
 

 

 

 

 

Unlocking Energy System 

Efficiency: The Strategic Role of 

Hydrogen Infrastructure in 

Sector Coupling  

A GIE Study by FfE, ConGas and Consentec  

 

         

 

 

 
 

 
 

 



 

 

 

Unlocking Energy System 

Efficiency: The Strategic Role of 

Hydrogen Infrastructure in 

Sector Coupling  

A GIE Study by FfE, ConGas and Consentec  

 

       

 

 

 
 

 
 

 

       

 

       

 



 

 

Publisher 

 

 
 

Am Bl¿tenanger 71 

80995 M¿nchen 

+49 (0)89 158121-0 

info@ffe.de  

www.ffe.de  

 

Final project report 

Unlocking Energy System Efficiency: The Strategic 

Role of Hydrogen Infrastructure in Sector Coupling 

 

Published on 

14.04.2026  

 

Please cite as  

FfE (2026):  Unlocking Energy System Efficiency: The 

Strategic Role of Hydrogen Infrastructure in Sector 

Coupling. Study commissioned by Gas Infrastructure 

Europe (GIE). 

 

Project partners   

ConGas Consulting  

Consentec GmbH  

 

 

 

 

 

 

 

 

 

 

 

Project lead 

Amanda Pleier (FfE) 

Tapio Schmidt-Achert (FfE) 

Dr.-Ing. Stephan Kigle (FfE) 

 

Authors 

Nadja Helmer (FfE) 

Tim Mielich (ConGas) 

Berkan Kuzyaka (ConGas) 

Jeremias Hollnagel (ConGas) 

Maximilian Evers (ConGas) 

Ahmed Morsy (ConGas) 

Max Wertenbruch (Consentec) 

Sebastian Willemsen (Consentec) 

Tom Drºscher (Consentec)  

Dr.-Ing. Andrej Guminski (FfE) 

Prof. Dr.-Ing. Joachim M¿ller-Kirchenbauer (ConGas) 

Dr.-Ing. Christoph Maurer (Consentec) 

 

Deputy scientific director 

Dr.-Ing. Serafin von Roon  

 

Management 

Dr.-Ing. Serafin von Roon  

Dr.-Ing. Christoph Pellinger  

Dr.-Ing. Anna Gruber  

Dr.-Ing. Andrej Guminski  

 

 

 

DOI: 10.34805/ffe-11-26 

 

 

 

 

 

 

  

Imprint 



 

 

Acknowledgements 
 

 

This study was commissioned by Gas Infrastructure Europe (GIE) and conducted by Forschungsstelle 

f¿r Energiewirtschaft (FfE), ConGas and Consentec. We sincerely thank all contributors for their thor-

ough analysis and valuable insights into the evolving role of hydrogen infrastructure and the im-

portance of sector coupling in achieving climate and energy security objectives. 

We are grateful for the close cooperation between the research team, GIE, and its members through-

out the study process. The exchange of practical perspectives and forward-looking contributions has 

helped anchor the analysis in current energy market dynamics, technology deployment pathways, 

regulatory developments, and investment imperatives. 

We hope this work will inform and support regulatory stakeholders in shaping policy design and reg-

ulatory frameworks. At the same time, it is our objective that it can be a reference for targeted invest-

ment decisions, contributing to a resilient, interoperable and cost-effective transition towards a de-

carbonised energy system. 

Lucie Boost  

on behalf of Gas Infrastructure Europe  

Brussels, 14 April 2026 

 

 



 

 

Abbreviations 
 

ACER   Agency for the Cooperation of Energy Regulators 

BECCS   Bioenergy Carbon Capture and Storage 

BNetzA  Federal Network Agency (Germany) 

CAPEX   Capital Expenditure 

CCS   Carbon Capture and Storage 

CHP   Combined Heat and Power 

CNG   Compressed Natural Gas 

CRCF   Carbon Removal Certification Framework 

DACCS  Direct Air Carbon Capture and Storage 

DSO   Distribution System Operator 

EEA   European Economic Area 

ENNOH  European Network of Network Operators for Hydrogen 

ENTSO-E  European Network of Transmission System Operators for Electricity 

ENTSOG  European Network of Transmission System Operators for Gas 

ERAA   European Resource Adequacy Assessment 

EU ETS  European Emission Trading System 

EU27   European Union (27 Member States) 

FEC   Final Energy Consumption 

FLH   Full Load Hours 

GHG   Greenhouse Gas 

GIE     Gas Infrastructure Europe 

HyPTraDe  Hydrogen Production, Transport and Demand Model 

HyUSPRe  Hydrogen Underground Storage Potential and Repurposing 

IEA    International Energy Agency 

ISAaR   Integrated Simulation Model for Unit Dispatch and Expansion with Regionalization 

LNG   Liquified Natural Gas 

LULUCF  Land Use, Land Use Change and Forestry 

MENA   Middle East and North Africa 

NeMoSys  Network Modeling System 

NOVA   Optimize - Reinforce - Expand Principle 

NTC   Net Transfer Capacities 

NUTS-3  Nomenclature of Territorial Units for Statistics, district level 

PCI    Project of Common Interest 

PMI   Project of Mutual Interest 

PtX   Power-to-X 

PV    Photovoltaic 

RES   Renewable Energy Sources 

RFNBO  Renewable Fuels of Non Biological Origin 

SMR   Steam Methane Reforming 

TSO   Transmission System Operator 

TYNDP  Ten Year Network Development Plan 

vRES   variable Renewable Energy Sources 



 

 

Acknowledgements 4 

Abbreviations 5 

Management Summary 8 

1 Introduction 15 

2 Model Chain 18 

3 Scenario Design 21 

3.1 Scenario Design Scope 21 

3.2 Core Scenario 21 

3.3 Hydrogen Ambition Scenario 22 

4 Ambition Gap in the Energy Transition 25 

5 Hydrogen System 30 

5.1 Final Energy Demand 30 

5.2 Hydrogen Balance 32 

5.3 Hydrogen Supply 33 

5.4 Hydrogen Storages 36 

5.5 Hydrogen in Gas-fired Power Plants 40 

5.6 Hydrogen Infrastructure 41 

5.6.1 Hydrogen Network Development 43 

5.6.2 Hydrogen Network Simulation 44 

6 Natural Gas System 51 

6.1 Natural Gas in the Energy System 51 

6.2 Natural Gas Infrastructure 54 

6.2.1 Natural Gas Network Development 54 

6.2.2 Natural Gas Network Simulation 56 

7 Electricity System 62 

7.1 Electricity Supply 62 

7.2 Thermal Power Plants 64 

7.3 Flexibilities in the Energy System 65 

7.4 Electricity Grid Analysis 70 

8 Infrastructure Costs and System Costs 75 

8.1 Costs for Hydrogen Network Infrastructure 75 

8.2 Costs for Electricity Grid Infrastructure Expansion 77 

Table of Contents 



 

 Management Summary 8 

In light of recent global developments, Europeõs energy transition is entering a pivotal phase ð moving decisively 

from setting ambitious targets to delivering real results. Beyond advancing towards climate neutrality, the oppor-

tunity exists to build a resilient energy system that withstands future challenges. The Strategy for a Resilient Energy 

Union (COM/2015/080 final) has framed resilience as a core policy priority since 2015 (European Commission 

2020). In this context, Europe is deepening market integration (COM/2020/299) and strengthening cross-border 

interconnections under the revised TEN-E Regulation (EU) 2022/869 (European Commission 2020). The REPowerEU 

plan (COM/2022/230 final), launched in response to Russiaõs invasion of Ukraine, reinforced the need to accelerate 

this implementation agenda while also further pursuing climate neutrality (European Commission 2022). 

To translate these objectives into grid investments that reflect future needs, while also ensuring the competitive-

ness of industry and the affordability for consumers, the European Grids Package (COM/2025/1005) puts forward a 

legislative proposal to revise the TEN-E Regulation (European Commission 2025a). The accompanying proposal 

(COM/2025/1006) aims to enable the timely, efficient, and interoperable build-out of a resilient EU-wide energy 

infrastructure system ð supporting the ramp-up of hydrogen infrastructure, large-scale renewable integration, and 

electrification (European Commission 2025b). In doing so, it elevates sector coupling from a strategic concept to a 

concrete planning and delivery priority for Europeõs climate and energy-security objectives. 

Europe already benefits from well-established planning processes for electricity and natural gas infrastructure. The 

joint Ten-Year Network Development Plan (TYNDP) 2026 scenarios developed by the European Network of Trans-

mission System Operators for Gas (ENTSOG) and the European Network of Transmission System Operators for Elec-

tricity (ENTSO-E) provide a non-binding reference framework based on stakeholder submitted trajectories and bot-

tom-up infrastructure operatorsõ plans. These are complemented by ENTSOGõs Union-wide simulation of gas 

supply and infrastructure disruption scenarios and by the European Resource Adequacy Assessment (ERAA) to-

gether supporting coordinated, pan-European infrastructure development and security of supply. Based on these 

joint scenarios, ENTSOG and ENTSO E develop their respective TYNDPs, including Infrastructure Gap Assessments 

and Cost Benefit Analyses that support the Project of Common Interest (PCI) / Project of Mutual Interest (PMI) se-

lection process. In contrast, coordinated planning for hydrogen infrastructure is still emerging as the hydrogen 

economy scales up, and is therefore less mature in terms of comparable scenario frameworks, cross-border invest-

ment coordination, and stress testing. 

Against this backdrop, the study focuses on implementation questions rather than revisiting the level of Europeõs 

climate ambition. Therefore, it assesses how different degrees of sector coupling ð especially between hydrogen, 

natural gas, and electricity ð affect system operation, robustness, and infrastructure needs in a future European en-

ergy system. To support infrastructure and policy decisions, the analysis combines high-resolution energy system 

modeling with physically detailed network simulations for hydrogen, natural gas, and electricity, using scenario in-

puts aligned with European planning processes, most notably the joint TYNDP scenarios. 

A central motivation of the analysis is to clarify how a sector coupling perspective ð explicitly integrating hydrogen 

into the energy system ð can complement established European planning processes and inform policy initiatives 

such as the European Grids Package. The joint TYNDP scenarios provide a crucial reference for pan-European infra-

structure planning. Building on its inputs, this study extends the perspective by endogenously modeling the inter-

action between hydrogen, natural gas, and the electricity systems at high temporal and spatial resolution, thereby 

embedding hydrogen infrastructure directly within the sector coupling dynamics rather than treating it as a sepa-

rate system. 
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Building on this sector coupling perspective, the study validates whether the implied transport and flexibility tasks 

can be delivered by Europeõs infrastructures in practice. It explicitly models hydrogen transport infrastructure, natu-

ral gas networks, electricity grids, and storage facilities and tests their operation under future scenarios and system 

conditions. Methodologically, this links high-resolution energy-system optimization with physically detailed net-

work simulations (fluid-dynamic modeling for hydrogen and natural gas and power-flow simulations for electricity), 

moving beyond simplified representations or purely ex-post consistency checks. The result is an evidence base that 

helps identify where sector coupling delivers system value ð and where infrastructure constraints become decisive 

for investment and implementation. 

Taken together, the analysis translates Europeõs evolving policy framework into decision-relevant system insights. 

The following nine key messages summarize the findings: 

Key Messages 

 

Climate neutrality in Europe by 2050 can be achieved in various ways ð but aligning policy 

objectives, sectoral targets, infrastructure planning and investment security remains crit-

ical to close the gap between ambition and implementation. 

 

The modeling of ambitious sectoral transformation pathways shows that reaching sectoral tar-

gets requires substantial increases in both hydrogen deployment and electricity use. Meeting 

this rising demand requires an equally ambitious expansion of renewable energy generation 

across Europe, as well as a coordinated planning for electricity and hydrogen infrastructure. 

In the Core Scenario (see Figure 1), renewable energy and electrolysis are restricted by the ca-

pacities submitted by Transmission System Operators (TSO) to the draft TYNDP 2026 scenarios. 

With this restriction, approximately 550 Mt CO2 eq. of residual emissions persist in 2050, reveal-

ing an ambition gap between current expansion plans and the emission reduction levels re-

quired for climate neutrality. To close this gap, model results highlight the needs for additional 

imports of climate-neutral gases and fuels ð implying the continued use of parts of the existing 

natural gas infrastructure - as well as the deployment of negative emission technologies to en-

able climate neutrality. The need for imports of climate-neutral gases and fuels can be signifi-

cantly reduced by additional hydrogen pipeline capacities connecting Europe with exporting 

regions, increased hydrogen imports by ship, or expanded domestic electrolysis within Europe. 

In the Hydrogen Ambition Scenario (see Figure 1) domestic electrolyzer capacity limits and re-

newable expansion potentials are increased by 25 % compared with the projections outlined in 

the TYNDP 2026 draft data collection. These relaxed modeling constraints lead to nearly 

270 TWh of additional hydrogen availability by 2050 which enables gas fired power plants to 

 

 

Figure 1: Overview of key elements in the scenarios, in both of which EU climate targets are met. 
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Key Messages 

operate on hydrogen instead of other climate-neutral fuels or fossil gas in combination with 

negative emission technologies. 

In both scenarios climate neutrality in Europe by 2050 can be achieved, however using different 

pathways and infrastructures. Europe is close to constraint boundaries in multiple dimensions 

at once ð and the transition will fail if any one pillar underdelivers. Therefore, aligning policy 

objectives regarding the expansion of renewable energy and hydrogen supply, as well as coor-

dinated infrastructure planning and investment security are essential to reach climate neutrality.  

 

Security of supply and climate neutrality require a technology mix in which sector cou-

pling technologies will play a significant role ð molecules and electricity are closely inter-

linked pillars of the future energy system. 

 

The modeled transition pathways show that a climate neutral energy system relies on a combi-

nation of molecules and electricity. While efficiency improvements and electrification reduce a 

large share of emissions, sectors such as high temperature industry, chemical feedstocks, 

long distance transport and firm power generation continue to require molecules. In this study, 

the gaseous molecule demand across these applications amounts to 2,000 - 2,200 TWh in 2050, 

of which approximately 76 % - 94 % is met by hydrogen, depending on the scenario.  

Electrolysis forms the central link between molecules and electricity: it converts renewable en-

ergy to hydrogen which can be used in all applications. The modeling results show that elec-

trolyzer deployment and operation closely follow renewable generation patterns. Across all 

countries analyzed, more than 85 % of Europe's total hydrogen production via electrolysis 

takes place during periods of negative residual load, highlighting that most of the hydrogen is 

generated when surplus electricity is available. 

At the same time, H2-ready power plants ð another key sector coupling technology ð remain 

essential for maintaining security of supply, operating at less than 1,000 full-load hours in 2050. 

As hydrogen availability increases in the Hydrogen Ambition Scenario, power plants progres-

sively switch their fuel from natural gas to hydrogen, so that nearly 600 TWh of hydrogen are 

used for power generation in 2050.  

The deployment of these sector coupling technologies in the cost optimized energy system 

demonstrates that electricity and molecules are jointly required to provide efficiency, flexibility, 

storability and firm capacity ð making both indispensable components of a cost efficient and 

resilient climate neutral energy system. 

 

The hydrogen system is a key flexibility and security of supply solution for the energy 

system ð The European hydrogen transport infrastructure in conjunction with hydrogen 

storages is able to fulfill this role.  

 

The comparison of the Core Scenario and the Hydrogen Ambition Scenario shows that increas-

ing electrolyzer deployment shifts a substantial share of flexibility demand from the electricity 

system to the hydrogen system. In the Hydrogen Ambition Scenario, the need for electric flexi-

bility options ð such as batteries and bidirectionally charging vehicles integrated into the energy 

system ð is around 30 % lower than in the Core Scenario in 2050, while the utilization of elec-

trolyzers in combination with hydrogen storage increases by about 60 %. This demonstrates 

how expanded electrolyzer capacity strengthens sector coupling and enables the hydrogen sys-

tem to provide flexibility to the energy system. 

The hydrogen system thereby enables energy to be shifted both across time ð via electrolysis 

and hydrogen storage ð and across regions through a dedicated hydrogen transport infrastruc-

ture: electrolyzers adapt their operation to renewable generation patterns where sufficient re-

newable generation is available, while hydrogen storage absorbs the resulting production peaks 

2 
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Key Messages 

and releases hydrogen when demand is high. The hydrogen transport infrastructure then links 

supply and demand regions, ensuring that the flexibility can be provided across Europe. 

High resolution fluid-dynamic simulations show that the hydrogen transport infrastructure cur-

rently planned in the H◘ Infrastructure Map (2026) ð together with strategically located storage 

facilities, primarily in Central Europe ð is both capable of and essential for providing the cross re-

gional and balancing capacity required to maintain system stability as Europe moves toward 

climate neutrality. 

 

Hydrogen storage facilities are a time-critical element ð their dimensioning and role are 

still underestimated in current policy plans. 

 

Because hydrogen production follows fluctuating renewable generation while industrial de-

mand remains comparatively steady, storage capacity is required to balance temporal mis-

matches. However, the analysis of the Hydrogen Ambition Scenario shows that an even stronger 

driver of storage needs is the peak demand from hydrogen utilization in H2-ready power plants. 

The operation of hydrogen fired power plants can create sharp storage withdrawal require-

ments during periods of low renewable output. Substantial storage volumes are therefore nec-

essary not only to absorb temporary production surpluses, but also to provide firm supply dur-

ing high-demand episodes, especially for hydrogen-fired power plants .  

The modeling shows that this need emerges early and at a significant scale: by 2035, storage 

requirements reach around 100 TWh, whereas currently announced projects amount to only 

about 12 TWh. This mismatch highlights the time critical need for a rapid and large scale ex-

pansion of hydrogen storage, far beyond todayõs plans and infrastructure commitments. Unlike 

electrolysis capacities and renewable energy expansion, hydrogen storage is not covered by any 

EU-wide expansion target, which further amplifies the challenge. By 2050, the modeling results 

show a growing storage capacity demand of 260ð290 TWh, depending on the scenario. 

Meeting this demand will require both the repurposing of existing natural gas storage sites and 

the construction of new hydrogen storage facilities across Europe. The regionally high-resolved 

infrastructure modeling identifies Central Europe as the region with the highest withdrawal 

needs, reflecting its concentrated industrial demand, limited local production potential, and its 

position as a key consumption hub within the European hydrogen system. Substantial geolog-

ical storage capacities with proximity to demand centers help stabilize the network, while peak-

hour hydrogen utilization in power plants significantly increase withdrawal volumes. 

 

Increased European hydrogen ambition can relieve the utilization of cross border net 

transfer capacities in the power system ð however, the power grid is essential for eco-

nomic hydrogen production. 

 

The comparison of the Core Scenario with the Hydrogen Ambition Scenario illustrates that 

higher potentials for renewable energy expansion and hydrogen imports significantly increase 

hydrogen availability within Europe. As a result, hydrogen net transfer capacities (NTCs) see up 

to 15 % higher utilization in the Hydrogen Ambition Scenario compared to the Core Scenario. 

At the same time electricity NTCs experience roughly 1,000 fewer hours of operation at full 

capacity in the Hydrogen Ambition Scenario compared to the Core Scenario. This indicates that, 

under higher hydrogen ambition, part of the cross border energy transport task shifts from 

electrons to molecules, reducing pressure on electricity interconnectors and enabling a greater 

share of cross regional balancing to be managed through the hydrogen system. 

Still, the importance of relieving stress on the electric grid is underlined by hourly load flow 

simulations that reveal system wide congestion if the electric grid is not substantially reinforced. 

In the Core Scenario with less hydrogen deployment than in the Hydrogen Ambition Scenario, 

the results indicate that around 40 % of todayõs transmission network requires reinforcement, 

4 
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Key Messages 

with an additional 20 % increase in total line length needed by 2050. The lower utilization of 

NTCs in the Hydrogen Ambition Scenario indicates a possible relief on the electric grid. 

 

Infrastructure costs, especially for hydrogen transport infrastructure, account for only a 

fraction of total energy system costs ð yet the relatively modest investments required for 

the European hydrogen network play a crucial role in safeguarding Europeõs resilience. 

 

The modeling results reveal that between 2030 and 2050, investments in energy networks, both 

electricity and hydrogen, account for less than 4 % of total system costs. The majority of ex-

penditures stem from fuel costs for the operation of thermal power plants and the expansion 

of renewable energies. This is typical for a system that replaces fossil fuels with capital intensive, 

low operating cost renewables. Total transmission grid costs equate to 860 billion û with a fully 

developed hydrogen network accounting for approximately 25 % of this. These comparatively 

low investments in hydrogen transport infrastructure deliver substantial system value. The hy-

drogen network integrates Europeõs renewable energy potential by linking low-cost production 

regions with industrial and power demand centers by enabling cross-border transport, buffering 

in underground storages, and delivery when needed. In the power sector, this supports H2-ready 

power plants in providing firm capacity during periods of low renewable generation, while in 

industry it enables substantial emission reduction. Taken together, these roles make hydrogen 

infrastructure a low regret investment, strengthening system flexibility and supply security 

across sectors. 

 

Hydrogen transport infrastructure and storage must be designed for volatile hydrogen 

production and consumption ð more flexible operation of the infrastructure than in the 

case of natural gas is technologically required to support the energy system. 

 

The modeling shows that hydrogen storage will operate more dynamically than todayõs natural 

gas system. While seasonal patterns such as winter drawdown and summer refilling remain vis-

ible, storage operation is increasingly shaped not only by fluctuating renewable hydrogen pro-

duction but, more importantly, by peak withdrawal requirements from hydrogen-fired power 

plants during periods of low renewable output. This leads to more frequent and steeper transi-

tions between injection and withdrawal within the same season, replacing the largely predicta-

ble seasonal cycles linked to heating demand that characterize natural gas systems. Quantita-

tively, around 50 % of all hours require active hydrogen storage injection, while peak withdrawal 

reaches approximately 207 GWh/h in 2050, with the hours distributed over all seasons. As a 

result, hydrogen storage facilities must manage more frequent and steeper injectionðwith-

drawal transitions, requiring greater operational flexibility, including responsive compressor dis-

patch and tighter pressure management to maintain stable and secure network operation under 

renewable-driven conditions.  

Since these operational differences compared to the established operation of natural gas stor-

ages will play a significant role in the future energy system, it is essential that system modeling 

accounts for them ð including their physical operational characteristics and the system optimal 

locations ð to accurately assess their true value within future system needs analyses. 

 

A significant amount of hydrogen demand can be met cost-effectively within Europe ð 

The combination of domestic production and imports strengthens the resilience of the 

energy system and increases security of supply. 

 

In the Core Scenario, domestic electrolysis provides around half of Europeõs hydrogen demand 

in 2050, constrained by the expansion limits set by the TYNDP 2026 draft data. The remaining 

demand is met through ship  and pipeline based imports, which are almost fully utilized under 

6 
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Key Messages 

the capacities indicated in the TYNDP 2026 draft data. This demonstrates both the cost effec-

tiveness of domestic hydrogen production and the continued strategic importance of diversified 

import corridors for securing Europeõs hydrogen supply. In the Hydrogen Ambition Scenario, 

higher renewable potentials and additional electrolyzer capacity increase Europeõs ability to 

produce hydrogen domestically, enabling the use of hydrogen in H◘ ready power plants and 

reducing the reliance on natural gas in the energy sector. However, even with this higher level 

of domestic production, imports remain necessary to meet hydrogen demand across final en-

ergy consumption (FEC) sectors. This confirms that a balanced portfolio of domestic production, 

strategically located storage, and diversified import routes is required to maintain security of 

supply as hydrogen becomes a central energy carrier. Such diversification ensures that Europe 

can absorb fluctuations in renewable availability, manage regional mismatches between supply 

and demand, and safeguard industrial processes that rely on continuous hydrogen supply. 

 

Reliable planning requires integrated models and robust data with high temporal and 

spatial resolution ð a coordinated European planning process is a prerequisite for this. 

 

The study integrates final energy demand models, an energy system model and hourly network 

simulations for hydrogen, natural gas, and electricity on a European level. Compared with pro-

cesses that aggregate system needs or apply post model corrections, this integrated perspec-

tive considering the physical characteristics offers operational evidence on where networks and 

storages can reliably fulfil transport and balancing functions and how sector coupling technol-

ogies such as electrolyzers interact with the distinct infrastructures. Incorporating prac-

tice based infrastructure data and combining it with an integrated modeling approach is essen-

tial for a future planning framework. Only such a coordinated perspective makes it possible to 

align electricity and hydrogen investments and to identify no regret measures ð such as strate-

gic hydrogen storage siting, targeted electricity grid reinforcements and the development of a 

robust hydrogen transport network. 

While recent policy initiatives strengthen the role of European-level coordination, effective in-

frastructure planning must take the detailed technical knowledge, operational experience and 

realistic implementation perspectives of TSOs of all infrastructures ð hydrogen, natural gas, 

and electricity ð into account. Their early and systematic involvement is essential to ensure 

that infrastructure planning, scenario development and system adequacy assessments remain 

grounded in physical feasibility, operational constraints and investment realities. 
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òA truly interconnected and integrated energy 

system is the foundation of a strong and inde-

pendent Europe. To achieve it, we need an en-

ergy infrastructure network of cables, pipes 

and grids that is up to date, fully intercon-

nected, and that enables clean, affordable, 

homegrown energy to flow freely and securely 

to every corner of our Union.ó 

ð Dan Jßrgensen, Commissioner for Energy and Hous-

ing on the proposed European Grids Package, Dec 10, 

2025, Brussels.  

Building on the perspective set out in the European 

Grids Package (COM/2025/1005) to fundamentally 

strengthen Europeõs energy infrastructure, this study 

explores how sector coupling between hydrogen, nat-

ural gas, and electricity can enhance system robust-

ness, address flexibility requirements, and guide in-

vestment needs for the energy sector across Europe. 

The study places particular emphasis on the central 

role of hydrogen infrastructure to complement exist-

ing planning frameworks and strategies. 

Following the Strategy for a Resilient Energy Union 

published in 2015 (COM/2015/080 final), Europe 

gradually works towards a fuller market integration of 

the European energy markets to ensure energy secu-

rity, competitiveness, energy efficiency, and climate 

action. This agenda was further supported by the EU 

Strategy for Energy System Integration issued in 2020 

(COM/2020/299), which defines system integration as 

òthe coordinated planning and operation of the en-

ergy system ôas a wholeõ across multiple energy carri-

ers, infrastructures and consumption sectors.ó  In par-

allel, the EU updated its framework for cross border 

energy infrastructure through the revised TEN E Reg-

ulation (EU) 2022/869, which aims to strengthen inter-

connections between national energy networks, im-

prove cohesion and reinforce solidarity and 

cooperation across the Union. 

The recently published European Grids Package 

(COM/2025/1005) includes a legislative proposal to 

revise the TENE Regulation. The accompanying pro-

posal (COM/2025/1006) aims to ensure the timely, ef-

ficient and interoperable development of a resilient 

EUwide energy infrastructure system capable of sup-

porting electrification, largescale renewable 

integration, the rampup of hydrogen networks to 

support the EUõs broader climate and energysecurity 

objectives, putting the importance of sector coupling 

within the energy system in the spotlight.  

Europe already benefits from well-established plan-

ning processes for electricity and natural gas infra-

structure ð encompassing the joint Ten Year Network 

Development Plan (TYNDP) scenarios by ENTSOG and 

ENTSO-E, the respective TYNDPs of ENTSOG and EN-

TSO-E, the European Resource Adequacy Assessment 

(ERAA) for electricity, and ENTSO-Gõs Union-wide 

Simulation of Gas Supply and Infrastructure Disrup-

tion Scenarios for natural gas ð which help coordinate 

pan-European infrastructure development and ensure 

reliable supply across the Union. In contrast, coordi-

nated planning for hydrogen infrastructure is still 

emerging, guided mainly by broader strategies as the 

hydrogen economy begins to grow.   

These broader strategies, e.g., REPowerEU 

(COM/2022/230 final), Strategy for Energy System In-

tegration (COM/2020/299), the EU Hydrogen Strategy 

(COM/2020/301 final) and complementary initiatives 

like the European Hydrogen Bank (COM/2023/156 fi-

nal), emphasize hydrogenõs vital contribution to en-

suring Europeõs energy security during the transition 

to a cleaner energy system. As the rollout of hydro-

gen infrastructure progresses, it is increasingly im-

portant to systematically include the hydrogen infra-

structure in coordinated planning. This approach will 

allow Europe to fully benefit from sector coupling and 

strengthen the overall energy system.  

This study aims to anticipate the energy system bene-

fits of a sector coupled energy system by integrating 

hydrogen, natural gas, and electricity infrastructure 

into a highly regional and temporally resolved energy 

system analysis based on assumptions from existing 

planning frameworks, in this case the TYNDP 2026 

draft data. At the same time, it aims to verify the 

physical capability of the different infrastructures to 

meet supply requirements. Unlike traditional Euro-

pean energy system studies which focus on optimiza-

tion, this research combines optimal energy system 

design with in-detail depictions of resulting transport 

tasks through fluid-dynamic and electrical simulations 

for all relevant infrastructures.  

1 Introduction 
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To achieve these objectives, the study incorporates 

existing hydrogen infrastructure projects and assesses 

whether current infrastructure plans can meet actual 

transport requirements while departing from the am-

bitions of EU Member States and remaining aligned 

with EUõs climate targets.  

As demonstrated in previous energy system analyses 

in Kigle 2025; Ausfelder et al. 2025; GroÇ et al. 2024, 

hydrogenõs ability to couple sectors significantly en-

hances future energy systems and boosts overall flexi-

bility. The dynamic growth of renewable energy 

sources is driving new requirements for both storage 

and infrastructure, which results in more unpredicta-

ble production and consumption patterns. Conse-

quently, hydrogen infrastructure may need to func-

tion more dynamically and flexibly than current 

natural gas networks, encouraging innovative strate-

gies for operation and maintaining grid stability. Ad-

ditionally, it is clear that a balanced mix of domestic 

generation, strategically positioned storage, and di-

versified import routes is vital for the security of sup-

ply and system resilience. 

This studyõs unique value stems from its thorough in-

tegration of high-resolution energy system modeling 

with physically detailed simulations of electricity, hy-

drogen, and natural gas infrastructures at the Euro-

pean scale. Unlike traditional planning processes and 

system studies, which often use simplified models or 

post-analysis consistency checks, this method merges 

internal system optimization with fluid-dynamic vali-

dation for hydrogen and gas transport networks, as 

well as electrical network assessments. This approach 

enables an evidence-based evaluation of how and 

where sector coupling technologies improve effi-

ciency, flexibility, and the security of supply, offering 

an operational perspective that enriches established 

European planning frameworks. 
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To assess the importance of sector coupling in 

the future energy system, this study applies an 

integrated model chain that covers the entire 

energy system ð from final energy demand to 

physically detailed flow calculations in hydro-

gen pipelines and electricity transmission grids. 

The unique feature of this approach is its ability 

to consistently represent both sectoral demand 

and the fluid-dynamic flows in gas infrastruc-

ture as well as the electrical load flows in trans-

mission networks. The following section de-

scribes the methodology used in this study and 

introduces the central research question ad-

dressed by this modeling approach. 

Starting with the methodology, the modeling ap-

proach covers the full energy system ð from sector 

specific final energy demand to transport infrastruc-

ture ð and therefore captures sector coupling across 

all relevant carriers and sectors. Transport and storage 

infrastructure is treated as an integral part of the tran-

sition and should be reflected both in European plan-

ning processes and in the models that inform them. 

The analysis adopts a pan European perspective, 

where the European countries are represented con-

sistently, and the focus is on system interactions ra-

ther than on individual national plans. This enables a 

holistic European assessment based on high spatial 

and temporal resolution. 

Figure 2 shows an overview of the model chain used 

in this study. At the beginning of the chain, final en-

ergy demand is modeled using one sector model per 

domain (SmInd for industry, TRaM for transport, 

PriHM for private households, and TerM for trade and 

services). These models represent sectoral transfor-

mation pathways with high spatial Nomenclature of 

Territorial Units for Statistics 3 (NUTS-3) and temporal 

(hourly) resolution. Final energy demand is differenti-

ated by energy carriers and applications ð for exam-

ple, high temperature process heat supplied by hy-

drogen, or hydrogen use in shipping and aviation. 

More detailed information on the individual models is 

provided in Annex 1. 

By using the energy system model Integrated Simula-

tion Model for Unit Dispatch and Expansion with Re-

gionalization (ISAaR), an optimal energy supply con-

figuration that meets set climate goals is identified for 

the European Union (27 Member States (EU27)) coun-

tries plus Norway, Switzerland, and the United King-

dom. Various energy carriers such as hydrogen, elec-

tricity, and gas are considered while minimizing the 

overall system costs. The final energy consumption 

for each demand sector is a fixed input into the 

2 Model Chain  

 

 

Figure 2: Overview of the model chain used in this study. 
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model. The demand needs to be met every hour and 

region, which is part of the optimization process. To 

provide the necessary energy supply, the utilization 

and expansion of different generation technologies 

such as thermal power plants and volatile renewable 

energy sources (vRES) as well as hydrogen production 

are optimized. For vRES, separate models yield hourly 

generation profiles with high regional resolution, 

which are the basis for country-specific renewable 

electricity production. In addition, the expansion of 

different storage types such as hydrogen storage, 

electric large-scale batteries, and vehicles with bidi-

rectional charging (V2G) is modeled. To link different 

energy carriers, sector coupling technologies are in-

cluded in the model. One important sector coupling 

technology is electrolysis, which consumes electricity 

to produce hydrogen and thus interlinks the electric-

ity and the hydrogen sector. Additionally, various 

types of energy carriers can be imported from non-

European countries. 

The results from the energy system model, including 

time series of the different generation, storage and 

sector coupling technologies at an hourly resolution, 

are then regionalized at NUTS-3-Level. This regional-

ized data is used by the infrastructure models for the 

electricity grid, the natural gas and the hydrogen net-

works. Within these models, the network topologies 

are explicitly represented, and the regionalized supply 

and demand data is mapped to network nodes. For 

each hour, physically consistent load flow calculations 

are performed to determine the overall usage of the 

grid, the utilization of different lines and the need for 

grid expansion, while ensuring that transport capaci-

ties, pressure limits and operational constraints are 

respected. This enables a detailed assessment of net-

work performance under different demand condi-

tions, including the identification of bottlenecks and 

the interaction between transport infrastructure, stor-

age, and cross-border flows. 

Altogether, by using an integrated model chain, rang-

ing from the sectoral final energy consumption to the 

energy transport networks, this study aims at demon-

strating the added value of sector coupling. By giving 

fact-based and comprehensive results, this study as-

sesses the role of hydrogen infrastructure in strength-

ening sector coupling and efficiency in the energy 

system. Moreover, the approach taken in the study 

takes advantage of practical input from the involved 

Gas Infrastructure Europe (GIE) stakeholders. They 

were encouraged to give detailed input on different 

parts of the hydrogen system, e.g. technical infor-

mation and concrete plans for hydrogen storage as 

well as detailed feedback on planned transport infra-

structure. 

  

     

 Why sector coupling needs detailed infrastructure 

modeling 

Many studies on future European energy systems rely 

on simplified spatial representations, selected time 

slices, or aggregated transport assumptions. Such ap-

proaches are useful for exploring broad system 

trends, but they can only partly capture how sector 

coupling interacts with real infrastructure constraints 

in practice. 

The model chain applied in this study is designed to 

address exactly this challenge. Its added value lies in 

the consistent combination of four elements: high 

spatial resolution, hourly temporal resolution, explicit 

coupling of sectoral demand, energy system optimi-

zation and infrastructure simulation, and physically 

detailed network modeling for electricity, natural gas 

and hydrogen. This makes it possible to analyze not 

only where energy is needed and produced, but also 

whether it can be transported and stored under real-

istic operating conditions. 

 

 

 

This is particularly relevant in a future system with 

growing electrification, hydrogen use and cross-bor-

der infrastructure needs. In such a system, bottlenecks 

do not only emerge at an aggregated national level, 

but often from regional patterns, hourly simultaneities 

and operational constraints in interconnected net-

works. A full-year, high-resolution approach therefore 

improves the assessment of flexibility needs, transport 

requirements, and infrastructure interactions. 

For natural gas and hydrogen networks in particular, 

the explicit representation of network nodes, pipe-

lines, and compressors provides a more realistic pic-

ture than approaches based only on aggregated 

flows. This helps to better identify where infrastruc-

ture can support sector coupling efficiently, where ad-

ditional investments may be needed, and where sim-

plified modeling may underestimate technical 

constraints. 
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Scenarios describe internally consistent sets of 

assumptions for possible future developments 

of the energy system. They are not forecasts, 

but analytical tools designed to explore system 

behavior under clearly defined constraints and 

policy conditions. In this study, two scenarios 

are used to assess how different degrees of hy-

drogen availability and sector coupling affect 

the robustness, infrastructure needs, and feasi-

bility of a climate-neutral European energy sys-

tem.  

This section first outlines the scope of scenario para-

metrization within the model chain. It then provides 

an overview of the key characteristics of the two sce-

narios analyzed: The Core Scenario (see Section 3.2) 

and the Hydrogen Ambition Scenario (see Section 

3.3). A more detailed description of the underlying 

parametrization is provided in Annex 2. 

3.1 Scenario Design Scope 

The scenario design builds on an integrated represen-

tation of the European energy system, covering the 

hydrogen, natural gas, and electricity sectors in a con-

sistent framework. Within this framework, a broad 

range of technologies is modeled, including renewa-

ble and thermal power generation, storage options, 

and sector coupling technologies that link different 

energy carriers. Sector coupling technologies such as 

electrolyzers are modeled to connect the power sys-

tem with the hydrogen system.  

For many technologies, capacity deployment and dis-

patch are determined endogenously by the model, 

based on system requirements and cost optimal op-

eration. For selected technologies with strong rele-

vance for infrastructure planning ð most notably re-

newable electricity generation, battery storage, 

hydrogen imports, and electrolysis ð capacity expan-

sion is constrained by upper bounds in both scenar-

ios. These bounds are derived from the TYNDP 2026 

draft data and therefore reflect realistic yet ambitious 

implementation trajectories based on national plans 

and strategies, rather than technical maximum poten-

tials.  

In both scenarios, the expansion of the hydrogen and 

electricity grids is fixed and based on current plans. 

Cross border trade of electricity and hydrogen is ena-

bled between all modelled countries, allowing energy 

carriers to be exchanged across Europe. This reflects 

the high level of integration of the European energy 

system and enables the model to balance regional 

differences in supply and demand.  

Both scenarios are designed as climate protection 

scenarios. Therefore, European greenhouse gas (GHG) 

reduction targets are implemented as binding con-

straints (see Table 2 in Annex 2), ensuring consistency 

with long term climate policy objectives. 

3.2 Core Scenario 

The Core Scenario represents a policy realistic refer-

ence case that reflects todayõs planning assumptions 

for infrastructure development in Europe. The corre-

sponding trajectories are derived from the TYNDP 

2026 draft data and are implemented as upper 

bounds, capturing practical constraints related to per-

mitting, investment pace, and implementation capac-

ity. However, the purpose of the Core Scenario is not 

to replicate or validate the joint TYNDP scenarios 

themselves, but to assess whether the currently envis-

aged expansion pathways are sufficient to enable a 

fully climate neutral European energy system when 

sector coupling between electricity, hydrogen, and 

natural gas is explicitly taken into account. Within the 

given expansion limits, the model determines the 

cost optimal deployment and operation of technolo-

gies while meeting the climate targets as binding 

constraints. 

A key constraint in the Core Scenario concerns the ex-

pansion of variable renewable energy sources (vRES). 

Upper bounds are set by the trajectories in the 

TYNDP 2026 draft data, up to which the model can 

endogenously expand vRES capacities. The trajectory 

for future annual expansions of wind and solar are 

shown in Figure 3, where they are compared with his-

torical expansion maxima.  

The already existing European power plant fleet is ex-

plicitly represented in the scenario, including technol-

ogy specific characteristics and lifetime assumptions. 

3 Scenario Design 



 

 Scenario Design 22 

In addition, new H2ready power plants can be de-

ployed endogenously to ensure security of supply. 

These plants can operate on natural gas, hydrogen, or 

climate neutral synthetic fuels, enabling a cost-opti-

mized operation within the modelõs binding con-

straints of GHG reduction targets. 

Fuel and CO◘ prices are key input parameters for the 

modeling, as they are decisive for the cost optimal 

operation of a wide range of technologies. Assump-

tions on future price developments follow a two-

stage approach. Short-term price developments are 

based on observed market prices for fuels and emis-

sion allowances. Long-term price trajectories are de-

rived from the International Energy Agency (IEA) 

World Energy Outlook, ensuring consistency with in-

ternationally established energy and climate outlooks. 

This approach anchors the near-term system behavior 

in current market conditions while providing a coher-

ent long-term perspective aligned with global decar-

bonization pathways.  

Flexibility and sector coupling technologies can be 

expanded endogenously by the model but are subject 

to upper bounds. For example, the upper limit for 

electrolysis expansion is set by the TYNDP 2026 draft 

data. Further details on the parameterization of tech-

nologies and additional assumptions in the Core Sce-

nario are provided in Annex 2. 

3.3 Hydrogen Ambition Scenario 

The results of the Core Scenario reveal a remaining 

ambition gap in the energy sector (see Section 4). To 

explore whether this gap can be reduced through 

stronger sector coupling, a sensitivity analysis is con-

ducted in the form of the Hydrogen Ambition Sce-

nario.  

In this scenario, key supply side constraints are re-

laxed in a targeted manner. Specifically, the expansion 

limits for vRES and electrolysis are increased by 25 %, 

limits for hydrogen imports via ship are increased by 

50 % relative to the Core Scenario, allowing for a 

higher availability of low-cost renewable electricity 

and domestically produced and imported hydrogen.  

The Hydrogen Ambition Scenario does not assume 

changes in final energy demand or sectoral transfor-

mation pathways. Instead, it isolates the effect of in-

creased hydrogen availability on the energy system 

and residual emissions. This design allows for a clear 

assessment of the role of hydrogen as a system-level 

flexibility and abatement option, particularly in the 

power sector.  

Considering the Hydrogen Ambition Scenario as a 

sensitivity analysis allows for further quantification re-

garding the role of hydrogen in the energy system 

and the value of sector coupling. In addition, qualita-

tive statements concerning the infrastructure can be 

made based on the second scenario.  

 

 

Figure 3:  Historic yearly expansion of wind and solar energy in Europe compared to the average yearly expansion for different 

periods based on TYNDP 2026 draft data. (International Renewable Energy Agency 2025). 
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 Ten-Year network development plans (TYNDP) 

The joint scenarios for the 10-year network develop-

ment plans for electricity, hydrogen and natural gas 

are published every two years by ENTSOG and EN-

TSO-E. For future editions, the European Network of 

Network Operators for Hydrogen (ENNOH) is ex-

pected to take over the mandate for the hydrogen 

system in this process. The joint TYNDP scenarios aim 

at linking and complementing national grid develop-

ment plans for a European vision of the future elec-

tricity, hydrogen and natural gas system. 

The TYNDP process consists of different stages. The 

scenario development, including the underlying 

methodology and data collection, is done jointly be-

tween ENTSO-E and ENTSOG. The joint scenario is a 

legal obligation (European Parliament and European 

Council 2022) and shall adhere to both national plans 

and strategies and EU policy and climate targets. The 

infrastructure gap identification, system needs assess-

ments and cost-benefit analysis as basis for the ECÌs 

identification of Projects of Common Interest (PCI) 

presented in both TYNDPs for electricity (ENTSO-E) 

and hydrogen (ENTSOG) are based on these joint sce-

narios.    

 The joint scenarios and each of the TYNDP processes 

is done in close cooperation with national TSOs and 

involves a high number of external stakeholders, who 

can give detailed input and feedback, either as mem-

ber of the Stakeholder Reference Group (SRG) or in 

workshops and public consultations. 

In previous versions, the joint scenarios featured a 

bottom-up National Trends+ Scenario together with 

deviation scenarios. For TYNDP 2026, the scenario 

process has been adapted according to the new 

Agency for the Cooperation of Energy Regulators 

(ACER) Scenario Framework Guidelines and will fea-

ture the National Trends+ Scenario as the central sce-

nario. Instead of the additional scenarios, high and 

low economic variations will be regarded, acting as 

stress tests of the central scenario.  

At the time this study was conducted, the TYNDP 

2026 National Trends draft data had been pub-

lished (July 2025), but the joint scenarios had not 

been published. Therefore, the TYNDP 2026 draft 

data was used for the scenario design in this 

study. 
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vehicles drives a strong reduction in road transport 

emissions. However, the ongoing reliance on liquid 

fuels in both national and international aviation and 

shipping means that a residual level of emissions per-

sists through 2050. 

In the industrial sector, despite substantial efficiency 

and fuel switching measures, some emissions remain 

hard to abate. A small share of these emissions results 

from the use of hydrocarbons, blast furnace gas, and 

waste, while the larger share stems from process re-

lated emissions that cannot be avoided. This is partic-

ularly the case for cement and lime production, where 

CO◘ is released directly during calcination of raw ma-

terials within the production process. These emissions 

arise from inherent chemical reactions and therefore 

cannot be mitigated through fuel substitution. Alt-

hough the deployment of carbon capture and storage 

(CCS) technologies widely reduce these emissions, 

since capture rates are not complete this leaves resid-

ual industrial emissions in the modeling results by 

2050. 

The transformation sector refers to the processing of 

crude oil into fossil fuels such as kerosene, diesel, and 

similar products. As the use of these products de-

clines significantly over time, the resulting emissions 

from this sector also decrease. Emissions from agri-

culture and waste management are grouped under 

òOthersó in Figure 4. These emissions are assumed to 

remain relatively stable compared to other sectors 

and contribute to the residual total emissions. 

Because a significant share of transformation 

measures relies on the availability of lowcarbon hy-

drogen and electrification, the energy supply system 

becomes increasingly critical for decarbonizing final 

energy consumption sectors. Rising electricity de-

mand must be met while simultaneously advancing 

the decarbonization of power generation. While nu-

clear power already contributes as a low-carbon tech-

nology within the existing European electricity mix, 

additional measures are required on the path to cli-

mate neutrality. This includes a rapid expansion of re-

newable energy sources ð particularly wind and solar 

ð alongside the phase out of fossil fuels in thermal 

power plants and the increased use of green fuels 

such as hydrogen, which will be discussed in further 

detail in Section 5 and 7.  

In the Core Scenario, investment limits for renewable 

energy expansion, electrolysis capacity, and hydrogen 

imports follow the capacity trajectories submitted by 

transmission system operators (TSOs) in the draft 

2026 TYNDP scenarios input data (see Section 3 for 

more information). These constraints restrict the 

systemõs ability to scale domestic renewable energy 

and green hydrogen production, which in combina-

tion with the limited import potentials results in insuf-

ficient hydrogen supply for H2-ready power plants 

and, consequently, persistent residual emissions from 

fossil fuel use in the energy sector by 2050.  

Remaining positive emissions can be partially com-

pensated by negative emissions in the land use, 

land use change, and forestry (LULUCF) sector, which 

stem from improved land management practices. 

However, historical LULUCF emission data show sig-

nificant fluctuations, creating uncertainty regarding 

the future potential of carbon removals. The EU has 

established a LULUCF Regulation as a legislative 

framework for emissions and removals in the LULUCF 

sector. It sets sector wide targets and establishes ac-

counting rules to ensure that Member States achieve 

no net emissions in this sector while strengthening 

carbon sinks in soils and forests (Bºttcher et al. 2019). 

Even with ambitious land use measures in place, com-

paring net emissions with the emission reduction tar-

gets reveals an ambition gap in 2050 of 522 Mt CO2 

eq. per year: Despite ambitious transformation efforts 

across all final energy consumption sectors, the re-

striction of constrained renewable energy and elec-

trolysis expansion as well as the limitations of hydro-

gen imports in the Core Scenario lead to residual 

emissions that cannot be fully compensated by LU-

LUCF carbon removals. 

Several additional compensation pathways can help 

to close the remaining gap. One option involves neg-

ative emissions generated through CCS based ap-

proaches. These include bioenergy with carbon cap-

ture and storage (BECCS) and direct air carbon 

capture and storage (DACCS), both of which offer 

technologically scalable options for achieving perma-

nent carbon removals. The EUõs Industrial Carbon 

Management Strategy outlines indicative targets for 

these technologies, envisioning around 95 Mt CO◘ per 

year of removals from DACCS and 50 Mt CO◘ per year 

from BECCS by 2050 (European Commission 2024b). 

Beyond DACCS and BECCS, other carbon removal ap-

proaches ð such as biochar carbon removal, enhanced 

weathering, and ocean based removal methods - can 

also contribute to offsetting remaining emissions 

through their carbon sink effects. The EU Carbon Re-

moval Certification Framework (CRCF) establishes a 

voluntary certification system for all types of carbon 

removals, introducing common quality criteria and ac-

counting standards (European Commission 2026b). 

However, whether certified removal methods will be 

eligible to count toward EU emission reduction tar-

gets remains under policy discussion and will depend 

on forthcoming regulatory decisions. 
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Another potential option involves the use of interna-

tional carbon credits for meeting EU emission reduc-

tion targets. Under the 2040 target framework, the EU 

may use high quality international carbon credits un-

der Article 6 of the Paris Agreement for up to 5 % of 

the net reduction goal (European Commission 2026a). 

In practice, this allows the EU to draw on credits gen-

erated outside the EU, provided they meet strict in-

tegrity criteria - such as avoiding double counting 

and ensuring additional mitigation. So far, the use of 

international carbon credits is restricted to the 2040 

targets and does not alter the domestic only nature 

of the EUõs 2050 climate neutrality target. 

It is likely that a mix of different compensation ap-

proaches will be required for the European Union to 

meet its emission reduction targets. These ap-

proaches are not modeled in detail within the study. 

Instead, the modeling framework includes only the 

afore mentioned carbon removals in the LULUCF sec-

tor and technological carbon removal options - spe-

cifically BECCS and DACCS ð as well as the use of cli-

mate neutral fuels. The use of climate neutral fuels 

like green synfuels and green methane instead of fos-

sil fuels provides a net compensatory effect, since 

these fuels are produced through the synthesis of CO◘ 

and hydrogen and therefore do not generate addi-

tional greenhouse gas emissions when combusted. 

Climate neutral fuels can either be imported into the 

EU or produced domestically, provided that sufficient 

hydrogen is available for their synthesis. 

In the Core Scenario, the ambition gap is closed 

through the use of climate-neutral fuels, as well as 

compensation provided by BECCS and DACCS, as il-

lustrated on the right side of Figure 4. Most of cli-

mate-neutral fuels are imported into the EU, while 

only a small share is produced domestically due to 

the limited renewable energy expansion. As a result, 

climate-neutral fuels continue to play a significant 

role in the energy system especially as a fuel to gas-

fired power plants. This necessitates the large scale 

operation of parallel infrastructure for both hydrogen 

(see Section 5) and natural gas (see Section 6). 

However, the deployment of climate neutral fuels 

alone is not sufficient to meet climate neutrality tar-

gets. Additional negative emissions are required to 

fully close the remaining ambition gap. Within the 

modeling framework, these are supplied through a 

combination of DACCS and BECCS.  

Which compensation will ultimately be used depends 

on several factors. While the use of international cer-

tificates is mainly limited by regulatory requirements, 

the utilization of climate neutral fuels and 

compensation by CCS based negative emissions is 

largely determined by their costs and available CO2 in-

frastructure and storage capacities. The relative cost-

effectiveness and feasibility of these options will de-

pend on future developments in both technology and 

market conditions, and it remains uncertain which 

pathway will ultimately deliver the lowest overall miti-

gation costs. 

Consequently, future cost developments for BECCS 

and DACCS, as well as the cost of climate neutral 

fuels, will play a decisive role in determining their de-

ployment and the respective infrastructural needs for 

their distribution. Mapping these options onto a mar-

ginal abatement cost curve helps identify tipping 

points based on the most cost effective measures 

taking uncertainties into account. Further hydrogen 

use also competes within this cost curve, which forms 

the basis for the second scenario. 

The Hydrogen Ambition Scenario was designed to ex-

plore how additional hydrogen supply could poten-

tially decrease the ambition gap and therefore reduce 

the necessity of compensation. By raising the limits 

on renewable energy expansion, electrolyzer ramp-up 

and hydrogen imports beyond the trajectories in the 

TYNDP 2026 draft data, the scenario achieves higher 

hydrogen availability within the energy system. This 

additional hydrogen is primarily used in H2ready 

power plants, which can operate on hydrogen instead 

of natural gas (see Section 5.5). A comparison of 

power generation emissions for 2040 and 2050 is 

shown in Figure 5. In the Hydrogen Ambition Sce-

nario, the increased use of hydrogen in H2-ready 

power plants results in a substantial reduction in 

power generation emissions, which fall to just 5 Mt 

CO2 eq. per year by 2050. As a result, fewer compen-

sation measures are needed to offset residual emis-

sions in the energy sector. 

 

Figure 5: Comparison of emissions for power generation in 

2040 and 2050. 
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However, since the transformation pathways in the fi-

nal energy consumption sectors remain unchanged 

compared with the Core Scenario, a total of 474 Mt 

CO2 eq. per year persists in 2050. This means that also 

in the Hydrogen Ambition Scenario a gap to reaching 

climate neutrality in 2050 remains which must be 

compensated. 

In both scenarios climate neutrality in Europe by 2050 

can be achieved, however using different pathways. 

Beyond the pathways modeled in these scenarios, ad-

ditional approaches to climate neutrality are possible. 

For example, higher volumes of hydrogen imports via 

pipelines could reduce the need for other compensa-

tion measures. However, available quantities are un-

likely to be sufficient to fully close the gap, making 

the ambitious expansion of renewable energy a key 

pillar across all transformation pathways. Aligning 

policy objectives, sectoral targets, infrastructure plan-

ning and investment security remains critical to close 

the gap between ambition and implementation. 

  

     

 TYNDP Gap Filling Methodology 

In the joint TYNDP scenario process by ENTSOG and 

ENTSO-E, the National Trends Scenario is built from 

bottom up data submitted by TSOs and other stake-

holders. However, when the aggregated EU level final 

energy consumption in the National Trends scenario 

exceeds the legally binding EU energy efficiency and 

climate policy targets, the scenario is not compliant. 

To ensure alignment with these targets, a gap filling 

methodology is applied to reduce the excess final en-

ergy consumption. 

This gap filling process removes selected high emis-

sion energy carriers ð primarily solid fossil fuels (coal 

and lignite) and crude oil products ð in the final en-

ergy demand from across most sectors. The adjusted 

scenario is then referred to as National Trends+ Sce-

nario, which is required to comply with the EUõs 2030 

energy efficiency and renewable energy targets as 

well as the 2050 climate neutrality objective. 

  

In contrast, the modeling approach applied in this 

study uses an integrated system perspective. The 

modeling allows for compensation options ð such as 

CCS based negative emissions ð to be included di-

rectly in the optimization.  Climate targets are treated 

as fixed constraints within the modeling framework 

and can be met by applying the cost optimal set of 

available compensation options. Consequently, the 

model is able to achieve climate neutrality even in sit-

uations where constraints ð such as limited renewable 

energy expansion ð would otherwise prevent compli-

ance with climate targets. 

The gap filling methodology in the joint TYNDP sce-

narios is currently being revised and improved within 

the ongoing TYNDP 2026 process, as part of an up-

dated methodology consultation and scenario frame-

work.  
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The European Unionõs climate targets require a 

fundamental transformation of the energy sys-

tem by 2050. This requires a range of measures 

and ambitions, in which hydrogen emerges as a 

key energy carrier and sector coupling element. 

The scenario analysis illustrates the evolving 

role of hydrogen in the future energy system 

and shows the importance of hydrogen infra-

structure as a key element of sector coupling. 

The following sections outline the diverse roles of hy-

drogen within the energy system. Section 5.1 de-

scribes the transformation of the final energy con-

sumption sectors, including the evolution of 

hydrogen demand. Section5.2 presents the European 

hydrogen balance with demand and supply until 

2050. Section 5.3 examines the supply options 

through imports and domestic hydrogen production. 

Section 5.4 discusses the role of hydrogen storage as 

a temporal buffer between demand and supply, which 

is especially important for the flexible utilization of 

hydrogen in H2-ready power plants which is discussed 

in Section 5.5. Section 5.6 addresses the role of the 

future hydrogen transport infrastructure for the 

hydrogen supply and evaluates congestion in existing 

hydrogen network plans. 

5.1 Final Energy Demand 

Final energy refers to the energy consumed in the fi-

nal energy demand sectors industry, transport and 

buildings. Consequently, for example, the demand for 

hydrogen as a feedstock or for energy use in these 

sectors is reported as such. The evolution of final en-

ergy demand until 2050 is determined using the FfE 

sector models. The models implement sector-specific 

transformation paths until the target year of 2050 

which include energy efficiency improvements, elec-

trification, fuel switching, and the adoption of renew-

able and low carbon technologies. The speed of 

transformation is being ambitiously adopted across 

all sectors following the scenario design discussed in 

Section 3. 

Figure 6 shows the resulting development of final en-

ergy consumption (FEC) for Europe until 2050, dis-

played (a) by energy carrier and (b) by sector. Overall, 

total final energy consumption decreases significantly 

5 Hydrogen System 

 

 

Figure 6: Final energy consumption (FEC) in the EU27+3 per energy carrier (a) and sector (b) incl. feed-stock demand in industry 

for the weather year 2012. 
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Hydrogen Market Design  

 

In comparison to the European electricity and gas 

market, the future hydrogen market design is not yet 

finally decided upon. The EU hydrogen and gas de-

carbonization package (Directive (EU) 2024/1788, 

Regulation (EU) 2024/1789) forms the foundation of 

the future hydrogen market. Key elements include: 

regulated infrastructure and network access, unbun-

dling and operator rules as well as consumer protec-

tion and market integration. Additionally, the dele-

gated acts on renewable fuels of non-biological origin 

(RFNBO) and low-carbon hydrogen define criteria 

whether hydrogen qualifies as òrenewableó or òlow-

carbonó.  

While these regulations form the cornerstones to en-

sure an orderly uptake of the hydrogen market, the 

design of balancing regimes and market-clearing in-

tervals remain open. In contrast to the electricity mar-

ket ð where 15-minute clearing and imbalance settle-

ment periods are now standard ð and the gas market, 

which operates on a daily balancing regime, the hy-

drogen market is not yet subject to a harmonized EU-

wide clearing interval. 

Current regulatory developments and national pilot 

schemes increasingly favor continuous, intraday bal-

ancing concepts over daily settlement regimes known 

from the natural gas market. In Germany, for example, 

the regulatory authority (BNetzA) has defined a con-

tinuous hydrogen balancing system from 2028 on-

ward, in which 15 minute measurement updates feed 

into a continuous balancing process, while the finan-

cially relevant balancing interval is one hour. Fixed 

daily clearing periods are thus replaced by a frame-

work of hourly settlement, dynamic flexibility zones 

and nearrealtime system monitoring (BNetzA 2025). 

Similarly, Denmarkõs Energinet proposes a model 

without defined balancing periods, relying instead on 

line-pack flexibility and real-time system balance indi-

cators (Energinet). 

These approaches reflect the physical characteristics 

of hydrogen infrastructure ð more flexible than elec-

tricity but less so than natural gas ð and the need to 

accommodate hydrogen production from variable re-

newable electricity production. As such, balancing of 

the European hydrogen transport system is expected 

to evolve gradually, with Transmission System Opera-

tors (TSOs) playing a central role in maintaining sys-

tem stability through operational buffers and line-

pack management. While some alignment with elec-

tricity and gas market timeframes is anticipated, a 

pan-European market-clearing regime for hydrogen is 

not currently foreseen. 

During the ramp up phase, intraday balancing will be 

operationally important and ð as in the case of Ger-

many and Denmark ð tendencies to shorter balancing 

intervals are aimed at better managing pressure and 

flow within the hydrogen network. Since line-pack 

flexibilities in the hydrogen transport network are 

fewer compared to the natural gas network operating 

margin for TSOs are smaller. This in turn affects stor-

age needs within the hydrogen system. In hourly bal-

ancing regimes, storage needs (apart from line-pack-

ing flexibility) become exposed at market-level as 

network users are responsible for balancing their de-

liveries and offtakes. Larger intervals for balancing re-

gimes shift storage requirements to TSOs as they 

must provide system support services to balance 

feed-in and withdraw inequalities and maintain oper-

ational margins within safe parameters.  

Implications for modeling 

Modeling the hydrogen system based on hourly 

òcopper plateó assumptions risks overstating the need 

to build storage at production hubs ð such as photo-

voltaicrich regions ð merely to manage intraday 

peaks that would in reality be smoothed by TSO oper-

ations. Conversely, daily modeling can underestimate 

the need for intraday flexibility altogether. Therefore, 

this study chose to adopt an 8 hour resolution which 

reflects both regulatory uncertainty and operational 

realities. This resolution preserves meaningful intra-

day structure ð such as day-night cycles and 

weather driven fluctuations that affect electrolyzer 

use ð while leaving space for TSO led balancing 

within each block. In other words, the model avoids 

imposing hour by hour cross border synchronization 

that future market design may never require, yet still 

captures the intraday signals relevant for system op-

eration and planning. 

At the same time, an 8 hour cadence provides suffi-

ciently granular investment signals. It identifies when 

electrolyzer operation is economical, where storage 

delivers system value beyond daily shifting, and how 

cross border capacity mitigates regional mismatches 

between production and demand ð without relying 

on speculative assumptions about hourly price con-

vergence or instantaneous interzonal delivery. As 

such, an 8 hour modeling approach offers a realistic 

representation of intraday hydrogen dynamics that 

supports credible siting and sizing of hydrogen stor-

age and remains compatible with likely TSO opera-

tions and the evolving regulatory framework.  
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5.4 Hydrogen Storages  

The transition to a climate neutral European energy 

system requires hydrogen storage to balance regional 

and temporal mismatches between supply and de-

mand. While hydrogen consumption in the final en-

ergy sectors remains relatively stable ð driven largely 

by continuous industrial demand ð local hydrogen 

production closely follows the fluctuating profile of 

renewable electricity generation, since high shares of 

renewable electricity generation correlate with lower 

prices. In addition, the modelled European imports re-

flect the production patterns of the exporting coun-

tries, as imported hydrogen is tied to their variable re-

newable generation. Storage facilities allow these 

fluctuations to be buffered by shifting hydrogen from 

hours of high production to hours of low production 

and high demand, thereby ensuring a stable and reli-

able system operation. In the Hydrogen Ambition 

Scenario, aligning hydrogen production with con-

sumption becomes even more critical, as hydrogen is 

also used in gas-fired power plants. These plants 

primarily operate during peak load periods, causing 

hydrogen demand to fluctuate significantly and add-

ing yet another layer of temporal variability to supply 

and demand.  

Three types of hydrogen storage are considered in 

the modeling: Cavern storages, porous storages and 

tank storages.  

Cavern storages like salt caverns are an established 

underground gas storage technology and are particu-

larly valued for high cycling capability and short  to 

medium term flexibility. Existing cavern sites can be 

repurposed for hydrogen. Also, hydrogen storages in 

salt caverns or rock caverns can be newly built in suit-

able geological formations (Cavanagh et al.). 

Most of Europeõs potential underground hydrogen 

storage capacity is associated with porous reservoirs, 

notably depleted gas fields and, to a lesser extent, aq-

uifers. These formations account for the dominant 

share of todayõs underground natural gas storage and 

are regarded as suitable candidates for a repurposing 

to hydrogen storage, given their proven containment, 

     

 Methane-based hydrogen production routes 

In addition to hydrogen produced via electrolysis, 

methane-based hydrogen production routes are also 

available. Two examples often referred to as blue and 

turquoise hydrogen are shown in Figure 10. 

Blue hydrogen is produced through reforming natural 

gas, where the resulting CO2 emissions are captured 

and stored using carbon capture and storage (CCS) 

technology. This process significantly reduces green-

house gas emissions compared to conventional hy-

drogen production methods.  

Turquoise hydrogen, on the other hand, is produced 

through methane pyrolysis, which splits methane into 

hydrogen and solid carbon without releasing CO2 di-

rectly into the atmosphere. Two common technolo-

gies are thermal plasma decomposition and catalytic 

decomposition.  

Both blue and turquoise hydrogen can be classified as 

Low Carbon Hydrogen in the European Union if they 

meet specific emissions thresholds. The emission in-

tensity of both production routes is highly dependent 

on the upstream emissions of the used methane or 

biogas. In the case of blue hydrogen, the emission in-

tensity is furthermore defined by the capture rate of 

the deployed CCS technology (Sommer et al. 2025). 

  

 

  

Figure 10: Blue and turquoise hydrogen production 

Turquoise hydrogen is currently at a relatively early 

technology readiness level with first demonstration 

plants being operational (IEA 2026b). The currently 

largest pyrolysis demonstration plant in Europe has a 

yearly production capacity of 2,000 t of hydrogen 

(Hycamite 2024). 

Blue hydrogen has been previously deployed at scale 

with low capture rates (IEA 2026b). However, the most 

advanced NorwayðGermany blue hydrogen export 

project has been discontinued. The planned offshore 

hydrogen pipeline and associated production facilities 

were shelved in 2024 due to high costs, missing 

long-term offtake commitments, and unresolved mar-

ket design questions.  

A larger deployment of these technologies would 

lead to changing infrastructure requirements com-

pared to the deployment of electrolyzers for hydro-

gen production. Mainly lower electricity consumption, 

need for a methane or biogas supply and in the case 

of blue hydrogen the need for a CO2 infrastructure.  
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Due to the assumptions on hydrogen import poten-

tials based on the TYNDP 2026 draft data, large vol-

umes of hydrogen enter the system via ship-based 

imports ð primarily into the Netherlands and Germany 

ð because domestic production capacities and alter-

native import routes are constrained by the scenario 

design. This concentrated inflow creates substantial 

north western entry points, which in turn drive hydro-

gen flows toward southern Europe that are not 

aligned with current infrastructure planning. Given 

this mismatch, the assumptions regarding maritime 

import potentials and the associated cracking infra-

structure required for injection into the hydrogen net-

work in the TYNDP 2026 draft data should be critically 

re evaluated against the plans and expectations of 

ongoing hydrogen infrastructure development. 

Within the assumptions of the scenario design, hydro-

gen transport corridors from southern Europe via the 

Iberian Peninsula and France as well as Italy play an 

important role in supplying Central and Eastern Eu-

rope. The corridors are mainly used to pass through 

domestic production in Southern Europe and hydro-

gen imports via Southern Italy.  Given the high utiliza-

tion of these pipeline import corridors and the need 

to import a significant share of hydrogen to Europe in 

the long run it should be noted that the currently as-

sumed pipeline capacities constrain the access to ad-

ditional North African hydrogen export potentials.  

Given the widespread hydrogen demand across Eu-

rope, along with the differing conditions for hydrogen 

production and imports in individual countries, a 

 

Figure 16: European hydrogen transport in the Core Scenario for 2040 and 2050. 

 

 

 

 

Figure 17: Utilization of hydrogen (left) and electricity (right) net transfer capacities (NTC) across Europe. 
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Across all years, around 50 % of the hydrogen net-

work consists of repurposed natural gas pipelines. 

This stable share indicates that repurposing remains a 

central strategy throughout the transition period. The 

spatial structure follows a corridor-based logic, linking 

import entry points with industrial demand centers 

and progressively strengthening interconnections 

within Central Europe. 

Figure 19 illustrates the fully developed European hy-

drogen network in 2050. The topology comprises ap-

proximately 51,500 km of pipelines and includes 

around 3,000 relevant nodes. These nodes represent 

transmission-level entry and exit points at which hy-

drogen is injected into or withdrawn from the net-

work. They encompass industrial demand sites, hy-

drogen-fired power plants, underground storage 

facilities, import terminals, as well as cross-border in-

terconnection points. 

Figure 19 highlights the high spatial resolution of the 

developed topology. Supply locations, demand cen-

ters and storage sites are explicitly represented rather 

than aggregated at regional level. Industrial clusters 

and power-sector demand in Central Europe are visi-

bly connected through a dense backbone structure, 

while storage nodes are distributed along major 

transport corridors and near demand hubs. This de-

tailed nodal representation ensures that the modeled 

 
3 No ItalyðCroatia offshore pipeline is currently planned. The con-

nection shown for 2050 reflects modelling assumptions and does 

not indicate a planned or proposed interconnection. 

hydrogen flows reflect realistic transport tasks and in-

frastructure constraints across Europe. 

5.6.2 Hydrogen Network Simulation  

The detailed fluid-dynamic and electrical network 

simulations presented in the following sections are 

carried out for the Core Scenario, which serves as a 

physically validated reference case for assessing infra-

structure feasibility and system adequacy. Figure 20 

shows the modeled hourly hydrogen demand for 

2040 over the course of the year. The curve illustrates 

the temporal evolution of total hydrogen consump-

tion across Europe, capturing both structural indus-

trial demand and additional demand from hydrogen-

fired power plants. Total hourly demand fluctuates 

between approximately 75 GW during low-demand 

summer periods and peaks at around 175ð180 GW in 

late winter. While demand remains comparatively sta-

ble during spring and summer, several pronounced 

peak hour intervals occur in winter, reflecting the ad-

ditional load from re-electrification plants during peri-

ods of low renewable generation. The annual profile 

therefore consists of a steady industrial base demand 

overlaid by short-term peak events that determine 

system stress conditions. 

All hourly network usage cases were simulated within 

the modeling framework. However, for clarity and 

 

 

 

Figure 19: Average hydrogen pipeline utilization in 2040 and 2050, indicating heterogeneous load distribution across backbone 

and peripheral corridors in the Core Scenario.3 
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interpretability, only the results of the peak-demand 

hour are presented in detail, as this hour represents 

the most stressed operating condition of the hydro-

gen system. Infrastructure dimensioning and system 

adequacy are primarily driven by such extreme hours 

rather than by average conditions, making the peak 

hour the most relevant reference case. 

The inset map highlights the spatial distribution of 

supply and demand during the maximum-demand 

hour. The bubbles indicate that demand is strongly 

concentrated in Central Europe, where large industrial 

clusters and hydrogen-fired power plants drive high 

withdrawal levels. In contrast, hydrogen supply origi-

nates from a combination of domestic production 

and imports. Production in Spain and pipeline imports 

via Southern Italy contribute to overall system supply, 

while maritime imports provide additional inflows. 

However, the visualization also shows that imports 

alone are insufficient to cover peak demand locally. 

Underground storage facilities therefore play a deci-

sive role in securing supply during this hour, provid-

ing substantial withdrawal volumes that stabilize the 

system. 

The annual demand curve thus reflects a structurally 

stable industrial base load combined with superim-

posed peak events driven by power-sector require-

ments. These peak events determine the maximum 

transport and storage requirements and therefore 

serve as the critical reference for infrastructure valida-

tion.  

The simulation results for the maximum-demand hour 

in 2040 are shown in Figure 21, illustrating the result-

ing pressure levels, flow rates and pipeline velocities 

across the European hydrogen network. The pressure 

map indicates that the system operates within the de-

fined technical limits during this stressed operating 

condition. Pressure levels remain comparatively high 

along the core backbone corridors, particularly in 

Central Europe and along the main northðsouth 

transport axes, reflecting the structural role of these 

routes in distributing peak volumes. No widespread 

pressure collapse or systemic under-pressure zones 

are observed, suggesting that the network configura-

tion is technically adequate for the modeled peak de-

mand.  

 

     

 Advantages of detailed infrastructure modeling 

In most energy system studies, natural gas, hydrogen 

and electricity grids are represented using simplified, 

linearized modeling approaches. These often use lin-

ear approximations for network constraints, such as 

DC power flow for electricity and linear flow equa-

tions for gas networks, to reduce computational com-

plexity and allow for endogenous expansion of the in-

frastructure (Fraunhofer IEG et al. 2025). Additionally, 

they apply less granular spatial resolution, with larger 

regions represented by nodes (ENTSOG & ENTSO-E). 

Detailed infrastructure modeling provides important 

additional insight not only by identifying bottlenecks 

more realistically, but also by improving the assess-

ment of structural flexibility needs arising from sector 

coupling. This is particularly relevant in future energy 

systems, where the system value of flexibility depends 

not only on installed capacities, but also on the tim-

ing, location and network integration of supply, de-

mand, storage and conversion technologies. 

Hydrogen infrastructure cannot be assessed solely 

based on aggregated transport volumes between re-

gions.  

 Whether hydrogen can actually be delivered depends 

on the physical behavior of the network, including 

pressure levels, pipeline utilization, compressor oper-

ation and the interaction of supply and demand 

across connected corridors. In a future European hy-

drogen system spanning long distances and national 

borders, bottlenecks may therefore arise not only 

from overall transport demand, but also from the tim-

ing and location of flows. 

A similar argument applies to the electricity system. 

Electrolyzers can provide valuable flexibility by ab-

sorbing renewable generation peaks and thereby 

helping to reduce transmission stress. At the same 

time, their contribution depends strongly on where 

they are located and how they are operated. Detailed 

coupled modeling is therefore needed to assess 

whether electrolyzers actually mitigate congestion, 

where additional transport needs emerge in the hy-

drogen network, and how sector coupling can con-

tribute to system resilience in practice. 

A flow-based, full-year simulation applied here there-

fore reveals constraints that may remain hidden in 

more aggregated approaches and enables a more re-

alistic assessment of transport needs, network resili-

ence and infrastructure investment requirements. 
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4 No ItalyðCroatia offshore pipeline is currently planned. The con-

nection shown for 2050 reflects modelling assumptions and does 

not indicate a planned or proposed interconnection. 

 

 

 

 

 

Figure 20: Hourly hydrogen demand in 2040 in the Core Scenario and spatial distribution of hydrogen demand and supply in the 

maximum-demand hour. 

 

 

 

Figure 21: Simulated pressure levels, flow rates and pipeline velocities in the 2040 hydrogen network during the maximum-de-

mand hour in the Core Scenario. 4 
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The flow rate distribution confirms that hydrogen 

transport is concentrated along distinct backbone 

corridors. High flow volumes occur primarily in Cen-

tral Europe and along major import routes, consistent 

with the spatial concentration of demand identified in 

the inset of Figure 20. In total, 110 compressor sta-

tions are activated in this operating condition to 

maintain pressure levels and ensure sufficient 

transport capacity along the main backbone corridors. 

Peripheral branches exhibit lower flow rates, reflecting 

their regional distribution function rather than long-

distance bulk transport. The flow pattern therefore 

mirrors the structural hierarchy of the network, with 

clearly identifiable high-capacity transit routes and 

lower-loaded distribution segments.  

Pipeline velocities remain within acceptable opera-

tional ranges during the peak hour. Elevated velocities 

are visible along selected backbone sections, particu-

larly where large withdrawal volumes coincide with 

long-distance transport. However, no extensive areas 

of excessive velocity are observed. This indicates that 

the network is dimensioned with sufficient diameter 

and compression capacity to accommodate peak 

transport requirements without reaching critical oper-

ational thresholds.  

Taken together, the simulation results demonstrate 

that the hydrogen network in 2040 can handle the 

maximum-demand hour without systemic bottle-

necks. While localized high-load sections occur along 

major corridors, the overall pressure stability, flow dis-

tribution and velocity levels confirm that the infra-

structure is technically robust under peak conditions. 

These findings validate the adequacy of the topology 

and capacity configuration identified in the preceding 

analysis. 

The modeled hourly hydrogen demand in 2050 over 

the course of the year is shown in Figure 22. Com-

pared to 2040, overall demand levels are substantially 

higher and exhibit more pronounced peak events. To-

tal hydrogen consumption fluctuates between ap-

proximately 140ð160 GW during low-demand sum-

mer periods and reaches peak values of around 320ð

330 GW in late winter. 

The annual profile reflects a structurally elevated in-

dustrial base demand combined with significantly in-

creased peak loads from hydrogen-fired H2-ready 

power plants. While demand remains comparatively 

moderate during spring and summer months, multi-

ple pronounced peak hours occur in winter, indicating 

a stronger coupling between hydrogen consumption 

and renewable generation variability than in 2040. 

 

 

Figure 22: Hourly hydrogen demand in 2050 in the Core Scenario and spatial distribution of hydrogen demand and supply in the 

maximum-demand hour. 
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All hourly network usage cases were simulated in the 

modeling framework. For clarity, the inset highlights 

the spatial distribution of supply and demand during 

the maximum-demand hour. Demand is again con-

centrated in Central Europe, where large industrial 

clusters and hydrogen-fired power plants generate 

withdrawal levels exceeding 14 GW per node in sev-

eral locations. Supply is geographically more dis-

persed, including domestic production in Southern 

Europe, imports via Southern Italy, and inflows from 

Northern corridors. Nevertheless, instantaneous pro-

duction and import flows alone are insufficient to 

meet peak demand in all regions, making storage 

withdrawals structurally necessary to maintain system 

balance. 

The 2050 demand curve therefore illustrates a hydro-

gen system that is structurally embedded across sec-

tors. Peak events become increasingly relevant for in-

frastructure dimensioning, as they define maximum 

transport and storage requirements and represent the 

most stressed operational conditions of the network. 

The simulation results for the maximum-demand hour 

in 2050 are shown in Figure 23, illustrating the result-

ing pressure levels, flow rates and pipeline velocities 

across the European hydrogen network. Despite the 

substantially higher peak demand compared to 2040, 

the pressure distribution indicates stable system op-

eration within the defined technical limits. Pressure 

levels remain sufficiently high along the main back-

bone corridors, particularly in Central Europe and 

along the dominant northðsouth transport axes, 

 
5 No ItalyðCroatia offshore pipeline is currently planned. The con-

nection shown for 2050 reflects modelling assumptions and does 

not indicate a planned or proposed interconnection. 

confirming that the network configuration can ac-

commodate the increased transport requirements. 

The flow rate distribution shows a clear concentration 

of hydrogen transport along the established back-

bone routes. High-volume flows occur primarily be-

tween Southern European production and import re-

gions and the demand centers in Central Europe. In 

this operating condition, a total of 131 compressor 

stations are activated to maintain pressure levels and 

ensure sufficient transport capacity along the high-

load corridors. This increase in active compressor de-

ployment compared to 2040 reflects the higher over-

all system stress during peak conditions. 

Pipeline velocities rise along selected backbone sec-

tions but remain within acceptable operational 

ranges. Elevated velocities are primarily observed in 

corridors connecting import entry points and large 

withdrawal clusters. Peripheral branches continue to 

operate at comparatively low flow and velocity levels, 

underlining their distributional rather than transit-ori-

ented role within the network. 

Overall, the simulation results demonstrate that the 

2050 hydrogen network remains technically feasible 

even under maximum-demand conditions. While 

backbone corridors experience higher load intensity 

and require extensive compressor operation, no sys-

temic pressure collapse or widespread bottlenecks 

occur. The results confirm that the infrastructure is di-

mensioned to handle the structurally increased hy-

drogen demand expected in 2050. 

 

 

Figure 23: Simulated pressure levels, flow rates and pipeline velocities in the 2050 hydrogen network during the maximum-de-

mand hour in the Core Scenario.5 
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The average utilization of hydrogen pipelines in 2040 

and 2050 is shown in Figure 24. The results indicate a 

heterogeneous load distribution across the network 

rather than uniform system-wide stress. Utilization 

levels vary considerably between corridors, reflecting 

differences in regional demand, import structures and 

network positioning. 

In 2040, higher utilization already concentrates along 

the emerging corridors in Central Europe and along 

selected NorthðSouth routes. These segments form 

the structural core of the hydrogen transport system, 

linking major demand centers and import entry 

points. At the same time, a significant share of periph-

eral connections operates at lower load factors, re-

flecting their role in regional distribution rather than 

long-distance bulk transport. 

By 2050, this pattern becomes more pronounced. 

High-load segments are clearly concentrated along 

core Central European transit corridors and along ma-

jor NorthðSouth axes, forming distinct backbone 

routes within the European hydrogen system. Periph-

eral connections continue to show lower average utili-

zation, underlining their function as distribution and 

 
6 No ItalyðCroatia offshore pipeline is currently planned. The con-

nection shown for 2050 reflects modelling assumptions and does 

not indicate a planned or proposed interconnection. 

flexibility elements rather than constant high-volume 

transport corridors. 

Importantly, average utilization should not be inter-

preted as a direct measure of infrastructure necessity. 

Low-load pipeline segments can remain systemically 

relevant under alternative network usage cases or 

during peak events. Moreover, upstream or down-

stream bottlenecks may reduce the average load in 

specific corridors without implying structural redun-

dancy. The observed utilization patterns therefore re-

flect a differentiated network structure with core 

transport axes and flexible distribution branches ra-

ther than over dimensioning of the system. 

 

  

 

 

Figure 24: Average hydrogen pipeline utilization in 2040 and 2050, indicating heterogeneous load distribution across backbone 

and peripheral corridors in the Core Scenario.6 
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Natural gas continues to provide system stabil-

ity during the energy transition, particularly 

while hydrogen supply is not yet sufficient. Alt-

hough parts of the existing natural gas network 

will be repurposed for hydrogen, the remaining 

infrastructure will remain technically capable of 

meeting transport requirements and ensuring 

security of supply.   

This section examines the role of natural gas within 

the evolving energy transition. Section6.1 first dis-

cusses the European natural gas balance, outlining 

the remaining demand in final energy consumption 

sectors and the use of natural gas in power genera-

tion. Section 6.2 then analyzes how the natural gas in-

frastructure performs as parts of the network are re-

purposed for hydrogen. The section evaluates 

whether the residual natural gas system can continue 

to meet transport requirements and ensure security 

of supply by examining pressure levels, flow patterns, 

storage dynamics, and system behavior under peak 

conditions.  

 

6.1 Natural Gas in the Energy System 

While hydrogen infrastructure expands progressively 

toward 2050, natural gas continues to play a stabiliz-

ing role during the transition phase. Figure 25 shows 

the European natural gas balance in Europe. In 2030, 

there is still a high demand for natural gas in the final 

energy consumption sectors, stemming mainly from 

the industry and buildings sector. In industry, natural 

gas is mainly used to supply medium and high tem-

perature process heat until hydrogen is widely availa-

ble, while in the buildings sector it is still used for 

space heating. With the ongoing transformation, the 

demand decreases in both sectors, until only 39 TWh 

of natural gas are still utilized in 2050 due to an in-

complete transformation and special cases in specific 

industry processes such as glass manufacturing.  

In addition to the final energy consumption across all 

sectors, natural gas is utilized in thermal power plants 

to produce electricity and district heating.  

 

6 Natural Gas System 

 

Figure 25: Natural gas balance in EU27+3 in the Core Scenario and the Hydrogen Ambition Scenario. 
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Analogously to the sectoral demand, the natural gas 

utilization in power plants decreases with the increase 

in renewable electricity generation until in 2050 only 

473 TWh of natural gas still used in power plants in 

the Core Scenario. 

In the Hydrogen Ambition Scenario, the increased 

availability of local hydrogen production reduces the 

necessity of natural gas for electricity production. 

Therefore, only 46 TWh of natural gas is still utilized in 

thermal power plants in 2050.  Due to the assumed 

development of prices for synthetic methane, fossil 

methane and the cost development for CCS-based 

negative emissions, exclusively fossil methane is 

utilized, while CCSbased negative emissions are used 

to compensate for the associated emissions (see Sec-

tion 4). In addition, small amounts of gas are utilized 

to produce blue hydrogen via steam reforming with 

CCS. Altogether, the natural gas demand shown in 

Figure 25 ð displayed as negative values ð is covered 

by a combination of imports and domestic supply. To 

meet the emission targets, the modeling relies on 

both fossil and synthetic methane supply.  

Natural gas storage continues to play a structurally im-

portant stabilizing role in the European energy system. 

Figure 26 shows the hourly injection and withdrawal 

volumes together with the resulting storage fill levels 

     

 Biomethane Potential in Europe 

Even though not a focus within this study, bio-

methane is one pillar of the EUõs decarbonization and 

energy security strategy. Under the REPowerEU plan 

(COM/2022/230 final), the EU has set a target of pro-

ducing 35 billion cubic meters (bcm), equivalent to 

about 350 TWh, of biomethane annually by 2030. This 

amounts to a sevenfold increase from 2023 levels (Eu-

ropean Commission 2026c). According to Guidehouse 

Netherlands B.V. and Gas for Climate this target is 

technically feasible: the EU-27 has sufficient sustaina-

ble biomass feedstocks to produce up to 41 bcm 

(410 TWh) by 2030 and 151 bcm (1510 TWh) by 2050, 

primarily from manure, agricultural residues, and se-

quential cropping.  

Market momentum for biomethane has accelerated 

over the last years. In 2023, Europe produced approxi-

mately 5 bcm (50 TWh) of biomethane ð about 2 % of 

its natural gas demand ð , with over 1,500 plants op-

erating across 25 countries (European Biogas Associa-

tion). Of these, more than 85 % are connected to the 

gas grid. Spot markets, especially in Germany, have 

become increasingly dynamic, with high demand for 

biomethane from waste and manure due to its com-

pliance with RED III and its value in Greenhouse Gas 

(GHG) quota systems. Prices for such biomethane 

grades have risen, reflecting both regulatory incen-

tives and growing interest in Bio-Liquified Natural Gas 

(LNG) and Bio-Compressed Natural Gas (CNG). 

However, current growth rates are not sufficient to 

comply with the target of 35 bcm (350 TWh) of bio-

methane in 2030. When combining committed vol-

umes from the National Energy and Climate Plans 

(NECPs), estimated biomethane output by 2030 

amounts to only 15 bcm, accounting for 4.5 % of me-

thane demand in the Core Scenario.  

 Estimates for 2050 are even harder to derive, since 

also the regulatory framework is evolving, strengthen-

ing sustainability criteria and expanding the scope of 

fuel supplier obligations to include biomethane in 

heating and power. 

National implementations of the RED III enforce strict 

GHG savings and feedstock traceability. Meanwhile, 

the EU Bioeconomy Strategy promotes the efficient 

and circular use of biomass by prioritizing extended 

high-value applications such as food, feed and 

bio-based materials, with energy use typically occur-

ring later in the value chain, in line with climate and 

resource-efficiency objectives (COM/2025/960 final). 

If biomethane remains on 2030 levels also in 2050, bi-

omethane could account to about one third of me-

thane demand in the Core Scenario. If, finally, the RE-

PowerEU targets can be met, more than half of the 

remaining methane demands could be met by bio-

methane. In case of using the full biomethane poten-

tial according to Guidehouse Netherlands B.V. and 

Gas for Climate this biomethane production could ex-

ceed methane demand threefold. 

Although actual biomethane production will ulti-

mately be shaped by evolving regulatory require-

ments, economic factors will be equally decisive. As 

outlined in Section 4, closing the remaining emission 

gap will require a strategic mix of solutions, each with 

its own uncertainties regarding abatement costs and 

effectiveness. In this context, biomethane, when inte-

grated with the established natural gas network, 

could offer a possible option for contributing to cli-

mate targets and energy security. 
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in 2030. A clear seasonal cycle can be observed: stor-

age levels are gradually built up during the summer 

months and drawn down sharply in winter, when heat-

ing demand rises across large parts of Europe. 

The magnitude of winter withdrawals significantly ex-

ceeds average hourly flows, indicating that storage 

requirements are determined primarily by peak de-

mand rather than by annual energy volumes alone. 

High fill levels before the winter season therefore act 

as a strategic reserve, buffering seasonal demand in-

creases as well as short-term supply risks. Despite the 

diversification of supply sources and the expansion of 

alternative import routes, the pronounced winter 

drawdown in the model results underlines the contin-

ued structural importance of underground natural gas 

storage in 2030. In this respect, natural gas storage 

remains more strongly shaped by broad seasonal bal-

ancing requirements than hydrogen storage, which is 

more closely linked to the provision of flexibility for 

an evolving hydrogen supply and demand structure. 

This seasonal pattern becomes less pronounced in 

later years as natural gas demand declines and in-

creasingly shifts towards residual and peak-oriented 

applications, reducing the overall reliance on large 

seasonal storage cycles. 

 

Figure 26: Hourly natural gas storage injection and withdrawal volumes and corresponding storage fill levels in 2030 in the Core 

Scenario. 
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6.2 Natural Gas Infrastructure 

Having a closer look at the European gas network, 

Figure 27 shows cross-border natural gas transport 

volumes in 2030 and highlights the continued im-

portance of established supply corridors within the 

European gas system. Central Europe ð particularly 

Germany ð acts as a major transit hub, redistributing 

natural gas flows across the continent. Large volumes 

connect northern production areas with demand cen-

ters in the south and east, while strong inflows from 

North Africa towards Spain and Italy underline the 

role of Mediterranean import corridors. In addition, 

the Southern Gas Corridor via Azerbaijan and Turkey 

remains a relevant supply route into South-Eastern 

Europe. Overall, the spatial distribution shows that 

natural gas transport infrastructure continues to sup-

port geographical balancing and supply security dur-

ing the early transition phase. 

6.2.1 Natural Gas Network Development  

The natural gas transmission network topology is 

based on the ENTSO-G/GIE system capacity map da-

taset and has been harmonized and processed ac-

cording to the methodology described in Annex 1. 

The resulting topology provides a detailed represen-

tation of the European natural gas transmission sys-

tem, including cross-border interconnections, com-

pressor stations and major transport corridors. 

The developed natural gas network in 2030, 2040 and 

2050 is illustrated in Figure 29. The total pipeline 

length decreases from approximately 188,000 km in 

2030 to 178,000 km in 2040 and 176,000 km in 2050. 

This reduction, however, does not reflect an opti-

mized or scenario-driven natural gas network plan-

ning process. Instead, the contraction results exclu-

sively from pipeline segments that are repurposed for 

hydrogen transport in the respective years. 

 

 

Figure 27: Cross-border natural gas transport volumes in 2030, highlighting major production regions and transit corridors across 

Europe (Core Scenario). 
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No dedicated assessment was conducted to deter-

mine the economically or technically optimal size of 

the natural gas network in 2040 or 2050. The model-

ing framework does not perform a natural gas net-

work downsizing or consolidation analysis. Rather, the 

remaining natural gas topology corresponds to the 

residual infrastructure after selected segments have 

been allocated to the hydrogen network. The purpose 

of this step is to test whether the withdrawal of pipe-

lines for hydrogen repurposing creates structural con-

straints or security-of-supply risks within the 

 
7 In this analysis, all methane infrastructure that is not repurposed 

for hydrogen is assumed to remain in operation. Potential 

remaining natural gas system. In other words, the 

analysis verifies that the continued natural gas 

transport task can still be fulfilled under the reduced 

topology, without conducting an independent natural 

gas network development planning exercise. 

The 2030 natural gas network is shown in Figure 28 as 

the baseline configuration for the subsequent transi-

tion analysis. In 2030, the natural gas network com-

prises approximately 188,000 km of pipelines and 

around 36,000 relevant nodes. 

decommissioning or dismantling of methane infrastructure is not 

considered; only repurposing effects are reflected.  

 

 

Figure 28: European natural gas transmission network in 2030 and relevant injection and withdrawal nodes including distribution 

system operator (DSO) connections, industrial sites (IND), thermal power plants (TPP), underground gas storages, LNG terminals, 

cross-border interconnection points (IC), import points and gas production facilities (GPR). 

 

Figure 29: Development of the European natural gas transmission network in 2030, 2040 and 2050.7 
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These transmission-level entry and exit points include 

distribution system operator (DSO) connections, in-

dustrial sites (IND), thermal power plants (TPP), un-

derground gas storages, LNG terminals, cross-border 

interconnection points (IC), import points and gas 

production facilities (GPR). 

6.2.2 Natural Gas Network Simulation 

The modeled hourly natural gas demand in 2030 over 

the course of the year, based on the approach de-

scribed in Section 6.1, is shown in Figure 30. In con-

trast to hydrogen, the annual profile is strongly domi-

nated by seasonal effects. Total demand increases 

significantly during winter months, reflecting the con-

tinued use of natural gas for space heating across Eu-

rope. Peak values exceed 1,000 GW in late winter, 

while summer demand drops to approximately 150ð

250 GW. The pronounced seasonal amplitude clearly 

distinguishes the natural gas system from the more 

industry- and power-driven hydrogen demand pro-

files. 

All hourly network usage cases were simulated in the 

modeling framework. For clarity, the inset highlights 

the spatial distribution of supply and demand during 

the maximum-demand hour. In this peak hour, de-

mand is distributed broadly across Europe due to its 

strong linkage to residential and commercial heating. 

Nevertheless, higher demand concentrations remain 

visible in Central Europe, Northern Italy, and parts of 

France and the United Kingdom, reflecting dense 

population and industrial activity. 

On the supply side, the inset illustrates continued do-

mestic production in the North Sea, which remains a 

structurally relevant source in 2030. In addition, sig-

nificant pipeline imports enter the system via eastern 

and southern corridors, while LNG terminals contrib-

ute additional inflows, particularly in Western and 

Southern Europe. Overall, imports account for a 

slightly larger share of supply (around 55 %), while 

domestic production contributes approximately 45 %. 

The spatial configuration highlights that natural gas 

supply in 2030 is diversified across multiple entry 

points, with imports and domestic production jointly 

covering peak demand conditions. 

Overall, the 2030 natural gas demand curve reflects a 

system still strongly driven by seasonal heating re-

quirements. Peak winter events determine the maxi-

mum required transport and storage capacities and 

underline the continued structural relevance of natu-

ral gas infrastructure in the early transition phase. 

The simulation results for the maximum-demand hour 

in 2030 are shown in Figure 31, illustrating the result-

ing pressure levels, flow rates and pipeline velocities 

 

 

Figure 30: Hourly natural gas demand in 2030 and spatial distribution of natural gas demand and supply in the maximum-de-

mand hour in the Core Scenario. 
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across the European natural gas network. Despite the 

very high seasonal demand in winter, the pressure 

distribution indicates stable system operation within 

technical limits. Pressure levels remain comparatively 

high along the main backbone corridors, particularly 

in Central Europe and along the northðsouth transit 

routes, confirming the robustness of the transmission 

system under peak heating conditions. 

The flow rate distribution shows strong directional 

concentration along established transit corridors con-

necting the North Sea production region, eastern and 

southern import entry points, and the major demand 

centers in Central Europe. In this operating condition, 

a total of 163 compressor stations is activated to 

maintain pressure stability and ensure sufficient 

transport capacity across the network. The wide-

spread activation of compressors reflects the high 

overall system load during winter peak conditions and 

the long-distance transport requirements from supply 

regions to distributed demand centers. 

Pipeline velocities increase along several high-load 

backbone sections, particularly along corridors linking 

northern production and southern import routes to 

Central European consumption areas. However, veloc-

ities remain within acceptable operational ranges and 

do not indicate systemic stress. Peripheral segments 

exhibit lower flow rates and velocities, consistent with 

their regional distribution role rather than transit 

function. 

Overall, the simulation results demonstrate that the 

2030 natural gas network is technically capable of 

handling peak winter demand. While flow concentra-

tion and compressor deployment are substantial, no 

widespread bottlenecks or critical pressure drops 

occur. The system retains structural resilience during 

maximum seasonal stress conditions. 

The modeled hourly natural gas demand in 2050 over 

the course of the year is shown in Figure 32. Com-

pared to 2030, overall demand levels are significantly 

reduced, and the seasonal variation becomes less 

dominant. While winter peaks remain visible, total de-

mand during the maximum-demand hour reaches ap-

proximately 600 GW, substantially below 2030 levels. 

For large parts of the year, natural gas demand re-

mains close to minimal baseline levels, reflecting the 

strong decline in heating demand and fuel switching 

in buildings and industry. 

The annual profile shows that natural gas consump-

tion in 2050 is no longer dominated by broad, contin-

uous seasonal heating demand. Instead, demand is 

concentrated on shorter peak periods during winter, 

while summer consumption remains very low. This in-

dicates that natural gas increasingly serves as a resid-

ual or backup fuel rather than a structurally dominant 

energy carrier. At the same time, the system becomes 

more peak-driven. Although absolute demand levels 

decline compared to 2030, the relative difference be-

tween base load and peak demand increases. This re-

sults in a more uneven load profile, with shorter but 

more pronounced demand peaks. Consequently, op-

erational challenges shift from managing large sea-

sonal volumes toward handling peak-driven load con-

ditions and ensuring sufficient flexibility during high-

demand events.  

The inset highlights the spatial distribution of supply 

and demand during the maximum-demand hour. De-

mand remains geographically widespread but is less 

intense than in 2030, with remaining concentration in 

 

 

Figure 31: Simulated pressure levels, flow rates and pipeline velocities in the 2030 natural gas network during the maximum-de-

mand hour in the Core Scenario. 
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Central Europe, Northern Italy, and parts of Western 

Europe. On the supply side, domestic production in 

the North Sea continues to contribute, complemented 

by pipeline imports and LNG inflows. In 2050, domes-

tic production accounts for around 60 % of total sup-

ply. However, the reduced demand levels suggest that 

the natural gas network in 2050 operates with sub-

stantial reserve margins for most of the year. 

Overall, the 2050 demand curve reflects a system in 

which natural gas plays a declining yet still strategi-

cally relevant role. Peak winter events continue to de-

termine the minimum required backbone functional-

ity, but the reduced annual demand indicates a 

structural shift toward hydrogen and electrification as 

primary energy carriers. 

The simulation results for the maximum-demand hour 

in 2050 are shown in Figure 33, illustrating the result-

ing pressure levels, flow rates and pipeline velocities 

across the European natural gas network. Compared 

to 2030, overall flow intensities are visibly reduced, 

reflecting the substantial decline in natural gas de-

mand in the long-term transition pathway. Despite 

lower absolute demand levels, the pressure distribu-

tion indicates stable system operation within the de-

fined technical limits during the winter peak hour. 

Flow rates remain concentrated along core backbone 

corridors linking remaining production areas, import 

entry points and demand centers in Central Europe. 

However, the magnitude of flows is significantly lower 

than in 2030, and large parts of the network operate 

at comparatively low load levels. This indicates that 

the residual natural gas system in 2050 retains struc-

tural reserve margins during peak conditions. 

Pipeline velocities increase along selected transit 

routes but remain within acceptable operational 

ranges. No systemic bottlenecks or widespread pres-

sure drops are observed. The simulation results there-

fore confirm that, even after repurposing selected 

segments to hydrogen and despite declining overall 

demand, the remaining natural gas network maintains 

technical feasibility and operational stability under 

maximum seasonal stress conditions. 

The average utilization of the natural gas transmission 

network in 2030 and 2050 is shown in Figure 34. In 

2030, utilization levels vary strongly across the net-

work, indicating an uneven load distribution rather 

than system-wide congestion. High-load segments 

form distinct corridors, particularly along major 

northðsouth and westðeast backbone routes, sug-

gesting directional flow concentration between pro-

duction regions, import entry points and core de-

mand centers. At the same time, large parts of the 

network operate below mid-range capacity. This 

points to structural reserve margins within the Euro-

pean natural gas system in 2030. While regional bot-

tlenecks appear in localized areas, they remain geo-

graphically limited and do not indicate systemic 

constraints across Europe. Overall, the 2030 utilization 

pattern reflects a network that is highly intercon-

nected but not operating under widespread stress 

 

 

Figure 32: Hourly natural gas demand in 2050 and spatial distribution of natural gas demand and supply in the maximum-de-

mand hour in the Core Scenario. 
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conditions. By 2050, average utilization decreases fur-

ther across most parts of the network, consistent with 

declining natural gas demand in the transition path-

way. Most pipeline segments operate at low load lev-

els, while higher utilization continues to concentrate 

along specific backbone corridors. These corridors 

maintain directional flow structures between remain-

ing supply sources and regional demand clusters. Re-

gional bottlenecks persist in isolated sections, but 

they remain localized and do not develop into conti-

nent-wide congestion patterns. The comparison be-

tween 2030 and 2050 thus indicates a gradual 

reduction in overall natural gas transport intensity 

while preserving core transit functionality along key 

backbone routes. 

 

 

 

 

 

 

 

Figure 33: Average natural gas pipeline utilization in 2030 and 2050, highlighting corridor-based load concentration and local-

ized bottlenecks (Core Scenario). 

 

 

 

Figure 34: Average natural gas pipeline utilization in 2030 and 2050, highlighting corridor-based load concentration and local-

ized bottlenecks (Core Scenario). 
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 Structural transformation of the European natural 

gas system 

The comparison of natural gas demand patterns in 

2030 and 2050 highlights a fundamental structural 

shift in system operation. While the 2030 system is 

characterized by broadly distributed and continuous 

demand, primarily driven by heating, demand in 2050 

becomes significantly lower and more concentrated in 

short peak periods. 

As a result, the spatial utilization of the network 

changes considerably. While main transmission corri-

dors remain essential for connecting residual supply 

sources and demand centers, a large share of periph-

eral branches operates at persistently low utilization 

levels. This pattern points toward a transition to a 

more corridor-focused network structure, in which 

transport is increasingly concentrated along a limited 

number of backbone routes, while parts of the net-

work become structurally less relevant over time. 

This shift creates potential òrisk areasó within the nat-

ural gas system. In regions with declining demand 

and limited connection to core corridors, parts of the 

network may become weakly utilized and economi-

cally challenging to maintain. In extreme cases, this 

could lead to the emergence of partially isolated sub-

systems (òisland gridsó), particularly if network sec-

tions are no longer sufficiently supported by through-

flows or nearby supply sources. 

  

At the same time, peak demand events remain rele-

vant and continue to require sufficient backbone ca-

pacity and access to storage. This creates a structural 

tension between maintaining network coverage for 

security of supply and adapting infrastructure to de-

clining and uneven demand patterns. 

From an economic perspective, the reduction in trans-

ported natural gas volumes has important implica-

tions for the cost structure of the network. Gas trans-

mission infrastructure is characterized by high fixed 

costs, while throughput-based revenues decline as 

volumes decrease. As a result, lower utilization is 

likely to lead to increasing specific network charges 

per unit of transported gas, unless counteracted by 

regulatory adjustments, cost socialization, or acceler-

ated asset decommissioning. This dynamic implies 

that, even as the physical scale of the natural gas sys-

tem decreases, the economic burden on remaining 

users may increase. The evolution of network tariffs 

will therefore depend strongly on regulatory decisions 

regarding cost allocation, depreciation of legacy as-

sets, and the treatment of repurposed infrastructure. 

Overall, the results indicate that the transformation of 

the natural gas network is not only a technical chal-

lenge but also a structural and economic one. Manag-

ing this transition will require coordinated decisions 

on network consolidation, regulatory frameworks, and 

long-term security of supply. 
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In an energy system characterized by rising 

sector coupling, energy carriers are becoming 

progressively interconnected. This develop-

ment makes it essential to critically assess the 

design of the future electricity system. 

This section takes a closer look at the European elec-

tricity system in the Core Scenario. Section 7.1 ana-

lyzes the transformation of electricity supply, with a 

focus on the expansion of volatile renewable energy 

sources (vRES) and the resulting changes in genera-

tion and demand patterns. Section 7.2 discusses the 

role of thermal power plants, highlighting their contri-

bution to security of supply under high shares of vari-

able renewables. Section 7.3 focuses on electric flexi-

bilities and sector coupling technologies, assessing 

how electrolysis, electric storages and demand side 

measures support system balancing and integration 

of renewables. Section 7.4 concludes with an analysis 

of congestion and expansion demands of the electric-

ity grid. 

7.1 Electricity Supply 

Achieving the European climate targets requires a 

fundamental transformation of the European electric-

ity system, primarily driven by the large scale expan-

sion of vRES, in particular wind and solar power. As 

shown in Figure 3, the ramp up of wind and solar 

power based on the TYNDP 2026 draft data requires 

significantly higher annual deployment rates than 

those observed historically. For solar power in partic-

ular, this acceleration is consistent with recent trends, 

as record high annual additions have been achieved 

in successive years. In this study, the installed capaci-

ties specified in the TYNDP 2026 draft data are ap-

plied as expansion limits, representing an ambitious 

yet realistic trajectory for vRES while leaving the deci-

sion on the actual utilization of these limits to the op-

timization. 

Figure 35 shows the total installed capacities of vRES 

in the Core Scenario and the Hydrogen Ambition Sce-

nario. In 2030, a total of 1439 GW of renewable ener-

gies are installed in the EU27+3 in the Core Scenario. 

Solar energy and wind energy account for 51 % and 

35 % of the total capacity, respectively. Towards 2050, 

the installed capacities of vRES are doubled, yielding 

over 3000 GW, where 55 % stem from solar power 

and 39 % from wind power. On average, 78 % of the 

expansion limits from the TYNDP 2026 draft data are 

utilized in 2030, where many countries exhaust the in-

stalled capacity limits fully, while others do not. To-

wards 2040 and 2050, the installed capacities from 

the Core Scenario amount to 90 % of the capacities in 

the TYNDP 2026 draft data. This should not be inter-

preted as a contradiction of, or a challenge to, the va-

lidity of national targets. Rather, it reflects the strong 

dependence on the level of domestic electrification 

across sectors such as industry, buildings, and 

transport. Countries with lower electrification levels 

may therefore face reduced domestic demand for an 

accelerated ramp up of vRES. 

In addition, Europeõs energy system is highly intercon-

nected, both through the electricity grid and the pro-

gressively expanding hydrogen network. These 

cross border connections enable the sharing of re-

newable energy and make it economically efficient for 

some countries to partially rely on imports of both 

electricity and green hydrogen. For these reasons, the 

model may deploy less capacity than permitted under 

the TYNDP 2026 draft data. However, as energy sys-

tem modeling cannot capture all real-world consider-

ations that influence national strategies, such as a de-

tailed security of supply assessment or political 

priorities, the model outcomes should not be seen as 

replacing or questioning national strategies. Instead, 

7 Electricity System  

 

Figure 35: Installed Capacities of Renewable Energy Sources 

(RES) in Europe. 
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they offer a complementary more optimized, system-

wide perspective on economically efficient investment 

pathways within a highly integrated European energy 

system under the assumptions applied.  

In comparison to investment limits of renewable ex-

pansion in the Core Scenario based on the TYNDP 

2026 draft data, the Hydrogen Ambition Scenario al-

lows for an increased expansion of wind and solar 

power by 25 %. The results in Figure 35 indicate that 

part of the additionally permitted expansion is uti-

lized. Installed capacities reach 2,836 GW in 2040 and 

3,470 GW in 2050, corresponding to increases of 14 % 

and 12 %, respectively, compared to the Core Sce-

nario. As electricity demand from the final energy sec-

tors remains unchanged between the two scenarios, 

the additional expansion of renewable capacity is pri-

marily driven by the further replacement of fossil 

gas based power generation with renewable and 

other lowcarbon alternatives, as well as by the ex-

pansion of electrolyzer capacity, enabling higher lev-

els of domestic hydrogen production.  

Hydropower capacities and generation remain largely 

stable over time in both scenarios, with a decreasing 

share of the total electricity production as wind and 

solar power continue to expand. Biomass use for elec-

tricity generation shows a slight decrease, as biomass 

is increasingly diverted to applications that are diffi-

cult to electrify such as high temperature heat pro-

cesses or biomass boilers in the buildings-sector.  

Overall, the higher capacities of vRES lead to an in-

creasing share of renewables in meeting electricity 

demand, as reflected in the electricity balance shown 

in Figure 36. In this balance, negative values denote 

electricity consumption, while positive values indicate 

electricity generation. For each simulated year, con-

sumption and generation are required to be balanced 

in every hour and region. On the consumption side, 

the largest demand stems from the final energy con-

sumption sectors industry, transport, transformation 

(including refineries) and buildings (composed of pri-

vate households and the tertiary sector) as well as 

grid losses. The electricity demand in the final energy 

consumption sectors is shown Figure 6 in Section 5.1. 

Over time, electricity demand from the final energy 

consumption sectors increases from around 

3,900 TWh to more than 5,000 TWh, driven by the 

growing electrification of applications in all sectors. 

Sector coupling technologies provide an additional 

stimulus to electricity demand, with electrolyzers be-

ing the most prominent contributor. As electrolyzer 

capacities are progressively deployed across Europe 

(as described in Section 5.3), their electricity con-

sumption rises from 71 TWh in 2030 to 1,228 TWh in 

2050 in the Core Scenario. In the Hydrogen Ambition 

Scenario, electricity demand is even higher, reflecting 

increased levels of domestic hydrogen production. In 

total, 1,585 TWh of electricity are used to produce 

1,173 TWh of green hydrogen by 2050. Additional 

electricity demand arises from the domestic produc-

tion of synthetic methane and FischerðTropsch fuels, 

which remains comparatively modest in both scenar-

ios at around 250 TWh combined. Although both pro-

cesses rely on hydrogen as an intermediate, the asso-

ciated hydrogen demand is not modeled explicitly. 

Instead, the additional electricity required for hydro-

gen production is represented directly in the model. 

This approach allows for a more realistic representa-

tion of the power to X conversion chain, as electro-

lyzers are typically co located with downstream syn-

thesis processes. As a result, hydrogen ð an 

intermediate product in this process ð is not trans-

ported, meaning it does not utilize the transport net-

work. From the perspective of the energy system 

model, and in particular for subsequent network 

modeling, the relevant system impact is thus the elec-

tricity demand associated with hydrogen production 

in combination with the synthesis process, rather than 

the intermediate hydrogen itself.  

Regarding the generation side, vRES produce 

2,781 TWh of renewable electricity in the Core Sce-

nario in 2030, accounting for 68 % of the total elec-

tricity generation. The remaining share of approxi-

mately one third (1,333 TWh) is supplied by thermal 

power plants, comprising generation from natural gas 

and nuclear facilities. By 2050, the contribution of 

vRES increases to 85 % of total electricity generation, 

exceeding 6,000 TWh, while electricity generation 

from thermal power plants declines to 877 TWh. In 

the Hydrogen Ambition Scenario, this trend is even 

more pronounced, with renewable electricity genera-

tion surpassing 6,500 TWh and thermal generation 

decreasing to 778 TWh, resulting in a renewable share 

of 89 % of total electricity production. 

To balance the volatile generation from vRES with 

electricity demand, electric flexibility options and stor-

age technologies play an increasingly important role 

in the power system. Accordingly, the amount of en-

ergy shifted by electric flexibilities rises over time, 

reaching nearly 340 TWh of electricity fed back into 

the system in 2050. These electric flexibility options 

include large scale battery storage, pumped hydro 

storage, electric vehicles with both unidirectional and 

bidirectional charging, as well as demand side man-

agement in the industrial and tertiary sectors. 

Altogether, the transformation in the electricity sec-

tor is mainly shaped through an ambitious expansion 
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of vRES, which account for an increasing share of the 

total electricity production, displacing production 

from thermal power plants, especially from gas-fired 

power plants. 

7.2 Thermal Power Plants 

Although thermal power plants account for a declin-

ing share of electricity generation, they remain a cru-

cial component of the energy system. However, their 

role shifts from providing continuous baseload supply 

toward covering peak demand during a limited num-

ber of operating hours. Figure 37 shows the installed 

capacities of thermal power plants in the Core Sce-

nario. Overall, the capacities decrease from 538 GW in 

2030 to 425 GW in 2050. According to national plans, 

hard coal and lignite plants are phased out, as are oil 

plants.  

Regarding nuclear power, the installed capacity first 

increase to 118 GW in 2035, as some countries such 

as Great Britain are constructing new plants. After 

2035, total nuclear capacity declines as power plants 

are decommissioned, either upon reaching the end of 

their operational lifetimes or as part of national nu-

clear phase out policies, such as those implemented 

in Belgium and Spain. In contrast, other countries, 

such as France, expand their nuclear capacity, mean-

ing that there will continue to be significant capacities 

installed across Europe. In 2050, the remaining nu-

clear plants in France account for 52 GW (based on  

 

Figure 37: Installed capacities of thermal power plants in the 

EU27+3 for the Core Scenario. 

RTE 2021), corresponding to 62 % of the total nuclear 

capacities.  

While many gas-fired power plants reach the end of 

their lifetime, we can also see that the capacities of 

H2-ready power plants increase. Some of those are 

retrofitted plants with combined heat and power 

(CHP) generation, but despite those retrofitted plants, 

additional capacities are newly built by the model to 

ensure the security of supply in the most cost-optimal 

manner within the scenario setting. These H2-ready 

gas plants can produce electricity using fossil gas, 

synthetic methane, or hydrogen. Additionally, when 

operated as combined heat and power plants, they 

can simultaneously generate district heating and 
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Figure 36: Electricity balance of the EU27+3 for the Core Scenario and the years 2040 and 2050 for the Hydrogen Ambition Sce-

nario. 
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electricity. Which of those fuel types is used in the 

plants is a result of the optimization and is discussed 

in more detail in Section 5.5. 

Figure 38 shows the electricity produced from the 

thermal power plants in the Core Scenario.  Already in 

2030, nuclear power plants account for more than 

half (54 %) of electricity produced by thermal power 

plants, with an increasing share over the years. This 

amounts to 17 % of the total electricity production. At 

the same time, both the share and the absolute 

amount of electricity produced by gas plant de-

creases, however with a shift from conventional gas 

plants to H2-ready power plants. Altogether gas 

plants show a reduction in the full load hours from 

approximately 1,900 h in 2024 (ENTSO-E AISBL 2025) 

to 1,800 h in 2030 and finally to 922 h in 2050, which 

demonstrates their changing role in the system.  

Overall, the continued installation of new H◘ready 

power plants despite the ambitious expansion of wind 

and solar generation highlights the enduring im-

portance of thermal power plants. In particular, 

H◘ready plants that are capable of operating on ei-

ther hydrogen or natural gas remain essential to en-

sure that electricity demand can be met during peri-

ods of insufficient vRES output, even with available 

flexibility options and electricity storage. As such, 

these plants play a key role in safeguarding security 

of supply and enhancing the resilience of the energy 

system. 

Important factors for the localization of these newly 

built H◘ ready power plants are both the gas/hydro-

gen grids and the electricity grid. In order to utilize 

both grids optimally, both grids were considered in 

the regionalization: While the electricity grid was the 

main factor in the regionalization, the resulting loca-

tions were redistributed within each NUTS-1 region 

such that access to the gas and hydrogen grids was 

ensured. 

7.3 Flexibilities in the Energy System 

As a result of rising electricity demand driven by elec-

trification and increasingly volatile electricity genera-

tion dominated by vRES, electric flexibilities are be-

coming a key component of the power system and 

are gaining importance over time. In general, these 

flexibilities can be grouped into two main categories. 

The first category comprises flexibility options that 

operate similarly to conventional storage, increasing 

electricity demand at certain hours and feeding elec-

tricity back into the system in others. Those include 

large-scale electrical storages, pumped storages both 

with and without natural inflow, electric vehicles with 

smart charging strategies (unidirectional and bidirec-

tional charging), and demand-side management in 

the industry and tertiary sector. Even though the lat-

ter is not a storage in the classical sense, it acts simi-

larly to electric storages as e.g. the load of some in-

dustry processes can be increased in hours with high 

renewable generation (analogously to charging a bat-

tery) and decreased in hours with little renewable 

generation. However, only potentials for load shifting 

were taken into account to guarantee that no produc-

tion losses occur.  

 

Figure 38: Electricity production from thermal power plants 

in the EU27+3 for the Core Scenario. 

 

Figure 39: Installed capacities of electric flexibilities in the 

EU27+3 for the Core Scenario. 
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The second category are sector coupling technolo-

gies, which link different energy carriers (e.g. electro-

lyzers interlinking electricity and hydrogen). They can 

provide flexibility to the system as their utilization can 

be optimized. However, these options are generally 

less flexible than technologies such as battery stor-

age, as sector coupling technologies are linked to 

other energy carriers that must continuously meet 

specific demand requirements. Nevertheless, sector 

coupling provides a certain degree of flexibility and 

enables the shifting of energy across carriers. For ex-

ample, electrolyzers can absorb surplus renewable 

electricity to produce hydrogen, which can be stored 

and later used in thermal power plants to generate 

electricity. In this way, sector coupling technologies 

can partially substitute conventional electrical storage 

options at the system level.   

Figure 39 illustrates the installed capacities of electric 

flexibility technologies in the EU27+3. The installed 

capacity of large-scale batteries was endogenously 

expanded by the model with upper limits based on 

TYNDP 2026 draft data. The status quo of installed 

batteries was used as lower bounds. Across all mod-

eled regions, the installed capacity increases from 

96 GW in 2030 by almost factor three to 273 GW in 

2050. For newly installed battery systems, an energy-

to-power ratio of 4 is assumed meaning a full charge 

or discharge time of 4 hours at maximum power. 

Pumped storages see a slight increase in installed ca-

pacity as new projects are commissioned, rising from 

62 GW in 2030 to 65 GW in 2050. In addition, electric 

vehicles with smart charging strategies are available: 

Unidirectional charging allows to shift the charging of 

the vehicle to hours with high renewable generation.  

Bidirectionally charging vehicles can additionally feed 

electricity back into the grid, thus acting similarly to 

batteries. Both types of smart charging strategies can 

be upgraded by the model from non-flexible electric 

vehicles. The share of vehicles that can be upgraded 

to provide charging flexibility is limited. In 2030, 11% 

of all electric vehicles can be equipped with unidirec-

tional smart charging, while 2.2 % support bidirec-

tional charging. Over time, these shares increase to 

25.9% for unidirectional charging and 19.9% for bidi-

rectional charging, as an increasing number of electric 

vehicles are upgraded with smart charging capabili-

ties and integrated into marketoriented operation 

schemes. At first glance, electric vehicles appear to 

account for the largest share of flexible capacities in 

Figure 39, with almost 500 GW of unidirectionally 

charging vehicles and 323 GW of bidirectional charg-

ing in 2050. However, these installed capacities are 

derived from the number of upgraded vehicles and 

the charging capacity per vehicle (assumed to be 

11 kW on average) and therefore do not represent the 

full flexibility potential. As electric vehicles primarily 

serve as a means of transport, they are not always 

connected to a charging station. This constraint is ac-

counted for by incorporating average driving and 

parking profiles, which determine the hourly share of 

     

 Required capacity expansions for climate 

neutrality 

Achieving climate neutrality requires substantial ca-

pacity expansions across the energy system. Com-

pared to widely cited studies, the assumptions ap-

plied in this analysis are predominantly conservative. 

In this study most capacity expansions are con-

strained by the TYNDP 2026 draft data trajectories, 

which reflect assessments by transmission system op-

erators and are commonly regarded as a realistic 

benchmark for infrastructure development. 

At the same time, many key parameters are broadly 

aligned with other studies. This applies, for example, 

to the expansion of wind power capacities and to as-

sumptions on final energy demand in industry, which 

are of comparable magnitude across scenarios.  

 Pronounced differences are observed in photovoltaic 

expansion, with 2.8 TW in the SN scenario compared 

to 1.7 TW in the Core Scenario and 2.0 TW in the Hy-

drogen Ambition Scenario. As a consequence, notable 

differences also emerge in the resulting hydrogen 

production pathways. Agora and Fraunhofer assume 

around 1,700 TWh of hydrogen production from elec-

trolysis within the EU in 2050 in their CE scenario, 

whereas this analysis reaches 909 TWh of domestic 

production in the Core Scenario and 1,172 TWh in the 

Hydrogen Ambition Scenario. It has to be noted that 

the 1700 TWh in the CE Scenario includes high 

amount of hydrogen for the production of SynFuels. 

Consequently, Agora derives significantly lower hy-

drogen import requirements. Overall, the comparison 

highlights that this study combines broadly consistent 

system assumptions with more cautious, policy-realis-

tic domestic hydrogen production pathways derived 

from the TYNDP 2026 draft data. 
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vehicles available at charging locations, both at home 

and at work. In addition, the plugin probability ð de-

fined as the likelihood that a vehicle present at a 

charging location is actually connected ð is conserva-

tively assumed to be 20 %. Moreover, the minimum 

and maximum stateofcharge limits, which constrain 

battery operation, are set to 30% and 70 %, respec-

tively. Overall, smart charging strategies are therefore 

modeled in a rather conservative manner, despite the 

comparatively high installed capacities suggested at 

first glance. More detail on the impact of the para-

metrization on the flexibility potential can be found in 

Ganz and Helmer; Kern and Kigle 2020. 

In addition, demand-side management allows to 

adapt the demand from the industry and tertiary sec-

tor by increasing production in hours with a surplus 

of renewable electricity and reduce production in 

other hours. Altogether, the combined installed ca-

pacity for demand-side management is 47 GW for the 

EU27+3 countries. 

With regard to sector coupling technologies, electro-

lyzers account for the largest installed capacities, in-

creasing from 43 GW in 2030 to more than 370 GW by 

2050. PowertoHeat technologies ð comprising in-

dustrial heat pumps and electric heating rods ð con-

vert electricity into district heat, with installed capaci-

ties rising from 126 GW in 2030 to 148 GW in 2050. In 

addition, PowertoSynfuel and PowertoHeat tech-

nologies together reach a combined installed capacity 

of around 90 GW in 2050.  

In addition to the installed capacities shown in Figure 

39, Figure 40 presents the corresponding storage ca-

pacities, which increase in line with the expansion of 

installed flexibility options. 

 

Figure 40: Installed Storage Capacity of electric flexibilities in 

the Core Scenario. 

By 2050, largescale batteries provide 1.1 TWh of 

storage capacity, while pumped hydro storage con-

tributes an additional 0.7 TWh. Electric vehicles 

equipped with bidirectional charging add a further 

2.1 TWh of storage capacity. For the latter, the same 

constraints that limit the effective flexibility potential 

apply as previously described for installed charging 

capacities. Although the energy shifted through de-

mandside management can be interpreted in a simi-

lar way to storage capacity, the volumes involved ð up 

to 50 GWh ð are comparatively small and are there-

fore not shown here. 

In summary, electric flexibilities play an increasingly 

important role in the future energy system and are 

essential for integrating the volatile generation of var-

iable renewable energy sources. Accordingly, their in-

stalled capacities expand significantly over time. It is 

important to note that electric storage technologies 

operate on much shorter timescales than hydrogen 

storage. They are primarily used for intraday balanc-

ing, shifting electricity generation ð particularly mid-

day peaks from photovoltaic production ð to periods 
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Figure 41: Scenario comparison of flexibility for the energy carriers electricity and hydrogen in 2050. For electricity, large-scale 

batteries and bidirectional electric vehicles are shown for the Core Scenario and Hydrogen Ambition. For hydrogen, the installed 

capacity of electrolysis and hydrogen storages is represented. 
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of higher demand, typically in the morning and even-

ing hours. Hydrogen storage, by contrast, serves pre-

dominantly as a seasonal storage option, enabling the 

integration of domestic hydrogen production during 

summer months to meet hydrogen demand in peri-

ods with lower production. 

Due to the continued expansion of sectorcoupling 

technologies, most notably electrolysis, energy carri-

ers are becoming increasingly interconnected. As the 

Hydrogen Ambition Scenario allows for a higher de-

ployment of electrolyzers, it enables a more detailed 

analysis of the interactions between the electricity and 

hydrogen systems. Figure 41 illustrates the flexibility 

and sector coupling technologies linking electricity 

and hydrogen that can be endogenously expanded 

within the model. This includes large-scale batteries 

and electric vehicles with smart charging strategies 

(unidirectional and bidirectional charging) as well as 

hydrogen storages and electrolyzers (here shown with 

the installed capacity regarding hydrogen). While in-

stalled capacities of electrical storage technologies 

reach almost 1,100 GW in 2050 in the Core Scenario, 

they are around 32% lower in the Hydrogen Ambition 

Scenario, amounting to 744 GW. In contrast, the 

stronger expansion of electrolyzers in the Hydrogen 

Ambition Scenario ð 320 GWH2 compared to 

276 GWH2 in the Core Scenario ð is accompanied by 

substantially higher installed capacities of hydrogen 

storage. With 486 GW, hydrogen storage capacity is 

2.2 times higher than in the Core Scenario. This indi-

cates a shift of system flexibility from the electricity 

sector toward the hydrogen sector driven by the in-

creased deployment of electrolyzers, which tightly 

couple the electricity and hydrogen systems. The ad-

ditionally produced and stored hydrogen can subse-

quently be used in H◘ready power plants and con-

verted back into electricity, thereby providing 

flexibility that is functionally comparable to that of 

electrical storage technologies. 
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 Dunkelflaute and summer week  

 

Figure 42: Electricity balance of a summer week 2040. 

A summer week in a future electricity system, as illus-

trated in Figure 42, looks fundamentally different 

from periods with minimal solar and wind generation, 

commonly referred to as òDunkelflauteó. During peri-

ods of high solar availability, especially around mid-

day in summer, significant electrical loads from elec-

trolyzers can be observed. These flexible consumers 

absorb surplus photovoltaic generation and help inte-

grate the pronounced Photovoltaic (PV) peak into the 

power system. In contrast, during a Dunkelflaute ð 

characterized by low wind and solar output ð flexible 

loads such as electrolyzers and electrical storage sys-

tems draw virtually no electricity, thereby reducing 

system stress when renewable supply is scarce. 

Dunkelflauten play a central role in discussions on 

system adequacy in highly renewable electricity sys-

tems.  Empirical European weather and power system 

studies show that Dunkelflauten are rarely simultane- 

 

 

 

 
 

  

ous across the entire continent; spatial aggregation 

and cross-border balancing substantially reduce their 

frequency and severity, even during extreme historical 

events. During a Dunkelflaute affecting one region, 

renewable generation in other parts of Europe often 

remains available and can contribute to system bal-

ancing through cross-border electricity trade (DIW 

Berlin 2024). Figure 43 illustrates this effect using re-

sults from the hourly modeling. While renewable gen-

eration in Germany covers only a very small share of 

demand during the illustrated week, Spain experi-

ences negative residual load over the same period. In 

Germany, the shortfall in domestic renewable genera-

tion is partially offset by electricity imports via the in-

terconnected European grid, highlighting the im-

portance of market integration and adequate 

transmission capacity. 

At the same time, dispatchable thermal power plants 

continue to provide essential backup during such pe-

riods. When renewable availability is low and flexible 

demand is largely inactive, thermal generation sup-

plies additional electrical capacity to ensure security 

of supply. Overall, the results highlight that Dun-

kelflauten should be assessed from a European rather 

than a purely national perspective, combining geo-

graphical diversification, flexible demand, cross-bor-

der trade, and dispatchable generation to maintain 

system reliability. 

 

Hourly electricity balance of a summer week in 2040
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Figure 43: Electricity balance of a Dunkelflaute week 2030 in Spain and Germany. 
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7.4 Electricity Grid Analysis 

The electricity transmission grid is a central enabling 

infrastructure for the transformation of the European 

energy system. It connects regions with different gen-

eration and demand profiles, facilitates cross-border 

electricity exchange, and provides the physical basis 

for integrating large shares of variable renewable 

generation. Its development therefore has a direct in-

fluence on system integration, congestion patterns, 

and the ability to utilize flexibility options such as 

electrolyzers efficiently. This chapter examines the fu-

ture role of the European transmission grid, focusing 

on projected congestion patterns, the resulting need 

for grid reinforcement and expansion, and the inter-

action between grid development and hydrogen-re-

lated flexibility. 

The analysis covers the EU 27 electricity transmission 

network, additionally Switzerland and Norway. The 

network is represented with all currently existing 

nodes and transmission lines. The TYNDP 2024 start-

ing grid, excluding projects classified as òunder con-

sideration,ó is used as the reference case and forms 

the basis for all subsequent calculations. The results 

are obtained from hourly load-flow and outage simu-

lations over an entire year, based on the market 

model dispatch and a spatially explicit allocation of 

 
8 Line kilometers refer to the summed length of all individual cir-

cuits. For multi-circuit lines, each circuit is counted separately. 

generation and demand on a NUTS-3 level. The in-

depth methodology is described in more detail in An-

nex 1. This approach allows for a comprehensive eval-

uation of transmission system utilization under realis-

tic operating conditions across the European 

electricity system. 

The modeling results, as shown in Figure 44, indicate 

that congestions in the analyzed system are not pri-

marily a regional phenomenon, but rather a systemic 

one. Transmission overloads emerge from the large-

scale interaction between generation patterns, de-

mand distribution, and cross-border electricity ex-

changes. This systemic character of congestions di-

rectly translates into substantial grid development 

needs by 2050. Following the NOVA principle (òOpti-

mize ð Reinforce ð Expandó), grid development priori-

tizes the efficient use and strengthening of existing 

infrastructure before the construction of new lines. In 

this context, the findings show that future grid devel-

opment is driven more strongly by reinforcement 

than by direct expansion.  

A comparison of transmission grid volumes across 

voltage levels shown in Figure 44 highlights the scale 

of this transformation. The starting grid comprises ap-

proximately 266,000 line-kilometers8 in total. This in-

cludes about 103,000 km below 380 kV, 130,000 km 

 

 

Figure 44: The European transmission grid faces widespread congestion by 2050. 

Max. line loading in 2050

(n-1)-case | Core Scenario

2050

110 % - 150 % 

150 % - 200 % 

200 % - 300 % 

300 % - 500 % 

> 500 %

0

50

100

150

200

250

300

350

Starting

Grid

2030 2040 2050

<380 kV 380kV

380kV HTLS DC

Transmission grid volumes

in thousand line kilometers | Core Scenario



 

 Electricity System 71 

at 380 kV, 18,000 km of 380 kV HTLS (High Tempera-

ture Low Sag) lines, and 15,000 km of DC infrastruc-

ture. By 2050, the total grid volume increases by 18 % 

to roughly 313,000 line-kilometers, consisting of 

around 46,000 km below 380 kV (-55 % compared to 

starting grid), 86,000 km at 380 kV (-34 %), 160,000 

km of 380 kV HTLS lines (+789 %), and 21,000 km of 

DC lines (+40 %). These values illustrate that the 

transformation of the transmission system is charac-

terized less by a simple increase in total network size 

than by a substantial shift in its technical composition, 

in particular towards reinforced 380 kV high-capacity 

infrastructure. 

 

Figure 45: Meeting 2050 system needs requires major grid 

reinforcement and expansion. 

Overall, approximately 40 % of the existing grid re-

quires reinforcement, corresponding to about 

101 thousand line-kilometers. In addition, around 

48 thousand line-kilometers of new lines are needed, 

which corresponds to roughly 18 % additional line kil-

ometers relative to the starting grid. This has been 

visualized in Figure 45. 

To further analyze the interaction between electricity 

and hydrogen infrastructure, selected hours with high 

system stress are assessed jointly in the electricity 

flow model and the fluid-dynamic hydrogen model. 

This makes it possible to examine not only where 

transmission congestion occurs in the electricity sys-

tem, but also how the hydrogen network responds in 

the same system state. Both infrastructures are di-

rectly linked through electrolyzers and, where rele-

vant, hydrogen-based power generation. As a result, 

system conditions in the electricity grid affect hydro-

gen production and transport, while hydrogen con-

version assets feed back into the overall system re-

sponse. 

A particularly illustrative example is provided by hour 

7573 as can be seen in Figure 46. In qualitative terms, 

it represents a simultaneous high-load, high-wind, 

and high-PV situation. Electricity demand is high 

while both major variable renewable sources also 

show strong output, creating pronounced generation 

peaks and correspondingly high transmission require-

ments. In Spain and Portugal, high renewable genera-

tion coincides with substantial electrolyzer dispatch. 

Electrolyzers absorb part of the renewable generation 

peaks and thereby contribute to system relief. How-

ever, surplus generation still remains and leads to sig-

nificant internal transmission flows within a country. 

At the same time, the hydrogen network shows a pro-

nounced utilization of major transport corridors, re-

flecting the direct coupling of both systems through 

hydrogen production. In Italy, the transmission situa-

tion in this hour is mainly driven by high photovoltaic 

generation, resulting in pronounced south-to-north 

power flows. As no electrolyzer dispatch occurs in this 

hour, PV generation peaks cannot be locally absorbed 

by flexible demand. As a consequence, transmission 

flows increase significantly. For Germany and Poland, 

high wind generation in the north, including offshore 

wind, coincides with high electricity demand in the 

south, resulting in strong north-to-south transmission 

flows. No electrolyzer dispatch takes place in this 

hour, meaning that no additional regional demand is 

available to absorb renewable generation peaks re-

gionally. As a result, the transmission network experi-

ences substantial stress.  

A complementary example is provided by hour 3158 

(see Figure 47), which is likewise characterized by high 

renewable generation but exhibits significantly higher 

electrolyzer utilization than hour 7573 (see Figure 46). 

In this case, the electricity grid shows a markedly re-

duced congestion pattern, particularly in Spain, Italy 

and Germany. This indicates that flexible hydrogen 

production can substantially relieve transmission 

stress when renewable generation peaks are ab-

sorbed more extensively by electrolyzers. The hydro-

gen network again shows the utilization of major 

transport corridors. While its large-scale structure re-

mains broadly similar to hour 7573, differences in the 

loading intensity of individual pipelines can be ob-

served. This suggests that the coupled system re-

sponse is more pronounced on the electricity side, 

while the hydrogen network reacts mainly through 

changes in the utilization of existing transport corri-

dors rather than through a fundamentally different 

flow pattern. 
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Figure 46: Combined view of electricity grid congestion and hydrogen pipeline utilization in hour 7573 (Core Scenario, 2050). 

     

Figure 47: Combined view of electricity grid congestion and hydrogen pipeline utilization in hour 3158 (Core Scenario, 2050). 
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Taken together, the comparison of both hours shows 

that the electricity and hydrogen infrastructures were 

not assessed independently, but as interconnected 

systems with different but linked response patterns. In 

both cases, electrolyzers act as the central coupling 

element between renewable electricity generation 

and hydrogen transport. The results indicate that 

higher electrolyzer utilization can visibly reduce con-

gestion in the electricity grid, while at the same time 

increasing or redistributing transport requirements in 

the hydrogen network. The system value of electro-

lyzers therefore depends not only on installed capac-

ity, but also on their regional placement, dispatch be-

havior and integration into the hydrogen 

infrastructure. 

These findings underline that coordinated electricity 

grid and hydrogen infrastructure planning are essen-

tial in order to realize the flexibility benefits of elec-

trolyzers. Only if electrolyzers are deployed and oper-

ated in a system-oriented manner, and if the 

connected hydrogen network can absorb the result-

ing flows, can their potential contribution to conges-

tion mitigation be fully utilized. The analysis therefore 

shows that sector coupling does not eliminate infra-

structure stress as such but can shift and transform it 

across infrastructures in ways that need to be as-

sessed jointly. 
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Economic viability is a key factor in the energy 

transition. System costs must be assessed 

alongside the necessary infrastructure invest-

ments. While infrastructure costs ð especially 

for hydrogen ð represent only a small share of 

total energy system costs, these relatively mod-

est investments are essential for strengthening 

Europeõs resilience.  

Investing in the expansion and operation of fu-

ture proof energy infrastructure is not only necessary 

for the transition to clean energy generation ð it also 

helps avoid societal costs associated with climate im-

pacts and delayed adaptation measures. While the as-

sessment of these broader economic effects lies out-

side the scope of this study, the following section 

provides contextual insight into how infrastructure-

related expenditures fit into the overall cost structure 

of the energy transition.  

Although hydrogen and electricity networks require 

substantial upfront capital, their share in total system 

costs remains comparatively small. At the same time, 

these investments generate long-term value: they 

strengthen Europeõs resilience, unlock new economic 

opportunities, and enable a highly integrated and 

more competitive energy system. 

The following sections provide an overview of the 

cost dimensions associated with the hydrogen net-

work (Section 8.1), the electricity grid (Section 8.2), 

and the broader energy sector (Section 8.3) , before 

bringing these components together in an analysis of 

total system costs in Section 8.4. 

8.1 Costs for Hydrogen Network 
Infrastructure 

The development of the European hydrogen 

transport network is associated with increasing annual 

infrastructure-related costs over time. Figure 48 sum-

marizes both the annualized investment and operat-

ing costs as well as the total investment requirements 

by period. According to the results, annual costs rise 

from approximately û6.0 bn per year in 2030 to 

around û11.4 bn per year in 2040 and û12.6 bn per 

year in 2050. This reflects the progressive expansion 

of the hydrogen network and the increasing opera-

tion of compressors and transport infrastructure. 

In contrast to the electricity grid, the overall cost level 

of hydrogen infrastructure remains comparatively 

moderate.  

 

8 Infrastructure Costs and System Costs 

 

Figure 48: Annualized investment and operating costs and total investment requirements for hydrogen network infrastructure by 

period, including new-build pipelines, repurposed pipelines, and compressor stations. 



 

 Infrastructure Costs and System Costs 76 

 

At the same time, the results show that annual costs 

roughly double between 2030 and 2040, indicating a 

rapid scale-up phase of the network within the next 

decade. Beyond 2040, cost increases are more grad-

ual, suggesting that the core backbone infrastructure 

is largely established by this point. 

The investment requirements are distributed unevenly 

across the modeling horizon. The largest share of in-

vestments occurs in the early phase of network devel-

opment. Total investment costs amount to approxi-

mately û116 bn for the period from 2025 to 2030, 

followed by around û81 bn between 2030 and 2040, 

and only about û12 bn between 2040 and 2050. In to-

tal, cumulative investment requirements for new-built 

and repurposed hydrogen infrastructure amount to 

approximately û209 bn. 

Figure 48 further shows that a significant portion of 

these investments is allocated to new pipeline con-

struction, particularly in the early stages of the transi-

tion. At the same time, repurposed natural gas  

 

pipelines contribute a substantial share, highlighting 

the importance of brownfield infrastructure for cost-

efficient network expansion. Investments in compres-

sor stations remain comparatively smaller but are es-

sential for maintaining pressure levels and enabling 

long-distance transport. 

Overall, the results indicate that hydrogen infrastruc-

ture development is characterized by a strong front-

loading of investments. A substantial share of the re-

quired capital must be deployed within the next dec-

ade to establish the backbone network. The subse-

quent cost development reflects a transition from 

expansion to system utilization. While the financial re-

quirements are significant, they remain limited rela-

tive to total energy system costs and are concen-

trated in a defined time window, underlining the 

strategic importance of timely infrastructure deploy-

ment. 

     

 Dedicated financing and de-risking mechanisms 

for hydrogen infrastructure 

Hydrogen infrastructure development is characterized 

by a structural mismatch between high upfront invest-

ment needs and uncertain early demand. In contrast 

to mature energy networks, hydrogen transport infra-

structure often has to be developed ahead of market 

maturity, while utilization levels, willingness to pay 

and long-term demand remain uncertain during the 

ramp-up phase. This can make purely tariff-based 

cost recovery difficult, especially where early network 

charges would otherwise become prohibitively high 

for first movers (ACER 2025).  

These challenges are particularly pronounced for 

cross-border infrastructure. The benefits of hydrogen 

corridors may materialize across multiple Member 

States, while investment risks are often concentrated 

on individual operators or transit countries. Recent 

European discussions therefore increasingly empha-

size that anticipatory and cross-border hydrogen in-

frastructure may require dedicated financing, de-risk-

ing or risk-sharing arrangements in addition to 

standard regulatory cost recovery (ENNOH and EN-

TSOG). 

A range of approaches is currently being discussed in 

this context. These include inter-temporal cost  

 allocation (ICA), state-backed guarantees, long-term 

capacity  bookings, cross-border cost allocation, di-

rect EU-level grants and national subsidy schemes. 

Some of these instruments already exist in parts of 

the European regulatory framework or in national 

practice, while others are currently being further spec-

ified or discussed for hydrogen-specific application 

(ACER 2025). 

In particular, ACERõs 2025 Recommendation on ICA 

provides an important regulatory reference point. It 

frames ICA as a mechanism to spread network devel-

opment costs over time and thereby avoid dispropor-

tionately high tariffs for early users, while also stress-

ing that such approaches require careful governance, 

transparent reassessment and, in some cases, comple-

mentary support to address residual risk (ACER 2025). 

In parallel, ENNOH and ENTSOG argue that no single 

instrument is likely to be sufficient on its own and that 

EU-level solutions may become especially relevant for 

cross-border hydrogen corridors (ENNOH and EN-

TSOG). 

While the present study does not assess these mecha-

nisms itself, current European regulatory and policy 

debates suggest that dedicated financing and de-risk-

ing arrangements are likely to become an important 

complement to infrastructure planning and network 

regulation during the hydrogen market ramp-up. 
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8.2 Costs for Electricity Grid 
Infrastructure Expansion 

To estimate annual grid-related costs, the transmis-

sion network is valued on the basis of a replacement-

cost approach. As no detailed asset age structure is 

available for the existing grid, the current network is 

not differentiated by commissioning year or residual 

lifetime. Instead, the starting grid and all subsequent 

grid configurations are evaluated using technology-

specific replacement values as a simplifying assump-

tion. The cost assumptions are based on the transmis-

sion network development plans of the German TSOs. 

For each grid technology, investment costs and oper-

ating costs per route are determined separately. The 

resulting annualized cost values include not only op-

erating expenditures, but also depreciation and inter-

est. 

Driven by rising electricity demand, the transfor-

mation of the European electricity transmission sys-

tem by 2050 is associated with increasing annual 

grid-related costs, shown on the left side of Figure 49. 

According to the results, annualized investment and 

operating costs rise from approximately û33.6 bn per 

year in the starting grid to around û42.1 bn per year 

in 2030 (+25 %), û49.9 bn per year in 2040 (+49 %), 

and û52.7 bn per year in 2050 (+57 %). Relative to the 

starting grid, this corresponds to an increase of 

roughly 57 % by 2050.  

Just as in the hydrogen system, the investment re-

quirements are distributed unevenly across the mod-

eling horizon. The main shares arise in the periods up 

to 2030 and up to 2040, with total investment costs of 

approximately û278.0 bn from the starting grid to 

2030 and about û269.4 bn between 2030 and 2040, 

while a smaller share of around û105.9 bn is incurred 

between 2040 and 2050, shown on the right in Figure 

49. In total, cumulative investment requirements for 

grid reinforcement and expansion amount to approxi-

mately û653 bn by 2050. The increase in annualized 

costs reflects the progressive transformation of the 

grid infrastructure over time and is linked both to the 

scale of reinforcement and expansion measures and 

to the operation of the evolving transmission system. 

Overall, the findings quantify the financial dimension 

of long-term grid transformation. They show that the 

transition of the transmission network towards the 

2050 system configuration is accompanied by a con-

tinuous increase in annual costs and by substantial 

cumulative investment requirements over the coming 

decades. 

8.3 Costs for the Energy Sector 

The transformation in the energy sector, which com-

prises all technologies for energy generation, sector 

coupling and energy storage, requires a significant 

amount of investment. As technologies are expanded, 

the corresponding investments are annualized over 

the lifetime of the asset. 

Figure 50 shows the annualized investment costs 

within the energy sector. As the transformation con-

tinues, the annualized investment costs increase, from 

109 bn û required in 2030 to 404 bn û in 2050. The 

expansion of vRES account for the vast majority of the 

annualized investment costs in the energy sector: 

from 2030 to 2050, approximately 80 % of invest-

ments go towards the expansion of wind and solar 

energy. Additionally, investments include the expan-

sion of electrolyzers, electric flexibilities, namely large-

 

 

Figure 49: Annualized Investment and operating costs of the electricity grid (left) and total investment costs by period (right). 
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scale batteries and the upgrade and integration into 

the energy system of electric vehicles with smart 

charging strategies, and hydrogen storages. The an-

nualized investment costs for each of these technolo-

gies are listed in Table 1 for the years 2030, 2040, and 

2050. 

 

Figure 50: Annualized investment costs in the energy sector 

for the Core Scenario in the EU27+3. 

In addition to the annualized investment costs, annual 

operational costs must be considered, e.g. for operat-

ing power plants and storages, fuel costs, and costs 

for mitigating emissions via BECCS and DACCS. The 

total yearly energy system costs are displayed in Fig-

ure 51. The annuity investments (annualized invest-

ment costs) correspond to those shown in Figure 50. 

Operational costs only account for a small share of 

the total yearly energy system costs in the energy 

sector, with approximately 5 bn û per year.  

To comply with the EU climate targets, it is necessary 

to compensate emissions, especially from sectors that 

are hard to abate. The costs associated with CCS-

based negative emissions increase from 65 bn û in 

2035 to 153 bn. û in 2050. The majority of the yearly 

costs, however, are attributable to fuel costs, which 

include both fossil and synthetic, climate-neutral 

fuels. The fuel costs are shown in more detail on the 

right side of Figure 51. 

 

Table 1: Annualized investments in the energy sector per 

technology in bn. û2024 in the Core Scenario for the EU27+3. 

The category òOtheró includes further elements of the en-

ergy system such as Power-to-Heat, Power-to-Methane, 

Power-to-Synfuel or storages for district heating. 

Technology 2030 2040 2050 

H2-ready gas plants 4.4 4.9 5.1 

vRES 88.5 257.3 326.4 

Electric flexibilities 7.5 19.7 22.2 

Electrolysis 3.7 18.2 24.9 

Hydrogen Storages 1.0 6.9 10.6 

Other 3.6 9.3 15.4 
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Figure 51: Yearly costs for the energy system consisting of annualized investments, operational and fuel costs, and costs for CCS. 
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In 2030, fossil fuels with 338 bn û account for 56 % of 

the total fuel costs. Additionally, 185 bn û are spent 

on climate-neutral fuels and 26 bn û on hydrogen im-

ports. Over the years, the composition of fuel costs 

changes towards lower shares of fossil fuels and 

higher shares of imports of climate-neutral fuels and 

hydrogen. Fossil fuels only account for approximately 

7 % of all fuel costs in 2050 as the amount of fuels 

needed in the energy system decreases due to the 

continuous expansion of RES and the European cli-

mate targets lead to an increased utilization of cli-

mate-neutral fuels, thus replacing fossil fuels.  

8.4 Total System Costs 

Following the detailed analysis of the different com-

ponents of the energy system including infrastructure 

costs, the total system costs, including the necessary 

investments to facilitate the transition of the energy 

system, are discussed in this section. Generally, while 

the expenditures are referred to as total system costs 

within this chapter, a large share of these costs repre-

sents investments, creating long-term economic value 

through domestic manufacturing, infrastructure 

build-up, and reduction of fuel imports. For the pe-

riod from 2030 to 2050, the total system costs are 

shown in Figure 52. To obtain the investments for the 

total period from the annualized costs considered in 

the market simulations, that were performed in 5-year 

steps, the annuity investment costs as well as the 

yearly fuel and operational costs were interpolated for 

the years in between and cumulated for the total pe-

riod from 2030-2050. Altogether, the total system 

costs, consisting of necessary investments in grid in-

frastructure and the energy sector, operational costs, 

fuel costs, and costs for CCS-based negative emis-

sions, amount to approximately 22,700 bn û2024 as il-

lustrated in Figure 52. A discount rate of 3.5 % was 

assumed for all investment annuitizations. 

Interpreting the total system costs derived in this 

study requires placing them in the context of todayõs 

observed energy-system expenditures. According to 

the European Commissionõs Energy prices and costs in 

Europe report, the European Union alone spent ap-

proximately 600bn û on energy imports in 2022 dur-

ing the peak of the energy crisis, with the import bill 

declining to around 427 bn û in 2023 as prices nor-

malized (European Commission 2025c). This import 

bill, however, represents only one component of total 

energy-system spending. 

In addition to fuel imports, the energy system entails 

substantial domestic expenditures for electricity and 

gas network operation, power plant operation and 

maintenance already today. Furthermore, in the Euro-

pean Union already approximately 350ð400 bn û are 

invested per year in energy-system assets, including 

renewable generation, energy networks, storage and 

demand-side technologies (IEA 2026a). 

 

Figure 52: Total system costs of the energy system for the 

period 2030 to 2050 in the Core Scenario. 

Taken together, these components imply that total 

annual energy-system expenditures in the European 

Union currently amount to minimum of 0.8ð1 tril-

lion û. Against this background, the average annual 

system costs derived for a climate-neutral energy sys-

tem in this study (approximately 1.1 trillion û per year) 

are not extraordinary in magnitude, but reflect a 

structural shift in the composition of expenditures ð 

away from recurring fuel payments towards capi-

tal-intensive, domestically invested infrastructure that 

enhances long-term resilience and security of supply, 

especially when European renewable energy and hy-

drogen production potentials are consequently real-

ized as in the Hydrogen Ambition Scenario. 

The investments from the electricity and hydrogen 

grid amount to 860 bn û2024 throughout the entire pe-

riod under consideration (not including operational 

costs).  Of this, around 75 % is allocated to invest-

ments in the electricity grid, while hydrogen grid in-

vestments make up for the remaining 25 %. Further 

investments into the energy sector, which include in-

vestments in energy generation, storage and sector 

coupling, amount to 6,070 bn û, which represents 

27 % of the total system costs. As was discussed in 

Section 8.3, the majority of investments into the en-

ergy system stem from the expansion of wind and so-

lar energy, with smaller shares for the ramp-up of 

electrolyzers, electric flexibilities, hydrogen storages 
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and other technologies, all necessary for transforming 

the energy system towards climate-neutrality.  

Additional costs are associated with the mitigation of 

emissions through BECCS and DACCS, where the al-

lowed potentials discussion in Section 4 are fully uti-

lized, leading to 2,154 bn û based on the costs as-

sumptions. Operational costs, e.g. from operating 

power plants or storages, yield 973 bn û. These also 

include costs from operating the electricity and hy-

drogen grid. 

Over 50% of the total system costs stem from energy 

procurement, namely the cost of fuels, almost all of 

which consists of imports into Europe (e.g. of hydro-

gen, gas or synthetic fuels). These fuels include both 

fossil and climate-neutral fuels, where the share 

changes over the years due to European climate 

goals, as can be seen in Figure 51. Even though gen-

erally, costs for fuel imports could be reduced by 

higher share of local production e.g. for hydrogen, 

the combination of domestic production and imports 

strengthens the security of supply as well as the resili-

ence of the energy system. 

Altogether, the total system costs are dominated both 

by the fuel imports as well as by the investments in 

the energy sector, mainly comprised of the expansion 

of RES. In contrast, investments into the grid infra-

structure only account for a fraction of the total sys-

tem costs. Especially the investments into the hydro-

gen grid are modest in comparison, but crucial for 

establishing the inter-European transport network 

that connects domestic hydrogen production with 

consumption centers and import corridors. This net-

work and the associated creation of a European hy-

drogen system plays an important role in safeguard-

ing Europeõs resilience. 

 

 

  

     

 Comparison of total system cost 

Despite methodological differences across recent Eu-

ropean energy system studies, especially regarding 

infrastructure needs, overall system cost estimates 

converge to a similar range. Against this background, 

total system costs across studies differ by no more 

than around Ò10 %. comparing to Fraunhofer IEG et 

al. 2025.  

At the same time, differences in system design are 

clearly reflected in the composition of costs. Studies 

such as Fraunhofer IEG et al. 2025 assume a stronger 

expansion of renewable energy and electrolyzer ca-

pacities within Europe. As a result, a larger share of 

total costs in the energy system is driven by annu-

itized investments, while expenditures for fuel imports 

are comparatively lower. 

In contrast, this study applies more conservative as-

sumptions for domestic  

 renewable and electrolysis build-out, which leads to a 

higher reliance on imported energy carriers and, con-

sequently, a larger share of fuel costs in total system 

expenditures. This highlights that similar total costs 

can emerge from structurally different pathways. The 

key distinction lies less in the overall cost level than in 

the balance between upfront capital investments and 

long-term fuel expenditures, with implications for in-

vestment risk, energy security, and exposure to inter-

national markets. 

A note of caution: the absolute level of total system 

costs depends strongly on the underlying cost as-

sumptions, in particular with regard to technology 

costs, fuel prices and capital costs. Against this back-

ground, cost differences between scenarios within the 

same study can be interpreted much more robustly 

than comparisons of absolute cost levels across dif-

ferent studies. 
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òClimate neutrality in Europe by 2050 can be 

achieved in various ways ð but aligning policy ob-

jectives, sectoral targets, infrastructure planning, 

and investments remains critical to ensure energy 

security and to close the gap between ambition 

and implementation.ó 

 

The transformation of Europeõs energy system to-

wards climate neutrality by 2050 is technically feasible 

ð yet the analysis presented in this study shows that it 

will operate within tight systemic boundaries. Across 

the electricity, hydrogen and natural gas systems, the 

transition is shaped by strong interdependencies, 

binding infrastructure constraints, and an increasing 

need for flexibility under highly variable renewable 

generation. The findings underline that sector cou-

pling is not a marginal optimization option, but a 

structural design principle of a resilient and cost-effi-

cient climate-neutral energy system. 

òSecurity of supply and climate neutrality require 

a technology mix in which sector coupling tech-

nologies will play a significant role ð electricity 

and molecules are closely interlinked pillars of the 

future energy system.ó 

 

A central insight of the study is that electricity and 

molecules must be treated as complementary pillars. 

Electrification and efficiency improvements substan-

tially reduce final energy demand and emissions 

across sectors, but hydrogen and other climate-neu-

tral molecules remain indispensable where direct 

electrification is limited or inefficient. Just as im-

portantly, they provide critical system flexibility across 

both time and space. The hydrogen system consisting 

of production, transport and storage thereby be-

comes not only a supply chain for molecules, but a 

core balancing and security-of-supply mechanism in a 

renewables-dominated system.  

òThe hydrogen system is a key flexibility and se-

curity of supply solution for the energy system ð 

The European hydrogen network in conjunction 

with hydrogen storages is able to fulfill this task.ó 

 

The results further show that infrastructure is a deci-

sive enabler of the transition, not a secondary consid-

eration. Hydrogen storage and networks are required 

to buffer temporal and spatial mismatches between 

supply and demand, especially because peak with-

drawal requirements are strongly driven by hydro-

gen-fired gas plants during periods of low renewable 

output.  

òHydrogen storage facilities are a time-critical el-

ement ð their dimensioning and role are still un-

derestimated in current policy plans.ó 

 

The studyõs storage analysis highlights that system 

stress is determined less by annual averages than by 

peak situations ð and that these peaks cannot be cov-

ered by import corridors alone; local deliverability 

from storage becomes structurally necessary in the 

critical hours. 

òHydrogen infrastructure and storage must be de-

signed for volatile hydrogen production and con-

sumption ð more flexible operation of the infra-

structure is technologically required to support 

the overall system.ó 

 

Importantly, the combined evidence across chapters 

supports a clear operational message: Europe is close 

to constraint boundaries in multiple dimensions at 

once ð and the transition will fail if any one pillar un-

derdelivers. First, the renewables ramp-up implied by 

planning trajectories already requires build-out rates 

well above historical experience (e.g., wind expansion 

multiples compared to past maxima), indicating that 

further acceleration is inherently challenging. Second, 

the electricity grid reinforcement and expansion 

needs are substantial: the transmission assessment in-

dicates that a large share of the existing grid requires 

reinforcement and that additional line kilometers are 

needed by 2050 ð an implementation challenge in its 

own right. Third, the hydrogen backbone and storage 

system require near-term decisions because they can-

not be built òjust in timeó once security-of-supply 

risks materialize; the system relies on their availability 

in peak hours, not only in long-term averages. 

òIncreased European hydrogen ambition can re-

lieve the utilization of Net Transfer Capacities in 

the power system ð however, the power grid is es-

sential for an economic hydrogen production.ó 
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At the same time, the study shows why this is not an 

òeither/oró decision between infrastructures. Higher 

hydrogen ambition increases utilization of hydrogen 

transport capacity while reducing the number of 

high-stress hours on electricity interconnectors, indi-

cating that molecules can take over part of the 

cross-border balancing task and thereby relieve spe-

cific congestion patterns in the power system. How-

ever, the analysis is equally clear that hydrogen can-

not replace the electricity grid: electrolysis and system 

electrification require a strong and reinforced power 

network to provide low-cost renewable electricity and 

to integrate large renewable volumes.  

òInfrastructure costs, especially for hydrogen, ac-

count for only a fraction of total energy system 

costs ð yet the relatively modest investments re-

quired for the European hydrogen network play a 

crucial role in safeguarding Europeõs resilience.ó 

 

The strategic conclusion is therefore: we need both 

systems ð electricity and hydrogen ð if Europe is to 

decarbonize reliably. In that sense, building hydrogen 

infrastructure is also a pragmatic hedge for resilience: 

given its comparatively modest investment scale rela-

tive to total system costs and the high value it pro-

vides in critical hours, it represents a òlow-regretó in-

vestment in security of supply when other pillars 

(renewables build-out, grid reinforcement, permitting 

speed) risk underdelivery. 

òA significant amount of hydrogen demand can 

be met cost-effectively within Europe - The com-

bination of domestic production and imports 

strengthens the resilience of the energy system 

and increases security of supply.ó 

 

With regard to European governance and planning, 

the study confirms that the joint TYNDP scenarios 

provide a valuable reference, but that an integrated, 

sector-coupled and infrastructure-validated perspec-

tive adds complementary insights: it shifts the ques-

tion from òwhat is plannedó to òwhat is technically 

needed and operationally feasible, where, and for 

what functionó. This directly supports the direction of 

recent EU policy initiatives that emphasize coordi-

nated planning, accelerated permitting, and efficient 

investment allocation across infrastructures 

òReliable planning requires integrated models and 

robust data with high temporal and spatial reso-

lution ð a coordinated European planning process 

is a prerequisite for this.ó 

 

Finally, the òtight system boundariesó result also im-

plies that European synergies must be actively har-

vested to keep the transition manageable and afford-

able. The scale of investment and the simultaneity of 

constraints make purely national optimization insuffi-

cient: cross-border coordination, integrated infra-

structure planning, and system-oriented flexibility de-

ployment become essential to reduce overall costs 

and avoid inefficient overbuild. External evidence in 

related work (e.g., Agora Energiewende & Fraunhofer 

IEG et al. similarly highlights that combining comple-

mentary instruments can materially reduce network 

investment pressure compared to isolated ap-

proaches ð an important signal that system integra-

tion and coordinated incentives are not ònice to 

haveó, but cost-relevant levers. 

Overall, the study confirms that Europe can achieve 

climate neutrality through different pathways, but 

only if renewable expansion, reinforcement of grids, 

hydrogen deployment, and storage development pro-

ceed in a coordinated and timely manner. Frag-

mented or sequential planning approaches risk infea-

sibilities, higher costs, and reduced resilience. By 

contrast, a coordinated European planning perspec-

tive ð explicitly accounting for sector coupling and in-

frastructure interactions ðprovides a robust founda-

tion for a reliable, affordable, and climate-neutral 

energy system, and offers concrete guidance as Eu-

rope moves decisively from ambition to implementa-

tion. 

The results of this study underline that achieving a re-

silient and cost-efficient climate-neutral energy sys-

tem requires an inclusive and cooperative European 

planning process. While recent policy initiatives 

rightly strengthen the role of European-level coordi-

nation, effective infrastructure planning must take the 

detailed technical knowledge, operational experience 

and realistic implementation perspectives of TSOs of 

all infrastructures ð hydrogen, natural gas, and elec-

tricity ð into account. Their early and systematic in-

volvement is essential to ensure that infrastructure 

planning, scenario development and system ade-

quacy assessments remain grounded in physical feasi-

bility, operational constraints and investment realities. 

Strengthening the cooperative planning approach 

across institutions therefore represents a key prereq-

uisite for turning Europeõs climate ambitions into ro-

bust and executable infrastructure pathways. 
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This Annex contains more detailed information on the 

different models used in this study as well as details 

on assumptions, techno-economical data and infor-

mation on the regionalization. 

A1.1 Final Energy Consumption Models 

This section introduces the fundamentals of the ap-

plied sector models for the determination of final en-

ergy consumption (FEC). The description was taken 

from the paper òModeling Transformation Pathways 

of European Final Energy Consumption in the 

Transport and Buildings Sector Using Country Cluster-

ingó (Engwerth et al. 2025) and Ausfelder et al. 2025 . 

The module structure is shown in Figure 53. 

The final energy demand in each sector is projected 

using stock and flow models that describe how en-

ergy consumption evolves when decarbonization 

measures are applied. Starting from the base year de-

mand, the models determine how final energy use 

develops by sector, application, energy carrier, and 

year at national (NUTS 0) level.  

The transport model TRaM captures future energy 

demand by simulating the evolution of road vehicles 

across multiple classes and by treating rail, inland 

waterways, and aviation as separate transport mod-

ules. A bottom up stock and flow logic is used for 

road transport to reflect the turnover of vehicle fleets, 

while a top down approach is applied to modes for 

which detailed technical data are not available in the 

same granularity. Population and economic projec-

tions feed into the model to reflect expected changes 

in passenger and freight activity. Scenario parameters 

determine how quickly new technologies enter the 

vehicle stock and how traffic performance may shift 

between modes. By combining the evolving vehicle 

stock with typical annual distances and specific en-

ergy consumption, the model derives the resulting fi-

nal energy demand.  

The transformation of the buildings sector is repre-

sented through two closely aligned models that cover 

private households (PriHM) as well as commercial and 

public services (TerM). Since both rely on a similar 

structure and building energy use dominates in each 

case, they are treated jointly as the buildings sector. 

The models project how final energy consumption 

develops by energy carrier, application, and year, con-

sidering all major uses such as space and water heat-

ing, process heat and cold, cooling, lighting, ICT, and 

mechanical energy. 

Annex 1: The Model Chain  

 

 

Figure 53: Module structure, input data, and module results of the final energy consumption models. 
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The modeling starts from an application based en-

ergy balance of the base year and then applies three 

overarching drivers that shape the future pathway: 

changes in underlying energy demand, the impact of 

efficiency measures, and the transition away from fos-

sil fuel based heat generation. Future demand is in-

fluenced by population and economic development 

as well as by projected changes in residential and ser-

vice sector floor area. Efficiency measures reduce en-

ergy needs for the same comfort levels, for example 

through building renovation or improved water heat-

ing components. Transformation measures include re-

placing conventional heating technologies, electrify-

ing process heat applications, and switching energy 

carriers in non building equipment within the services 

sector. Heating system replacement follows a struc-

tured approach in which district heating expansion is 

incorporated first, reducing the share of individual 

fossil based systems. Remaining fossil heating tech-

nologies are then gradually substituted with cli-

mate neutral options such as heat pumps or hydro-

gen based systems. As these measures accumulate, 

the models generate a consistent trajectory of final 

energy consumption by application and energy car-

rier over time. 

The industry SmInd model represents 47 energy in-

tensive industrial processes in detail through a bot-

tom up approach that links projected production vol-

umes with specific energy and material requirements 

as well as process-related emissions. Remaining en-

ergy demands and emissions are modeled top down 

at the level of each industrial subsector, based on ex-

pected economic growth. 

To support this modeling framework, several catego-

ries of data are used. Technology data describe 

greenhouse gas mitigation options, including life-

times, replacement rates, efficiencies, and costs. 

Structural data capture the composition of industrial 

sectors, including energy and application balances, 

energy needs by subsector and energy carrier, pro-

cess specific production volumes, material and en-

ergy inputs, emission factors, operational characteris-

tics, employment figures, and energy and CO◘ price 

assumptions. The model distinguishes four groups of 

mitigation measures: (1) changes in process routes, 

(2) fuel switching ð often through electrification of 

thermal processes, (3) energy efficiency improve-

ments, and (4) carbon capture measures applied to 

specific processes. Across these categories, the model 

integrates around 175 individual mitigation options. 

Their effects on energy demand, emissions, and costs 

are evaluated using an extensive data foundation. The 

model provides annual results for the EU27+3 from 

the base year to 2050. Outputs cover 13 industrial 

subsectors, 47 processes, 14 energy carriers, nine 

feedstocks, and 12 applications. In addition, the 

model allows regionalization down to the NUTS 3 

level and produces hourly electricity and heat load 

profiles based on synthetic load curves. 

A1.2 Energy System Model 

In this study, we apply the multi energy system model 

ISAaR (Integrated Simulation Model for Unit Dispatch 

and Expansion with Regionalization). Details from the 

model can be found in the most recent publication by 

Kigle et al. 2025a; Guminski et al. 2021; Kigle et al.. An 

overview of the model and its system boundaries can 

be found in Figure 54. 

ISAaR is a myopic linear cost minimization model 

with perfect foresight that determines optimal dis-

patch and capacity expansion while satisfying system 

constraints such as energy service demands from the 

final energy consumption sectors and specified 

greenhouse gas reduction targets. Originally de-

signed to represent the European energy system at 

multiple spatial resolutions, the model has been con-

tinuously expanded over time.  

ISAaR represents multiple energy carriers including 

electricity, hydrogen, district heating, gaseous and liq-

uid hydrocarbons, and biomass, which are depicted as 

horizontal lines in Figure 54. For these energy carriers, 

different technologies for energy generation and 

storage are modelled such as wind and solar power 

and large-scale battery storages. Additionally,  

sector coupling technologies connect these energy 

carriers, e.g. electrolysis consuming electricity to pro-

duce hydrogen, thus linking the electricity and hydro-

gen balance. For every energy carrier, the fixed de-

mand, which is based on the results from the final 

energy consumption models, must be met accord-

ingly in every hour and region by energy generation. 

The corresponding dispatch and expansion of genera-

tion units is optimized by the model. Thereby, a full 

year is optimized in an hourly resolution, enabling de-

tailed temporal insights into system operation. 

Long term transformation is captured through a my-

opic, stepwise modeling approach from 2030 to 2050 

in five year increments, reflecting transitional ineffi-

ciencies and non optimal investment pathways that 

single year greenfield models typically overlook.  

Spatially, the model treats each European country as a 

separate node within the EU27+3 region (EU27 ex-

cluding Cyprus and Malta, plus the United Kingdom, 

Switzerland, and Norway). Countries with asynchro-

nously operated electricity systems ð such as Den-

mark (East/West) and the United Kingdom (Great Brit-

ain/Northern Ireland) ð are represented by distinct 
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nodes. Cross border electricity and hydrogen ex-

changes occur through predefined trading capacities, 

enabling an explicit representation of regional inter-

dependencies. 

Some characteristics that explicitly benefit a compre-

hensive representation of hydrogen supply, demand, 

and infrastructure interactions across Europe are 

listed explicitly in the following: 

Å Generation profiles of wind and solar power are 

based on separate modeling that includes the sta-

tus quo of plants, regionally highly resolved po-

tentials for expansion of both wind and solar 

power and combines those with weather data and 

technical parameters of different plant types to 

yield generation profiles. These profiles determine 

the electricity generation possible with the expan-

sion resulting from the simulations. 

Å Hydrogen Imports from Non European Countries: 

ISAaR includes geographically explicit import 

routes from outside Europe. These cover pipeline-

based imports into Southern Europe (Italy, Spain) 

from North Africa (Morocco, Algeria, Tunisia) and 

into Eastern Europe from Ukraine, as well as mari-

time import options for global hydrogen shipping. 

This allows the model to represent economic com-

petition between domestic production and inter-

national supply. 

Å Re electrification through H2Ready power plants: 

Hydrogen capable gas turbines and combined 

heat and power units allow the flexible use of hy-

drogen or gaseous hydrocarbons. These technolo-

gies introduce an important re electrification 

pathway and enhance seasonal balancing options. 

Å Integration of International Transport Demand: 

Hydrogen demand for international aviation and 

shipping is incorporated to reflect future fuel 

switching in these sectors. As in reality, associated 

emissions, which are falling outside the scope of 

Europeõs NDCs, are not counted toward emission 

caps within the model. 

 

More detail on the explicit scenario parametrization 

and assumptions for the different technologies can be 

found in Annex 2. 

A1.3 Regionalization 

To be able to perform detailed infrastructure analyses 

based on the results from the energy system model, 

results must be (re-)distributed to the NUTS-3 level in 

order to obtain a spatially explicit representation con-

sistent with the nodal grid model.  

The results from the final energy consumption sec-

tors, which are model inputs to the market model, are 

already regionalized at NUTS-3 level as part of the 

modular model setup. For each sector, regionalization 

is based on detailed data such as industrial sites, 

 

Figure 54: System boundaries of the energy system model ISAaR, including the modelled energy carriers and technologies. 
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employee numbers, vehicle fleets or heating demands 

depending on respective processes or application. 

Where additional information on the regional alloca-

tion of hydrogen demand was available, it was incor-

porated into the methodology. 

The results from the European market model on the 

other hand are regionalized based on regionalization 

proxis for each technology where no geo-located 

data can be used. In order to allocate the scalar and 

time-series data on the supply of energy sources and 

flexibility at NUTS-3 level, specific regionalization keys 

are calculated and applied to the values available at 

market area from the market model level. The meth-

odology behind the conversion is based on available 

data for each element, according to which regional 

distribution shares are computed an applied to yield 

values for the various NUTS-3 regions. For the stock 

of power plants, renewable energies and flexibilities, 

the allocation is carried out using available geo-lo-

cated data on existing plants to assign a NUTS-3 re-

gion. Also for hydro-power (including pumped stor-

ages, seasonal storages and run-of-the river hydro) 

the distribution is based on existing and specifically 

planned plants with exact geo-locations. Newly built 

wind and solar plants are distributed based on the 

potentials in NUTS-3 resolution from the separate 

models for wind and solar power. Other elements 

whose distribution is based on specific available data 

biomass plants, power-to-heat and power-to-gas 

plants. For the regionalization of electric vehicles with 

smart charging strategies, the regionally distributed 

data from the transport sector model is utilized, which 

already includes a regional distribution of electric ve-

hicles. Elements for which no explicit allocation data is 

available, or where a distribution according to grid ca-

pacity makes sense, are regionalized using the elec-

tricity grid. This methodology is for instance utilized 

for newly built large-scale battery storage facilities. 

For elements that are connected to both electricity 

and hydrogen, namely electrolyzers and newly built 

H2-ready gas plants, the regionalization takes into ac-

count both infrastructures. For newly built H2-ready 

gas plants, the electricity grid was used to regionalize 

the plants at NUTS1-level. For the more detailed dis-

tribution within each NUTS1-region the aggregated 

model values are distributed across the eligible NUTS-

3 regions according to the available grid connection 

capacity. NUTS-3 regions without the required infra-

structure access are not assigned corresponding ca-

pacities. For electrolyzers, the approach is similar. The 

distribution to NUTS-1 level is based on an approach 

that assumes a mixture of electrolyzers directly at in-

dustrial site (onsite) for industry sectors that are ex-

pected to require hydrogen in the future, and onsite 

electrolyzers that are regionalized based on the resid-

ual load, thus utilizing the indication for surplus re-

newable energy in their localization. Subsequently, 

the distribution within the NUTS-1 level is carried out 

taking into account hydrogen infrastructure. Only 

those NUTS-3 regions that have access to the relevant 

hydrogen infrastructure and electricity grid connec-

tion are considered eligible for the allocation of elec-

trolyzers. This approach ensures that the spatial distri-

bution of electrolyzers and hydrogen-fired power 

plants is consistent both with the aggregated energy 

system results and with the assumed development of 

hydrogen and electricity infrastructure. The localiza-

tion of hydrogen storages was mainly left to the mod-

eling of the hydrogen network where the positioning 

of storages could be adapted to the gridõs require-

ments.  

A1.4 Network Modeling Systematics for the 

European Natural Gas and Hydrogen Infrastructure 

 

A1.4.1 Conceptional Framework 

The network modeling approach applied in this study 

follows a structured modeling systematics for gas in-

frastructure analysis as developed within the Network-

Modeling System (NeMoSys) framework and further 

operationalized in German and European case studies 

(Mielich et al. 2025; M¿ller-Kirchenbauer et al. 2025a; 

M¿ller-Kirchenbauer et al. 2025b). The core methodo-

logical principle consists of separating the modeling 

process into three interlinked but analytically distinct 

spheres: the Scenario Data Sphere, the Network Topol-

ogy Sphere, and the Network Simulation Sphere.  

This separation ensures transparency in distinguishing 

between (i) the transport task derived from energy sys-

tem scenarios, (ii) the physical infrastructure that exists 

or is planned, and (iii) the physical feasibility of trans-

porting the required volumes under realistic operating 

conditions. The interaction of these three spheres is il-

lustrated conceptually in Figure 55 which depicts the 

iterative feedback structure between scenario inputs, 

topology configuration, and simulation-based valida-

tion.  

Within this systematics, hydrogen and natural gas are 

modeled simultaneously. This integrated perspective is 

essential because the transformation towards climate 

neutrality implies a transitional coexistence of residual 

natural gas transport and expanding hydrogen infra-

structure, including pipeline repurposing and parallel 

operation. 
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A1.4.2 Scenario Data Sphere 

The starting point of the modeling process is the defi-

nition of the transport task. The underlying demand, 

supply, and trade trajectories for hydrogen and natural 

gas are derived from European energy system model-

ing conducted by FfE using the ISAaR model. The ISAaR 

model provides sectorally differentiated projections 

for hydrogen and natural gas demand, spatial alloca-

tion across European regions, temporal resolution (in-

cluding hourly dispatch structures), and cross-border 

trade patterns. 

Within the network modeling systematics, these out-

puts are interpreted as scenario-based network usage 

cases in the sense described in Mielich et al. 2025; M¿l-

ler-Kirchenbauer et al. 2025a; M¿ller-Kirchenbauer et 

al. 2025b. A network usage case represents the physi-

cal task the infrastructure must fulfill for a given time 

step under specific scenario assumptions. The model-

ing therefore does not treat scenario results as abstract 

energy balances but translates them into nodal injec-

tions and withdrawals that must be physically trans-

ported through a pipeline network. 

To ensure compatibility with infrastructure simulation 

requirements, the scenario data are further processed 

through spatial and temporal disaggregation. Spatial 

allocation is performed to a level compatible with 

transmission network modeling, typically NUTS-3 re-

gions or directly identifiable infrastructure-relevant 

nodes. Temporal allocation ensures hourly resolution 

in order to capture peak load situations and sector-

specific load dynamics. This procedure follows the 

methodological approach presented in Mielich et al. 

2025; M¿ller-Kirchenbauer et al. 2025a; M¿ller-Kir-

chenbauer et al. 2025b. The result of this sphere is a 

temporally and spatially resolved dataset of hydrogen 

and natural gas injections and withdrawals, represent-

ing the physical transport requirement that the infra-

structure must accommodate. 

A1.4.3 Network Topology Sphere 

The European natural gas transport topology used in 

this study is based on the harmonized dataset devel-

oped by Mielich et al. 2025. This dataset integrates EN-

TSO-G network data, national transmission system op-

erator information, SciGRID extensions, and manual 

harmonization procedures into a coherent graph-

based representation of the European gas transmission 

infrastructure. The topology contains detailed repre-

sentations of pipelines, including geometric character-

istics such as length and diameter, operational param-

eters such as pressure levels, compressor stations and 

other active elements, underground storage facilities, 

LNG terminals, interconnection points, and major in-

dustrial and power plant nodes. A significant method-

ological step consists of georeferencing, cleaning, and 

reconciling heterogeneous source datasets into a con-

sistent coordinate system and graph structure, as de-

scribed in A1.4.2. This ensures that the natural gas to-

pology is technically suitable for fluid-dynamic 

simulation and compatible with hydrogen network ex-

tensions. 

 

Figure 55: High resolution infrastructure models for detailed investigations of gas networks. 
































