and further research
	References
	SEED MICAT PARTNERS

