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Achieving Europe’s climate targets requires a rapid scale-up of hydrogen infrastructure while managing the decline
of natural gas. This study models both the natural gas and hydrogen networks in a unified energy system framework
to analyze how their interactions influence the design, cost, and deployment of a future European hydrogen
infrastructure. The analysis revealed that repurposing natural gas pipelines can be a highly cost-effective strategy under
avariety of consumption and production scenarios. Results show that if repurposing costs are 20% of new investments,
up to 60% of the hydrogen network can rely on refurbished pipelines, reducing costs by 35%. This reuse significantly
influences optimal routing and enables faster deployment. By co-optimizing the distribution of both carriers, the

model highlights the role of blue hydrogen and reveals strong regional disparities in hydrogen production, mainly
influenced by the availability of cheap natural gas imports. As a result, gas supply planning has critical long-term
consequences, and care must be taken to avoid infrastructure lock-in and increased fossil fuel dependency.

1. Introduction

The urgency of limiting global warming has been internationally rec-
ognized through the Paris Agreement, which commits signatories to pursue
efforts to keep the global temperature increase below 1,5 °C, compared
to pre-industrial levels [1]. However, recent assessments of the remaining
carbon budget (RCB) compatible with this target estimate that only about
six years of current global CO2 emissions can be emitted before the
threshold is crossed [2]. Avoiding this scenario requires immediate and
structural transformations of the energy system, including deep electrifi-
cation, large-scale renewable deployment, energy efficiency increase, and
carbon capture and storage (CCS) development [3, 4]. Among the explored
solutions, hydrogen has emerged as a critical energy carrier. While green
production via electrolysis from renewable sources and blue production via
steam reforming of methane with carbon capture offer sustainable pathways,
hydrogen also offers versatility across power, transport, and industry, and
can provide balancing services in renewable-heavy energy systems [5, 6, 7].
As aresult, European climate and energy strategies—such as the Fit for 55
package and REPowerEU—have explicitly targeted large-scale hydrogen
deployment, with ambitions to produce a total of 10 million tonnes (334
TWh) of renewable hydrogen annually by 2030, and import another 10
million tonnes [8, 9]. However, sustainable hydrogen production reached
3,4 TWhin 2023. Therefore, substantial infrastructure development will be
needed to multiply the production level by 100 in 5 years.

1.1. Existing Natural Gas Infrastructure

In 2024, natural gas consumption in the European Union was ap-
proximately 3.500 TWh, reflecting a moderate recovery from previous
declines [10]. Natural gas imports reached 2.882 TWh, composed of 63%
pipeline gas (1.795 TWh) and 37% liquefied natural gas (LNG) (1.066
TWh). Norway was the main pipeline-based supplier, while the United
States led in LNG deliveries. Imports remained the dominant source of
supply, accounting for around 82% of total consumption. When excluding
Norway—often considered a politically aligned supplier—this share fell to
approximately 55%, underlining Europe’s structural dependence on external
gas sources. Despite efforts to reduce reliance, Russia still provided about
19% of total imports (548 TWh) in 2024. However, Russian pipeline flows
through Ukraine ceased entirely on 1 January 2025, following the expiry
of transit agreements. Europe, with the REPowerEU plan [9], aims to
eliminate the use of Russian fossil fuels by 2027 through diversification,
LNG capacity expansion, renewable energy acceleration, and improved
energy efficiency.

Natural gas plays a controversial role in the energy transition. On one
hand, it is often considered by policymakers as a transitional fuel due
to its lower carbon intensity compared to coal and its ability to provide
dispatchable energy that supports variable renewable energy [11, 12]. On
the other hand, a growing body of literature cautions against this fram-
ing. Studies indicate that further investments in natural gas infrastructure
may lead to carbon lock-in, where long-lived assets continue to emit
greenhouse gases beyond acceptable limits, thus undermining long-term
decarbonization targets [13]. These investments, if not paired with strict
sunset strategies, risk entrenching fossil fuel dependency and reducing the
pace of structural change in the energy system. Moreover, some studies
suggest that natural gas should not be seen solely as a bridge fuel, but
rather as a source of residual emissions that must be managed within the

broader decarbonization framework [14]. Therefore, natural gas decreased
use seems inevitable to reach the climate goals of being carbon neutral by
2050 [15]. Biomethane, purified from biogas, holds potential as a renewable
substitute for natural gas, with a technical potential estimated between 780
TWh and 2.460 TWh across the EU [16]. Nevertheless, without strong
policy support, its deployment may remain limited [17].

In this context, the role of blue hydrogen—as a transitional solution
based on methane with carbon capture—is debated, while green hydrogen is
generally recognized as the long-term sustainable solution under scenarios
of strong renewable deployment and policy coordination [18]. These devel-
opments raise questions about the future role of Europe’s vast natural gas
infrastructure, which may face under-utilization in a decarbonized system.

1.2. Repurposing Opportunities

One key opportunity lies in the repurposing of existing natural gas
pipelines for hydrogen transport, reducing the need for costly new in-
frastructure. Nevertheless, transporting pure hydrogen through pipelines
introduces a range of technical challenges compared to natural gas. One
of the most significant issues is hydrogen’s low volumetric energy content,
which is roughly one-third that of methane. As a result, even when pipelines
operate at the same pressure and flow rates, the amount of energy delivered
is three times lower according to Télessy et al. [19]. To compensate, either
higher pipeline velocities or higher pressures are needed, both of which
increase stress on the infrastructure.

Télessy et al. [19] explains that hydrogen’s small molecular size
contributes to greater leakage rates through valves, seals, and even steel pipe
walls, complicating containment and raising the risk of explosions. Its high
diffusivity further complicates compression and flow control and necessi-
tates specialized infrastructure. Compression systems, in particular, require
significant upgrades. Existing centrifugal compressors are poorly suited
to hydrogen’s properties due to the need for higher impeller speeds and
greater wear resistance. Piston compressors, while more viable for lower
flows, are less efficient for long-distance transmission as stated in [20].
Retrofitting or replacing compressors is often necessary, and hydrogen-
compatible compressors are typically more expensive—up to three times
the cost of their natural gas counterparts [21]. Material degradation is
also a major concern. Hydrogen causes fatigue crack propagation and
hydrogen-induced embrittlement, especially in weld zones and under cyclic
loading according to Cerniauskas et al. [22]. It should be noted that high-
strength steels are more susceptible to embrittlement than lower-strength
materials. Lipidinen et al. [23] stresses that even with more compatible
materials, crack inspection remains critical; defects as small as 2 mm can
become dangerous under hydrogen operation. Finally, higher flow velocities
required for equivalent energy delivery further increase wear and reduce the
expected lifespan of repurposed pipelines.

Blending hydrogen into existing natural gas infrastructure is frequently
proposed as a transitional approach toward a full hydrogen economy.
According to Klatzer et al. [24], most European distribution networks are
capable of handling hydrogen concentrations of up to 10-20% by volume
without major modifications, which makes blending a cost-effective and
low-risk entry point. Islam et al. [25] states that pilot programs such as the
UK’s HyDeploy and Germany’s GRHYD confirm that blends up to 20%
can be injected and distributed safely. The emissions benefits of blending
are modest—around a 7% reduction in CO2 for a 20% hydrogen blend—but
could be useful in early decarbonization stages.
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However, blending is not suitable for large-scale or long-term hydrogen
deployment. A critical limitation of hydrogen blending is the challenge
of deblending at the point of end use. Applications such as fuel cells,
chemical processes, and hydrogen turbines require high-purity hydrogen,
which blended gas cannot provide without separation. Current separation
technologies—including pressure swing adsorption (PSA), membranes,
cryogenic processes, and electrochemical methods—are all costly and
energy-intensive. PSA is commercially available but has high energy re-
quirements; membranes and electrochemical approaches are still emerg-
ing; and cryogenic methods, while capable of achieving high purity, are
especially energy-demanding. As a result, blending may lock in fossil-
based infrastructure and delay the transition to dedicated hydrogen sys-
tems, complicating future efforts to decarbonize end uses that require
pure hydrogen. Moreover, combustion temperatures and NOX emissions
increase with higher hydrogen shares, and existing burners and meters often
require recalibration or replacement. In high-pressure transmission systems,
hydrogen embrittlement becomes more significant at blends exceeding 20%
[25, 24]. For all those reasons, blending is not considered a valid option for
the long-term development of a dedicated hydrogen transmission network
with full pipeline repurposing and pure hydrogen delivery.

1.3. Hydrogen Network Development

While hydrogen is expected to play a pivotal role in a net-zero Euro-
pean energy system, the question of how to efficiently transport it across
the continent remains unresolved. On one hand, some studies have focused
on providing a detailed carbon-neutral European Energy system, but they
have not all taken into account the need for an integrated hydrogen network
[26, 27]. On the other hand, a growing number of studies investigate the
development of hydrogen networks, but they are focusing on the interactions
between hydrogen and the electricity system [28, 29].

Today, over 98% of hydrogen is produced from fossil fuels, primarily
via steam methane reforming. Moreover, blue hydrogen is increasingly
considered a key production route in future energy systems. Finally,
repurposing natural gas pipelines for hydrogen transport has been identified
as one way to leverage rapid network development. In this perspective,
understanding the structural link between existing natural gas infrastructure
and future hydrogen networks is essential [5]. Proposals from transmission
system operators (TSOs) such as the European Hydrogen Backbone provide
valuable engineering insights but do not include an assessment based on
the co-optimization of energy system components [30]. More recent efforts
explore repurposing potentials using detailed spatial and engineering mod-
els, but often miss cross-sectoral and economic feedback [31]. Kountouris
et al. [32] have made a comprehensive energy transition pathway analysis
based on a techno-economic optimization of a sector-coupled European
energy system. They look at pathways for hydrogen network development,
but do not represent the natural gas existing transport infrastructure and the
possibilities of repurposing gas pipelines for hydrogen transport. Neumann
et al. [33] does look into the potential of repurposing gas pipelines for
hydrogen transport. However, their study assumes no capacity constraint or
cost for the transport of natural gas on the assumption that future demand
is predicted to be low compared to available transport capacities. They only
consider the natural gas transmission to identify potential interconnections
available for repurposing, and their linear model does not allow for the
identification of the repurposed pipelines.

The goal of this study is to bridge the gap in literature regarding
the interactions between the existing natural gas infrastructure and the
development of a large-scale hydrogen infrastructure in the context of the
European energy transition with the perspective of repurposing pipelines
of the former for the development of the latter. The main research question
is: How can the repurposing of natural gas infrastructure impact the
development of a cost-effective and integrated hydrogen transport
system in Europe? In addition to the main research question, this study
aims to address two related sub-research questions : How do interactions
between hydrogen infrastructure development and the current natural
gas network affect the design and socio-economic performance of future
European energy systems? How will the decisions made today regarding
the construction and configuration of Europe’s gas supply infrastructure
affect the continent’s ability to achieve energy independence in the future?

This study presents a novel contribution to the literature by developing
and applying an energy system model that integrates both a detailed,
pipeline-level representation of the existing European natural gas transport
infrastructure and the investment in a dedicated hydrogen infrastructure.
It represents the interaction between natural gas and hydrogen carriers
by explicitly modeling the use of natural gas for grey and blue hydrogen
production, as well as the opportunity of repurposing natural gas pipelines
for hydrogen transport. This work aims at identifying specific pipelines
suitable for repurposing while keeping a satisfying computational com-
plexity. For that reason, the optimization model has been kept linear, and a
post-processing script has been developed to approximate the refurbishment
possibilities.

2. Methodology

A bottom-up energy system analysis coupling Balmorel and OptiFlow
has been further developed and applied to evaluate the role of natural
gas and hydrogen infrastructure development. The model encompasses a
pan-European geographical scope: the European Union, except Cyprus and
Malta, plus Norway, Great Britain, Switzerland, Bosnia, Serbia, Montene-
gro, Albania, Kosovo, and North Macedonia. The system is represented at
the country level, except for Nordic countries and Germany, which have
additional regional granularity, see Appendix Figure 17. All costs are given
in € real 2024. The model is solved myopically for the years 2025, 2030,
2040, and 2050.

2.1. Balmorel and OptiFlow

Balmorel [34] is an open-source energy system optimization model
representing the electricity and heating sectors. The model is a deterministic
and partial-equilibrium optimization model that represents a liberalized
energy market and assumes economic rationality. It includes detailed
techno-economic characteristics of generation, storage, and transmission
technologies. It allows the simultaneous optimization of both investments
and operational decisions for dispatch. The model operates with hourly time
resolution and is based on a nodal structure, enabling detailed spatial and
temporal analyses. It minimizes the total system cost, including fuel supply,
operation and maintenance, investment, and emission costs, while ensuring
demand is met and technical constraints are respected.

OptiFlow is a generalized spatio-temporal network optimization model
designed to complement the Balmorel energy system model. It extends the
modeling capability to cover more general energy flows and conversion
processes. The model is a generalized network model, based on node-arc
relationships. Nodes are represented by processes that can be associated
with or without a technology. Arcs are represented by flows that can
represent any stream and its properties (e.g. fuel in energy content,
emissions in mass units, etc.). The model allows to define different type
of processes to which can be associated costs: Source processes that only
have flows entering the system, Sink processes that only have flows leaving
the system, Buffer processes that allows flows to both leave or enter the
system boundary, Transport processes that allows flows to be exchanged
between the different areas defined in the model, and Interior processes that
allows transformations between in and out flows. The different flows going
in and out of an Interior process can be defined in relation to each other to
represent conversion process and/or efficiencies. A detailed representation
of the model can be found in Bramstoft et al. [35].

OptiFlow allows for the representation of technologies and infrastruc-
tures that are not explicitly handled in Balmorel, in this case, natural gas
and hydrogen production and distribution pathways. OptiFlow optimizes
simultaneously the sourcing of the resources, the operation and investment
of capacity-constrained technologies, the transport and storage of products.
It is hard-linked to Balmorel so that both objective functions are optimized
together. Electricity and heat flows are represented in OptiFlow and the
Source and Sink flows associated are considered in the electricity and
heat balance inside Balmorel. As OptiFlow is representing the supply and
dispatch of natural gas in Europe, the use of natural gas as a fuel in Balmorel
is always linked to natural gas being provided by the OptiFlow framework in
the same area. All technologies representing hydrogen production or using
hydrogen as fuel in Balmorel have been deactivated since the hydrogen
infrastructure is represented in OptiFlow.

2.2. Representing Methane Infrastructure

The methane infrastructure has been structured as shown in Figure 1:
four distinct Source processes, a Transport process that connects coun-
tries and storage facilities, and two Sink processes that represent methane
consumption. These Sink processes differentiate between general methane
demand and specific methane consumption from Balmorel. Finally, a sup-
plementary process representing natural gas usage for hydrogen production
via steam reforming will be detailed in the next section. The model is
making a differentiation in the natural gas and bio-methane flows between
the sources and the grid; and the methane flow that represents the mix of
natural gas and bio-methane in the network infrastructure, on the hypothesis
that natural gas and biomethane are perfectly mixable for all uses. All those
processes and flows have been set up in each region represented in the
model.

ccs

CH4 Storage

v 1

CH4 Grid

Transport

Figure 1: Flow diagram of methane infrastructure
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2.2.1. Natural Gas Extraction

Natural gas extraction in Europe is highly unevenly distributed. Based
on sources including the ENTSOG Ten-Year Network Development Plan
[36], the Norway Energy Transition Outlook [37], and data from the North
Sea Transition Authority for the United Kingdom [38], the production is
expected to decrease from 2.200 TWh in 2025 to 800 TWh in 2050. As
presented in Appendix Table 11, Norway remains the main producer. Other
producers such as the Netherlands, the United Kingdom, and Romania
contribute more modest shares. In particular, Romania's production is
expected to grow due to the commissioning of new o shore elds, such as
Neptun Deep in the Black Sea [39]. Those potentials are used as an upper
bound for the relate§ource ows.

2.2.2. Natural Gas Import

As of 2025, natural gas imports are limited to four main routes, due
to the cessation of Russian gas transit through Ukraine. Current pipeline
imports are routed through Italy (Algeria and Libya), Spain (Algeria and
Morocco), Greece (Turkey with gas originating from Azerbaijan), and
Bulgaria (Russia via the TurkStream pipeline under the Black Sea). Pipeline
import potentials in Appendix Table 13 are held constant over time, based
on technical capacities reported on the ENTSOG Transparency Platform
[40]. An exception is made for the Italy-Algeria link, where reported
technical capacity does not re ect actual ow levels and is therefore
adjusted accordingly in the model. The total potential import is equal to
718 TWh.

The role of lique ed natural gas (LNG) has grown substantially in
response to the Russian invasion of Ukraine, leading to a diversi cation
of supply sources, including the United States, Qatar, and Nigeria. LNG
import potentials in Appendix Table 14 are modeled based on the sum
of technical capacities of existing and planned LNG terminals in every
country. These capacities set an upper bound foiSinarce ows for the
entire modeling horizon. However, the sum of these potentials (3.565 TWh)
is signi cantly higher than the current imported level (1.066 TWh in 2024)
[10] and will be adjusted in some scenarios.

293 Biomethane Production Figure 2: Natural gas transport infrastructure in 2025. Red lines represents
e = : . . . . pipelines interconnections, blue lines the technical capacity of the LNG
Biomethane is increasingly integrated into the natural gas grid, withterminals, and grey lines the technical capacity of the import pipelines.
Denmark already achieving injection rates exceeding 40%. While current
production of European biomethane has reached 44 TWh in 2023, REPow-
erEU [9] aims to reach a production of 370 TWh by 2030. Gas for Cli- 5 5 5 Natural Gas Storage

mate [17], estimates biomethane production potentials based on two main™" " . . .

technologies anaerobic digestion and thermal gasi cation considering Natural gas storage plays a critical role in balancing seasonal demand
diverse feedstocks such as agricultural residues, organic waste, and forestféﬁuat'o”s and enhancing the resilience of the European gas system.
by-products. It estimates the total potential to be over 1.500 TWh in 2050ENTSOG System Capacity Map [42] provides a detailed inventory of ex-
which is a rather optimistic estimate compared to values used in othelSting storage facilities across European countries, including their technical
studies [41]. Therefore, ENTSOG potential calculated for the 2024 TYNDPSPeC cations and geographical locations. These facilities fall into several
[36] with the consultation of countries' TSOs has been considered in thisCategories, primarily depleted gas elds, salt caverns, and aquifer storage.
paper. The cumulative biomethane potential across Europe is estimat lease note that the linepack capability, which refers to the volume of natural

to exceed 1.000 TWh by 2050. Country-level potentials are detailed irgeS that can be stored within a pipeline system by adjusting the pressure
Appendix Table 12. within the pipes, is out of the scope of this study.

Appendix Table 19 summarizes the storage facilities' capacities in
Europe. Each storage facility is characterized by three main parameters: the
2.2.4. Natural Gas Network o _total storage capacity, the injection capacity, and the deliverability capacity.

The European natural gas grid is represented through a dedicatethe injection capacity de nes the maximum rate at which gas can be
methaneTransportprocess within the OptiFlow framework. This process stored during periods of surplus, while the deliverability capacity indicates
collects all ows from domestic production and imports and facilitates the maximum withdrawal rate during periods of high demand. Typically,
their distribution through the transmission system, connecting to large-scalghe deliverability is signi cantly higher than the injection capacity; this
gas storage facilities. Conceptually, it captures the structure and capacitysymmetry re ects the physical and operational properties of underground
of the existing interconnected European pipeline network. The underlyingstorage systems, where gas withdrawal can be driven by natural reservoir
network topology is based on the historical natural gas infrastructure, agressure, whereas injection requires active compression. For the purpose of

compiled from ENTSOG System Capacity Map [42] and supplemented bythis study, gas storage is assumed to operate without any losses.
minor planned extensions expected to be operational before 2030, detailed

in [36], see in Figure 2. Interconnections between model areas are charactey-,

ized by two parameters: a transfer capacity and a distance. The model useéé Invested Hydrogen Infrastructure

a total cross-border capacity for each pair of countries, which aggregates

the technical limits of every individual pipeline. As every gas pipeline

is either unidirectional or bidirectional, and in the bidirectional case, the

transport capacity may di er between directions, the transfer capacity is

given for each direction of the interconnection. This is allowing for accurate

characterization of direction-dependent ow constraints. Moreover, having

considered a detailed list of pipelines will be of particular relevance when

analyzing the technical feasibility of future infrastructure repurposing.

For modeling transport-related costs and energy losses, the geograph-

ical distance between the centroids of each area pair is used as a proxy for

pipeline length. This approach is consistent with the one used in Kountouris

et al. [32]. As the natural gas network is already invested, a volumetric cost

of gas transportation representing the amortized cost of gas transportation  Figure 3: Flow diagram of methane infrastructure in Opti ow

over the pipeline lifetime is considered to be 2 /8Wh/1.000km from . o

DeSantis et al. [43]. The losses in long-distance transport are considered to  In the OptiFlow model, the hydrogen production is represented as

be 2% of the energy content per 1,000 km, this which mostly correspondshown in Figure 3. Three capacity-constrained processes represent electrol-

to gas needs for compression. ysis technologies and interact with the Balmorel energy system model via
electricity and heat exchanges, while the fourth represents steam reforming
and is linked to the methane infrastructure through the use of natural gas.
Additionally, aSourceprocess represents the import of green hydrogen from
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Table 1
Hydrogen production and storage technologies costs and e ciencies

Technology CAPEX Fix OPEX Var OPEX E ciency
[¢/KW] 1 [¢/KWh] [¢/kWiyear] / [¢/kWhlyear] [¢/kwh] [%]
Steam methane reforming (SMR) 1.164 39,75 - 70%
Steam methane reforming with CCS (SMR-CCS) 2.080 57,79 - 70%
Alkaline Electrolysis Cells (AEC) 1.626 65,06 - 59%
Proton Exchange Membrane Electrolysis (PEM) 1.655 33,11 - 55%
Solid Oxide Electrolysis Cells (SOEC) 3.340 400,79 - 85%
Salt Cavern 3,71 7,88E-8 4,19E-8 99%

outside Europe. Then, a dedicated hydrodesmsportprocess connects 2.3.3. Hydrogen Storage

countries and potential storage. Hydrogen consumption is only represented  Hydrogen storage plays a critical role in providing exibility to a

via an internalSink process, and the use of hydrogen for electricity and gecarbonized energy system. Due to the temporal mismatch between vari-
heat genera@lon is excluded from the scope of this StUdy._Un“ke the e_X|St|nglb|e renewable energy production and end-use hydrogen demand, storage
natural gas infrastructure, hydrogen infrastructure requires upfront investenaples the decoupling of production and consumption over di erent time
ment. This includes production facilities, storage systems, and transpoicales. It ensures system reliability during periods of low renewable output

capabilities between regions. These investments incur both capital expeRmd allows optimal”utilization of electrolysis capacity by smoothing out
ditures (CAPEX) and operational expenditures (OPEX), and are subject tqyctuations in electricity prices and availability.

technical and economic constraints. O ering large-scale and long-duration storage, salt caverns are the
most viable option for hydrogen storage. Their geological suitability, high
2.3.1. Hydrogen Production cycling capability, and low speci c storage cost make them particularly

Hydrogen production is assumed to occur predominantly on Europeafi¢levant for system adequacy over longer time horizons according to Tackie-
territory, in alignment with EU strategic planning [9]. Five production Otoo and Hagq [46]. In this study, only onshore and near-shore salt cavern
technologies are considered, each with distinct characteristics in termgotentials are considered, based on Caglayan et al. [47] and described in

of cost, e ciency, and technological maturity extracted from the Danish Appendix Table 15. Distant o shore locations are excluded due to the ab-
Energy Technology Catalogue [44] and detailed in Table 1. sence of modeled pipeline infrastructure connecting them. The investment

cost and performance parameters from the Danish Technology Catalogue
: . 48] are described in Table 1. Importantly, the reuse of depleted natural gas
ﬁ]tgﬁgdmgémagg ?;%?antgg \Sv?tw?%‘lucgrf:%ﬁgg?r% rgf\s,\t,ifﬁfﬁsfg?fy torage sites is excluded from this study. Although technically feasible, such
hvdro én) carbon capture. In the carbon capture con guration facilities may introduce methane and other contaminants into the hydrogen
Cg turge e ciency of 95’% is assumed p 9 ! astream, posing challenges for purity and end-use compatibility. To avoid the
p Yy : complexity of impurity management and puri cation technologies, these
options are not included in the modeled infrastructure.

Alkaline Electrolysis Cells (AEC): Uses an alkaline liquid elec-

trolyte (typically KOH or NaOH) to split water into hydrogen and o

oxygen. Operates at low temperatures (60°@) and is commer-  2.3.4. Hydrogen Pipelines

cially mature and robust. Residual heat from the process can be Hydrogen transport infrastructure in Europe remains limited, with ex-

recovered for district heating. isting pipelines serving only short-distance, industrial purposes in speci c
regions. However, this landscape is expected to evolve signi cantly. Ac-

Proton Exchange Membrane Electrolysis (PEM): Uses a solid poly-cording to the TYNDP 2024 [49], promoters have submitted 114 di erent

mer electrolyte that conducts protons. Operates at 508 ers large-scale hydrogen pipeline projects across Europe, 45% of them includ-

high e ciency and fast response, and is well-suited for variable ingrepurposed infrastructure. In this study, no planned infrastructure invest-

renewable electricity. Like AEC, it also produces usable residualments are considered as xed; instead, the modelis allowed to endogenously

heat. optimize the development of hydrogen transport capacities. Transport is
permitted between neighboring regions, and the model determines both the

Solid Oxide Electrolysis Cells (SOEC): Uses a solid ceramic elec-location and scale of investments. Given the scale of pipeline projects under

trolyte that conducts oxygen ions at high temperatures (600 850consideration typically in the range of several gigawatts the investment

°C). O ers high e ciency due to thermal integration, but is still and operational costs applied correspond to the 1000 4000 MW category

under development and less commercially mature. In the modelde ned in the Danish Energy Agency's technology catalog [50], and are

SOEC deployment is permitted from 2040 onward. detailed in Table 2. These costs encompass both the pipeline and the
compressor stations. They are comparable to the costs used in the European

Electrolysis o ers a pathway to low-emission hydrogen, called green Hydrogen Backbone [30].

hydrogen, production by leveraging renewable electricity. Technologica

learning is considered for all electrolysis technologies, re ecting anticipated able 2 S .

improvements in e ciency and cost reductions. Details of the assumedParameters of hydrogen pipeline investment and refurbishment

learning curves are provided in Appendix Table 16, Table 17, and Table 18

The model incorporates already installed capacities of both electrolysis anffAPEX OPEX Capacity Reduction
steam methane reforming (SMR). However, the existing SMR capacity g™ ¢MW/km] [¢/MW/km/year] [%]

assumed to decline progressively: it is reduced by 50% in 2030 and fullygg 031 -

phased out by 2040. Furthermore, the goal being to produce low-emission '

hydrogen, the model is restricted to investing only in SMR equipped with99 0,31 80 %

carbon capture and storage (CCS).

2.3.2. Hydrogen Import ) o
To complement domestic production, Europe is assumed to partially2-4- Repurposing of Natural Gas Pipelines
meet its hydrogen demand through imports, starting in 2030. In this study,  Cerniauskas et al. [22] details several technical options that exist for
pipeline-based hydrogen imports are considered feasible from Algeria twepurposing natural gas pipelines to transport hydrogen, each varying in
Italy, from Morocco to Spain, and from Ukraine to Slovakia, Hungary, and complexity, cost, and long-term viability. The simplest approach is the
Romania. The associated infrastructure investments and potential naturplpeline without modi cation (PWM), which involves no structural changes
gas pipeline repurposing are outside the scope of this analysis. Additionallytp the pipeline itself and requires only the installation of new hydrogen-
hydrogen imports in the form of ammonia are assumed to be available itompatible compressors and pressure regulators. This option is particularly
four Western European countries: France, Belgium, the Netherlands, anattractive due to its low cost and ease of implementation, making it a strong
Germany. As highlighted in Erdemir and Dincer [45], ammonia o ers a candidate for early deployment. Another strategy is the application of an
practical alternative for green hydrogen transport due to existing handlingnternal coating to create a protective barrier against hydrogen permeation.
infrastructure and technological maturity, thereby reducing the immediatéHowever, this method often necessitates excavation and is not yet widely
need for a dedicated hydrogen network. The di erent import potentialsfeasible for in situ application. A third solution involves injecting small
are extracted from the TYNDP 2024 [36] and summarized in Appendixquantities of inhibitor gases such as oxygen, sulfur dioxide, or carbon
Table 20 monoxide into the hydrogen stream to reduce material degradation. While
cost-e ective, this approach may impact hydrogen purity and limit its use
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in sensitive applications. The most complex and costly option is the pipe-
in-pipe method, which involves installing a new pipeline inside the existing
one to create a fully isolated conduit. Although it o ers strong protection, it

is generally infeasible without excavation and presents signi cant technical
and economic uncertainties. Among these options, PWM emerges as the
most suitable for near-term implementation, especially in cases where
pipeline materials and operating conditions are compatible with hydrogen
service. This approach will be kept for the rest of the study.

2.4.1. Cost of Repurposing

Repurposing existing natural gas pipelines for hydrogen is widely ~Figure 4: Methodology to approximate entire pipelines repurposing
considered an economically attractive and feasible strategy. Cost estimates
consistently report that repurposing is signi cantly cheaper than building
new hydrogen infrastructure. For instance, repurposing costs are typicallpne direction must be matched proportionally in the opposite direction.
estimated at between 10% and 35% of new construction costs [51, 20/ore speci cally, the ratio of refurbished capacity to total capacity must
21, 52]. The European Hydrogen Backbone [30] assumes even lowebpe identical in both directions of a bidirectional link, thus maintaining a
costs 10% of new build CAPEX for o shore pipelines and around 20% coherent representation of the underlying physical infrastructure.
for onshore pipelines. It is also important to note that repurposing pipelines  Because the model aims to di erentiate which speci ¢ pipelines are
might signi cantly reduce construction time since the project is reusing refurbished without introducing binary variables, a two-step linear approx-
rights-of-way, avoiding lengthy permitting processes, and minimizing en-imation is implemented. In the rst step, the model is solved using continu-

vironmental impact assessments. ous variables, yielding the total amount of capacity refurbished between
countries. A post-processing script then maps this value to the closest
2.4.2. Additional Hypothesis con guration of discrete pipelines from the detailed dataset containing

variables xed to these discrete values, ensuring that no fractional pipelines

German case study Télessy et al. [19] of the NEL pipeline, energy deIiver)é‘re selected while maintainin h Rl aiit
g the advantages of a fully linear optimization
fell from 186 TWh per year for natural gas to 138 Twh for hydrogen, approach. This method is shown in Figure 4 and provides a practical

although volumetric ow increased from 20 to 49.4 billion cubic meters. ; : ; ; |
Operational exibility is also reduced. Because of the lower volumetric compromise between computational complexity and physical realism.

density of hydrogen, the linepack capability the ability to store gas in )

pipelines through pressure adjustments- is reduced by approximately 80%5. Carbon Accounting

[21]. This diminishes system resilience, particularly in high-variability Carbon accounting plays a key role in shaping the decarbonization

conditions. This will not be considered here as the study does not includérajectory of European countries. Two primary policy instruments are

linepack capability. commonly used to incentivize the reduction of emissions from energy
Another major concern when repurposing pipelines is the quality ofsystems: carbon taxes and carbon caps. While a carbon cap places an

the transported hydrogen. Residues from previous natural gas operatio@bsolute limit on emissions, a carbon tax assigns a price to each unit of

can degrade the purity of hydrogen, particularly in older pipelines. Exper-CO2 released. European climate policy frameworks are based on a "cap and

imental investigations in Stohr et al. [53] have identi ed a wide range of trade" principle called the EU Emission Trading System [55] that allows

contaminants introduced into hydrogen during pipeline transport, includingoperators to trade on a global market the carbon allowance that they have

hydrocarbons such as methane and propane, aromatic compounds likeceived for their activity. Some countries, like Denmark, also have an

benzene and toluene, sulfur species from microbial activity, and odorantadditional carbon tax. In this study, a carbon tax mechanism is implemented

used in natural gas distribution systems. Additional contaminants sucho discourage the use of natural gas in the energy supply. The carbon price

as ammonia, halogenated compounds, and water vapor may originateajectory follows the values from the Announced Pledges Scenario in the

from legacy town gas operations or be introduced during leak testingEA's latest World Energy Outlook [56], ranging frog80 per ton of CO2

and pipeline standstill periods. The level of contamination increases withn 2025 to;200 per ton by 2050, see Table 5. Unlike the standard Balmorel

the age of the pipeline and during periods of no ow, when desorptionframework, which attributes emissions at the point of energy conversion,

from pipe walls and sediment can release additional impurities into thethis model accounts for CO2 emissions directly at the point of natural gas

hydrogen stream. Contaminants such as ammonia and sulfur compoundgection into the grid, see Figure 5. This approach is adopted to re ect the

are particularly damaging to fuel cells, leading to performance degradatiomssumption that natural gas and biomethane are indistinguishably blended

and catalyst poisoning. Even newer pipelines have shown contaminatioand can be used interchangeably in generation technologies. Consequently,

levels that challenge compliance with high-purity standards. These ndingsmissions are assigned upstream, with each MWh of natural gas injected

suggest that repurposed infrastructure is generally suitable for hydrogeimto the grid assumed to emit 0,198 tons of CO2.

combustion applications but not for uses requiring high-purity hydrogen

unless additional puri cation steps are implemented. It is also important to

stress that a lower hydrogen quality might require the repurposed pipeline

to be operated with more care (reduction of hydrogen ow), and therefore,

the retained capacity might decrease even more. For the purpose of this

study, these aspects will be ignored; the hydrogen will be considered pure.

To assess the potential for repurposing natural gas infrastructure for
hydrogen transport, the model allows the refurbishment of existing cross-
border natural gas interconnections. It has been established that converting
natural gas pipelines to hydrogen typically reduces transport capacity.
However, some projects are planning to increase capacity through the
installation of additional compressor stations and operational upgrades. Figure 5: Carbon counting in the model
For instance, a planned pipeline between Germany and Denmark partly
based on repurposed infrastructure is expected to deliver between 2,5and ~ When producing hydrogen via steam methane reforming (SMR) com-
8,6 GW, depending on the extent of compression installed, as indicated ihined with carbon capture and storage (CCS), it is assumed that 90% of
recent pre-feasibility studies [54]. Moreover, examples such as the TAGhe CO2 emissions of the methane used can be captured. In the model,
pipelines in Austria show that unidirectional pipelines can be converted tdhis is operationalized through a bu er process: when natural gas enters
bidirectional operation by upgrading metering systems, control logic, andhe system, its associated CO2 emissions are accounted for immediately.
block valve con gurations. Despite these possibilities, the present studyVhen used, a portion of these emissions is then transferred to the SMR-CCS
adopts simpli ed assumptions: repurposing a pipeline results in a xed 80%process to re ect the e ect of carbon capture. This setup ensures that the
reduction in transport capacity, does not change the directionality of thecaptured emissions reduce the net carbon footprint of blue hydrogen. The
pipeline, and refurbishment costs are estimated at 20% of the investmengapture mechanism is not spatially detailed i.e. the model does not specify
costs of new hydrogen pipelines, see Table 2. These values are in the sartfee destination or storage site of the captured CO2 but accounts for the

order of magnitude as the one used in the EHB [30]. main energetic and economic implications. Speci cally, CO2 compression
is modeled using an electricity consumption of 0.371 MWh per ton of
2.4.3. Integer Approximation Method CO2 captured based on Simon Andersen [57], and a at cog#0fper

Since the infrastructure is represented at an aggregated level, Witk oy Agency estimates [58]. The e ective cost of carbon emissions is
transmission capacities de ned between countries rather than at the level o rjveq from the balance of in ows and out ows in the bu er process
individual pipelines. It presents a challenge when dealing with bidirectionale 4 ating both the emissions of natural gas use and the emissions avoided
links. To ensure physical consistency, the share of capacity refurbished if}, o, producing blue hydrogen.

gn captured is applied for transport and storage, consistent with Danish
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Table 3
Scenarios Hypothesis

Methane and Hydrogen Demand Biomethane Import Potentials Natural Gas Price Carbon Price
Base Fix demand Full potential All potentials High (IEA-STEPS) Middle (IEA-APS)
Gas Lock Fix Demand Half potential New NG Import Middle (IEA-APS) Low (IEA-STEPS)
Self-Su ciency Methane™ Hydrogen Full potential No import by 2050 Low (IEA-NEZ) High (IEA-NEZ)
2.6. Demand and Prices wind. They are illustrated in Appendix Figure 18, Figure 19, and Figure 20.

While methane is utilized for electricity and heat generation, as well These potentials are based on gures from the TYNDP 2024 [36]. They
as for grey and blue hydrogen production within the system, the majoritynave been given by TSOs and are subject to public consultation. As such,
of its consumption stems from exogenously de ned energy demand. Fothey re ect politically endorsed targets rather than theoretical maxima
the base year 2025, methane demand is derived from 2024 natural gggund elsewhere in the literature, particularly in the case of solar PV, where
consumption data reported by the IEA [59], excluding volumes used forinstallation potential is typically much higher, e.g. in Neumann et al. [33].
electricity generation and grey hydrogen production as reported by thd his choice of potential will later be shown to strongly in uence the results
European Hydrogen Observafory [60]. Biomethane production given byof the study.
the European Biogas Association [61] in 2023 is added to this baseline.

Future projections follow the TYNDP 2024 scenarios: the National Trends S .
scenario for 2030, and the Distributed Energy scenario for 2040 and 20503 Scenarios
Methane used for electricity, heat, and blue hydrogen productionis excluded = The goal with the di erent scenarios used in this study is to examine
from these projections, as it is endogenously determined in the Balmoreahe in uence of di erent gas sourcing strategies on the development of
and OptiFlow models. Methane demand decreases from 3.000 TWh in 2028ydrogen production and transmission in Pan-Europe. They will help us
t0 1.880 TWhin 2050, a 37% reduction. Finally, methane demand is varyingdentify the e ects of di erent natural gas infrastructure con gurations. A
seasonally according to 2024 trend. sum up of the di erent hypotheses can be found in Table 3. Natural gas and
carbon prices vary in the di erent scenarios, according to Table 5.

Hydrogen demand is also exogenously speci ed, starting from 2023
production levels reported by the European Hydrogen Observatory [GO\L) 1. Base Scenario
and increasing based on TYNDP [36] projections. These include nal™ ™ . . S .
hydrogen demand and use in liquid fuels, excluding power generation and . A balanced transition leveraging existing infrastructure while fos-
methanation processes from the scope of this study. Hydrogen demarf8fing green alternatives. The Base scenario envisions a Pan-European
grows from 264 TWh in 2025 to 2.040 TWh in 2050, a 727% increase.€Nergy system that maintains its reliance on existing natural gas imports,
Overall, the combined exogenous energy demand of methane and hydrog@articularly from Russia via the TurkStream pipeline, without expanding
increases by over 600 TWh. It should be noted that TYNDP projections ardurther fossil infrastructure. It assumes a steady transition toward hydrogen
relatively high compared to other studies. For example, IEA in the World@S & primary energy carrier, supported by increasing carbon prices to
Energy Outlook 2024 [56], estimates EU's total natural gas consumption tdncentivize low-carbon technologies such as biomethane production and
be 1.700 TWh under STEPS scenario and below 600 TWh in APS scenaridlreéen electrolysis. Natural gas prices remain high throughout the time
Kountouris et al. [32] considers a total hydrogen demand around 1.750 TWHROrizon, re ecting limited new supply and continued dependency on ex-
in 2050. The values given by ENTSOG are therefore estimates of a highternal producers. This scenario serves as a reference pathway for evaluating
energy consumption society. The importance of methane and hydrogeflternative strategic directions.
demand on the model behaviour will be further studied later in the report.

3.2. Gas Lock Scenario

Table 4 y A fossg—'f_uele_lthact;h dlr_ivelr(1 by expanded infrastrlfjcture arr:d Iolgv
; ; climate ambition. The Gas Lock scenario represents a future where Europe
Demands [TWh] and pricegMWh] hypothesis reinforces its dependence on natural gas through major infrastructure ex-
2025 2030 2040 2050 Pansions in the South-East. New pipeline projects such as the Ea String and
Poseidon pipelines are being constructed, alongside increased capacities in
Methane 3.015 3.010 1.766 1.883 the TAP and EastMed corridors, while 200 GW of Russian gas capacity
Hydrogen 262 509 1.641 2.041 is being reactivated via Ukraine to Slovakia. These developments drive

natural gas prices down due to ample supply, and the carbon price remains

B\? PIVOdUCt'O” /mport 32%6;9 28'?19 33'}19 33,63 0w, reducing economic pressure to decarbonize. As a result, investment
Bi G mhport Producti 5%4 94 5372 29 5978 80 5%?%0 in biomethane is disincentivized, and its available potential is halved com-

iomethane Production ' ; : SV pared to the Base scenario. Europe becomes structurally locked into natural
H, Import ) 37,01 21,13 20,93 gas consumption, delaying the adoption of renewable gas alternatives.

EachSourceprocess included in the model is associated with a speci ¢ 3.3, Self-Su ciency Scenario

energy cost. Natural gas extraction and pipeline imports are assumedto have 5 gyrategic break from fossil dependence in pursuit of European
identical prices. The cost for 2025 is based on the historical 2024 PriCeqtonomy. T%e Self-Su ciency scengrio explorespa trajectory inpwhich
aSnGd f_LIJ_thu_re yealrts are taken f“f)’g tRAeV\IIEA Vg%rzl‘é En%r]gy ?.Utrl“t)%k estimates5pe eliminates its reliance on external energy imports by 2050. Russian
[56]. This results in a price of 33/ In 20zo, with & Slight decrease  5q imports via TurkStream are fully phased out by 2030, and all pipeline
by 2030, before returning to similar levels in 2050. Lique ed Natural Gas 34 | NG imports of natural gas are progressively reduced, down to 75%
(LNG) imports incur an additional cost of 25 /MWh compared to pipeline ¢ o Base level in 2030, 25% in 2040, and zero by 2050. Hydrogen

technology-speci ¢ costs for anaerobic digestion and thermal gasi cationinena| exibility. Although natural gas prices are assumed to be low due

as reported in the Danish Technology Catalogue [44], weighted by thg, oyciusive domestic production, high carbon prices support the uptake
technology shares in the total biomethane potential de ned by Guidehousg |o,y-carhon gases, enabling a transition aligned with climate goals and
[17]. This results in a decreasing cost trajectory fromg/MWh in 2025 to £neray sovereignty. !

68 ¢/MWh in 2050. Hydrogen import prices are based on values provide
in the TYNDP 2024 [36], decreasing from an average cost of/8fWh Table 5

in 2030 to 21¢/MWh in 2050. Importantly, these cost assumptions exclude Nagyral Gas {/MWh] (on top) and carbon priceg/ton] (at the bottom) in
carbon pricing, which explains the persistently higher cost of biomethangne scenarios

relative to natural gas, despite its continued utilization in the model results,
Finally, natural gas prices are varying seasonally according to 2024 trendscenarios 2025 2030 2040 2050
All commodity demands and prices are summed up in Table 4.

Base 32,69 28,39 33,19 33,63
2.7. Renewable potentials 81 135 175 200
To meet the projected hydrogen demand of 2.000 TWh in 2050, aGas Lock 32,69 26,20 22,17 22,71
substantial deployment of electrolysis capacity is required, which in turn 81 140 149 158
necessitates a signi cant expansion of renewable electricity generation. For ]
each country considered, we de ne a renewable potential i.e., a maximum Self-Su ciency 35’69 112(’)22 21075‘)91 21570’47

installable capacity. The aggregated potentials across all countries amount
t0 2.172 GW for PV, 1.208 GW for onshore wind, and 811 GW for o shore
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(a) Infrastructure without repurposing (b) Infrastructure with repurposing
Figure 6: Comparison of the hydrogen infrastructure in 2050 in the base case with and without repurposing. Repurposed in green, invested in red.

4. Results repurposed pipelines are also visualized in green on Figure 6b. The results
. . ) . __show that the majority of repurposed pipelines are located in Western,

In this section will be analyzed the results of the di erent scenarios central, and Eastern Europe, and correspond to some of the largest existing
and the impact of repurposing on the hydrogen infrastructure developmenipelines in terms of capacity. Notable examples of large repurposed
A comparison to existing literature and some sensitivity analysis will bepipelines include the VIP PIRINEOS corridor between France and Spain,

conducted in the next section. where two bidirectional pipelines are converted by 2030, reducing their
combined natural gas capacity from 4,67 to 3,74 GW for hydrogen transport.
4.1. Repurposed and Invested Hydrogen Infrastructure Similarly, in eastern Germany, the major unidirectional EUGAL pipeline

Allowing existing natural gas pipelines to be repurposed signi cantly 1S "epurposed by 2050, transitioning from a natural gas capacity of 32,85
in uences the development of the hydrogen transmission network in Eu-GW t0 26,28 GW for hydrogen transmission. A consequence is that certain
rope. Figure 6 represents the mid-century hydrogen network in the basgountries will no longer be connected via the gas network, as key corridors
scenario, with and without the possibility of repurposing the natural gasa'e reallocated to hydrogen transport, for example, France and Spain.
pipeline. When the model is constrained to rely solely on new investments, N parallel, most new investments in hydrogen pipelines (55 TWkm)
the resulting hydrogen network capacity reaches 85 TWkm. In contrastd/€ concentrated in the Nordic countries, re ecting the need to connect re-
enabling the repurposing of decommissioned gas pipelines increases t{#ONs with high renewable-based hydrogen production to the main demand
total transmission capacity to 130 TWkm, representing a 55% increase Genters in Western and Central Europe. This north-to-south transmission
the installed quantities. This expansion is particularly pronounced betweeRYnamic will be explored in further detail in the following sections.

2030 and 2040, during which the network more than doubles in size within . . .

a decade. This also accelerates development of the infrastructure as 2040 The results demonstrate the strong cost-e ciency potential of infras-
capacity in the repurposing case is similar to 2050 capacity without repurtfucture reuse under the assumption that repurposing costs amount to only
posing, see Appendix Table 21. Notably, repurposed pipelines account fof0% of the original CAPEX. As shown in Table 6, repurposed pipelines
approximately 60% of the total installed capacity (75 TWkm), substantially"ePresent only a small share of the total CAPEXv yet their impact on re-
reducing the need for new hydrogen pipeline projects. This suggests th&cing system costs is signi cant. Despite a 55% increase in total hydrogen
refurbishment can leverage the rapid and extensive development of thisansmission capacity, the total transmission investment cost decreases by

hydrogen infrastructure. 5%. On average, the unit cost of hydrogen transmission is more than halved
compared to a scenario relying solely on new infrastructure. However,
Table 6 the magnitude of these savings is directly tied to the assumed cost of
European hydrogen infrastructure cost and capacity in 2050 repurposing, a parameter whose uncertainty will be further examined in
the discussion section. This important decrease in investment costs is also
Scenarios Pipeline Type Capacity CAPEX Average CAPEX responsible for the installation of greater transmission capacity between
[TWkm] " [M¢] [M &/ TWKm] regions. For instance, while a newly built 4,28 GW pipeline between
Germany and Austria would require an investment of approximately 1.473
Base Invested 85 92.466  1.088 million euros, the use of repurposed pipelines allows for 11,75 GW of
N capacity at a reduced cost of only 765 million euros.
Base W Rep gg;ﬁtr%%sed 5755 4191‘801109 . Additionally, this cost e ciency not only increases the total installed
" Total 130 60.829 468 capacity but also alters the optimal routing of hydrogen ows. When

large existing pipelines are available for refurbishment, the model prefers
. . . .. alternative paths. A clear example is observed in the routing between
As explained in the methodology, the model allows for identifying Bulgaria and Croatia: rather than investing in a direct connection through

speci ¢ repurposing opportunities by generating a detailed list of pipelinesserbia, the model opts to reroute hydrogen via Serbia and Hungary, taking
selected for conversion, see Appendix Table 22 and Table 23. These
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Figure 7: Methane and Hydrogen production and ows in Europe in 2050 in the base case. Flows in red, NG import in grey and blue, H2 import in purple.

advantage of repurposed capacity between these two countries. Finallpathway in later years.

the unidirectional assumption applied to repurposed pipelines introduces

speci ¢ design constraints. As a result, the model often complements large  Importantly, producing over 25% of hydrogen via steam methane

repurposed corridors with smaller newly built bi-directional pipelines to reforming with carbon capture has signi cant implications for the use of

allow limited reverse ow when necessary. This is notably observed atcarbon storage capacity in Europe. While the model accounts for the cost

the France Belgium border, where a small investment is made next to thef the carbon capture process, it does not include constraints related to

repurposed Alveringem pipeline to enable occasional reverse ows. the availability of geological storage, as outlined in the methodology. This

simpli cation omits a key factor that could in uence both the location and

Unlike conventional models, which often treat gas as a usable fuekxtent of hydrogen production. At its peak in 2040, the annual amount

with a xed cost per region, this framework explicitly accounts for the of CO2 requiring storage reaches 156 million tons in the base case, 218

infrastructure and spatial constraints of both carriers. As the model comillion tons in the GL scenario, and 135 million tons in the SS scenario.

optimizes gas and hydrogen, it not only considers cost but also the routinghese levels are considerable considering that the total quantities of CO2

availability of resources to ensure supply at the point of consumption. Inthat would need to be captured to reach net zero in 2050 are located

other words, as repurposing natural gas pipelines for hydrogen reducdsetween 200 and 600 million tons annually according to some studies [63].

methane transmission capacity between regions, the model needs to ensiiénile such volumes may be technically feasible, they highlight the need

that there is enough capacity to bring methane to consumption nodes. Therfsr coordinated infrastructure deployment and suggest that incorporating

fore, there is always a trade-o between important hydrogen developmenstorage constraints in future modeling could meaningfully alter hydrogen

cost savings and natural gas network conservation. The impact that methapeoduction strategies.

demand ful lling has on repurposing possibilities will be discussed in the

following parts. Finally, the overall impact of repurposing on gas sourcing

and hydrogen supply remains limited at the system level, see Appendix

Figure 21, Figure 22, and Figure 23. It should be assessed locally to capture

regional trade-o s. From now on, scenarios will always be considered with

repurposing. The Base scenario corresponds to the Base with repurposing

from the previous part.

4.2. Methane and Hydrogen Supply

Hydrogen production is directly in uenced by natural gas availability,
leading to signi cant di erences across scenarios. In the base case, 502
TWh of hydrogen is produced via steam methane reforming with carbon
capture in 2050. As seen in Figure 8, this amount increases to 824 TWh
in the Gas Lock (GL) scenario, where cheap imported gas is widely
available, and drops to 262 TWh in the Self Su ciency (SS) scenario.
These shifts in hydrogen production have a direct impact on the induced
gas consumption: the GL scenario sees an increase of 460 TWh, while the
SS scenario leads to a reduction of 343 TWh. Additionally, in 2050, the
SS scenario requires a sharp increase of 600 TWh in hydrogen production
to replace methane demand, an increase of 30% compared to the base
case. This shows that Europe can't achieve self-su ciency on such a high
methane supply without a higher shift to hydrogen-consuming processes.
Finally, hydrogen production via steam methane reforming peaks in 2040
across all scenarios. This trend is both driven by an important increase in Figure 8: Hydrogen Production in the scenarios
hydrogen demand between 2030 and 2040 and by the rising cost of carbon, ] . .
which progressively reduces the economic attractiveness of this production  Beyond steam reforming, hydrogen supply in the model relies on
imports from outside Europe and on domestic electrolysis. All countries
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(a) Methane Sourcing (b) Electricity Production
Figure 9: Methane Supply and Electricity Generation in the scenarios

fully exploit the hydrogen import potential de ned in the methodology, As hydrogen use expands particularly from variable renewable-based
driven by low import costs and the absence of additional infrastructureelectrolysis storage becomes essential to balance the mismatch between
requirements for direct consumption. In both the base and GL scenariosntermittent supply and relatively constant demand throughout the year.
imports account for approximately 15% of total hydrogen demand. To meefround 61 TWh of storage capacity is installed in the Base scenario,
the remaining demand, large-scale deployment of electrolysis is necessamyell below Europe's total geological potential. This capacity slightly
Total electrolysis capacity must exceed 60 GW by 2030 and 350 GW indecreases to 48 TWh in the GL scenario, re ecting the lower share of green
2050, with the most rapid growth occurring between 2030 and 2040, whetydrogen, and more than doubles in the SS scenario, reaching 137 TWh
capacity must be quadrupled. While the GL scenario shows a 20% loweto accommodate the high reliance on domestic electrolysis. The model
investment needs, the SS scenario demands much higher capacity: 100 Ghdjderates storage with an average of 8 full cycles per year, see Appendix
by 2030 and over 700 GW by 2050, doubling the base case level. As showRigure 27.
in Appendix Figure 24, PEM electrolysers dominate the installed capacity
(90%) due to their favorable cost and e ciency pro le, while AEC covers The di erence in renewable electricity generation capacity is having an
the remaining 10%. Despite its high e ciency, SOEC does not achieveimportant impact on total annualized investment costs, shown in Figure 10.
signi cant penetration, likely due to its higher capital costs. Electricity generation costs go from 46@/pear in the GL scenario to 501
b¢/year in the Base scenario and 592year in the SS scenario. Investment
This massive electrolyzer roll-out is accompanied by large-scale rein hydrogen production and storage technologies represents the second
newable energy deployment: over 25 years, the system must integrate 1.50@0st important cost component related to the development of the hydrogen
GW of new solar PV, 200 GW of new o shore wind turbines, and 700 infrastructure. In the Base scenario, the annualized costs represent 140
GW of new onshore wind turbines, see Appendix Figure 25. Consequentlyb¢/year, 123 p/year in the GL scenario, and 22%/gear in the SS scenario.
total electricity consumption rises to 7.300 TWh by 2050, with 1.900 TWh Finally, hydrogen transmission pipeline investments are doubled from 8
(25%) allocated to electrolysis. In the Gas Lock scenario, the total electricityp¢/year in the Base scenario to 1¢/fear in the SS scenario, indicating a
production is 5% lower, reducing the need for green electricity installedhigher demand for inter-regional hydrogen transport infrastructure that will
capacities. In the SS scenario, these gures rise even further, see Figure 3ie detailed in the next part. In general, the SS scenario is 28%
(1.750 GW of PV, 375 GW of o shore wind turbines, and 930 GW of more expensive than the Base scenario (6ggdar). On the other side, the
onshore wind turbines), with total electricity generation reaching 9.000GL scenario is 8% (612fyear) less expensive.
TWh, of which 3.576 TWh is used for hydrogen production. In conclusion,
being able to ful Il the hydrogen consumption requires multiplying, in 25 Changes in hydrogen production alone do not fully explain the vari-
years, the amount of renewable capacity by 5 in the Base case and by 6 ations in gas consumption, see Figure 9a. In GL, total gas use rises
the Self-Su ciency case. Even with access to a higher amount of cheapby 710 TWh (+23%), implying that an additional 250 TWh is used for
natural gas, like in the GL scenario, the required renewable installatiorelectricity generation. Conversely, in SS, gas consumption drops by 1.176
would still be equal to 4,6 times the current installation level. This stresseS'Wh ( 39%), with electricity production from gas decreasing by 233 TWh.
the important structural change that a shift from methane consumption té\ detailed breakdown of electricity generation by fuel type is provided
hydrogen consumption induces on the European power system. in Figure 9b. The total amount of natural gas used in the system varies
signi cantly across scenarios, largely due to di erences in gas availability
at Europe's borders. The model favors pipeline imports over LNG or
alternative energy carriers whenever possible, due to their lower associated
costs. However, the scenarios highlight the importance of natural gas and
carbon prices in the choice of energy carriers. While Biomethane potential
is fully utilized in the Base scenario, in GL, the model prefers to use LNG
gas import before using the full available biomethane potential because of
lower natural gas prices. The situation is di erent in the SS scenario, where
all domestic natural gas production is used before transforming part of the
demand into hydrogen demand. Table 7 details that the Base scenario is
the one with the highest sourcing cost, while in GL, even if there is a 23%
increase in gas consumption, the overall gas sourcing cost decreases by 10%.
Although increased gas sourcing options reduce the average cost of
methane supply and, more generally, the cost of the system, this does
not imply a more favorable situation for Europe. From 2025, exogenous
methane demand will drop by 37% in both the Base and GL scenarios,
and by 57% in the Self Su ciency (SS) scenario. However, total methane
consumption only falls by 22% in the Base case and 52% in SS. In the GL
scenario, the reduction is minimal just 4% due to sustained use of gas
for electricity and hydrogen production. From a dependency perspective,
Europe's domestic production covers 53% of methane consumption in 2025.
While this share increases slightly to 61% in the Base case, it declines
sharply in the GL scenario to only 35%, re ecting increased reliance on
external imports. These ndings underscore that reducing dependence on
Figure 10: Annualized investment costs in the scenarios natural gas imports requires more than favorable gas and carbon prices it
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(a) Gas Lock (b) Self-Su ciency
Figure 11: Hydrogen infrastructure in 2050 in the Self-Su ciency and Gas Lock scenarios. Repurposed pipelines in green, invested pipelines in red.

also depends on limiting access to external supply routes. If Europe decides3. Energy Transport and Regional Discrepancies

to pursue the development of the natural gas infrastructure, it will increase  Changes in methane sourcing across scenarios result in distinct shifts
the risk of being locked into a higher dependency on other countriesin gas ow patterns. In both the Base and Gas Lock (GL) scenarios, major
Achieving the European Commission's strategic objective of reducingtransmission routes remain similar, see Figure 7 and Appendix Figure 29.
energy dependency from outside the EU will therefore necessitate activelyorwegian natural gas is exported primarily to Great Britain and West-
phasing out methane imports in parallel with decarbonization e orts. ern Europe through existing o shore pipelines, while Western Europe's
Table 7 remdainit_ng dFmgndtis metdb)é LI\{GIiEports and subst?ntial fbiom_e]_thine
. . roduction. In Eastern and Central Europe, gas pipelines from Turke
Methane sourcing costs in 2050 gnd Russia landing in Greece and Bulgarig foI?ow tevg primary corridors:y
one through Romania, Hungary, Austria, and the Czech Republic; the

Scenarios Source [T\?Vla?nti?M i}ourcing C(Eij%\\;ﬁEage CoStyther via the Balkan countries into Croatia and Austria. Italy receives
gas through pipelines from Greece and North Africa, supplemented by
NG Production 815 25.162 LNG imports, while the Iberian Peninsula combines pipeline imports with
NG Import 718 22.150 domestic biomethane production. In the GL scenario, three key changes
Base LNG Import 466 22.032 44,12 occur. First, Russian gas routed through Slovakia reduces reliance on ows
Biomethane 1.044 64.947 from Bulgaria, shortening transmission ows. Second, LNG imports in
- Western Europe increase, decreasing the need for Norwegian gas, which
NG Production 821 17.094 is then redirected to hydrogen production. These shifts contribute to a
Gas Lock NG Import 1169  24.352 32.28 14% reduction in total methane ow compared to the Base case. Third,
E’%%LT}%C’J; 15-%36 43f31-0£777 expanded gas imports via Greece support Italian demand, compensating for
I - lower biomethane output. In contrast, the SS scenario imposes strict supply
NG Production 821 13.149 limitations, with gas entering only via Norway. As a result, total methane

ows drop by 50% compared to the Base case, see Table 8, and only Western

_ European pipelines remain signi cantly active. One would expect that with

1.044 64.928 the increase in gas usage would come the increase in gas ows and the

’ : diminution of repurposing opportunities for hydrogen transport. However,

. L ) ) the results of the GL scenario exhibit the opposite trend, see Table 8. This
Finally, the rise in natural gas consumption also has direct consecan only be explained by looking at regional discrepancies in energy supply.

quences on carbon emissions, raising concerns about the adequacy of

current carbon pricing in meeting the EU's 2050 carbon neutrality target.Table 8

In 2050, emissions from natural gas use reach 268 million tons of CO2 irHydrogen infrastructure capacity and ows. Methane ows in 2050.

the Base case, 96 million tons in the SS scenario, and as high as 425 million

NG Import - -
LNG Import - 41,89
Biomethane

Self-Su ciency

tons in the GL scenario. Compared to 2025 levels of 766 million tons, thisScenarios Capacity Hydrogen ow Methane ow
represents a 88% reduction in SS, but only 65% and 45% in the Base and [TWkm] [TWh] [Twh]

GL scenarios, respectively even under the optimistic assumption that all 130 814 1.439
captured CO2 from steam reforming is successfully stored. These resul aseL " a7 842 1238
emphasize the climatic bene t of pursuing self-su ciency and reducing al? SOC - 246 1.414 782

reliance on imported natural gas, not only for energy security but also mSe “u ciency :

meet long-term decarbonization goals. ) ) ) ) )
It is particularly relevant to examine the regional constraints and op-

portunities that shape the model's infrastructure decisions. Figure 11 shows
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Figure 12: Hydrogen production at country level per regions in 2050 in the scenarios. From left to right and top to bottom, North Europe, West Europe,
South Europe, and East Europe.

infrastructure con gurations including repurposed and newly invested export gas from Norway and then transform it close to consumption points
pipelines for the Gas Lock and Self Su ciency scenarios. Methane and than having to invest in expensive hydrogen transport in the North Sea.
hydrogen ows are shown in Figure 7 for the Base case and in Appendix
Figure 28 and Figure 29 for the other scenarios. Additionally, the resulting ~ Western Europe presents a diverse picture across countries and scenar-
natural gas infrastructure after repurposing is available for all scenariogos. Germany and France consistently rank as the rst and second largest
in Appendix Figure 30 and Figure 31. Finally, a regional overview of the hydrogen producers, respectively, across all cases. Both rely heavily on
hydrogen production in the di erent scenarios is shown in Figure 12. their substantial renewable energy potentials, with Germany additionally
making extensive use of blue hydrogen through the steam reforming of
In all three scenarios, Northern Europe emerges as a major exporter dorwegian natural gas. France acts as a clear net exporter of hydrogen in
hydrogen, primarily through three corridors: from Finland through Swedenall scenarios, although this surplus is reduced in the GL scenario due to
and Denmark, from Finland via the Baltic countries, and from Norway increased hydrogen availability in other regions. Interestingly, Germany
toward Western Europe. These export ows rely largely on new hydrogenbecomes a net exporter in the SS scenario, driven by high hydrogen
infrastructure, as the natural gas network in the region is limited anddemand in Central and Southern Europe, requiring a near doubling of
only marginally repurposed. The key exceptions are in Denmark, wheréts renewable exploitation. Other Western European countries exhibit
the Great Belt pipelines and connections to Germany are repurposed tearying roles: Belgium consistently import hydrogen, relying on ammoniac
support hydrogen transport. Hydrogen production in Finland and Swedeimport in the Base and GL that is replace by hydrogen from neighbors
is predominantly based on green electrolysis, leveraging the region'sn SS; the Netherlands reduces its hydrogen imports in SS by ramping
abundant renewable resources. Finland, in particular, becomes the thirdp domestic green production and even becomes an exporter; and Great
largest hydrogen producer in Europe under the SS scenario, where tHgritain shifts from relying on natural gas-based hydrogen in the Base
limited availability of natural gas in southern Europe ampli es the role of and GL cases to green hydrogen production and export under SS, when
Nordic countries in supplying green hydrogen. In contrast, the GL scenari@as imports are constrained. In terms of infrastructure, a large portion of
shifts some production toward the South, reducing both the volume an@xisting pipelines in Western Europe is repurposed, yet much of the gas
the strategic importance of hydrogen ows from the North. Denmark andinterconnections remain operational in both GL and SS due to the region's
Norway, where Norwegian natural gas remains available and inexpensivelense infrastructure. Moreover, with the exception of the Dutch-Belgian
focus on blue hydrogen production. Denmark reaches up to 45 TWh ofnterconnection and the interconnection of North-East Germany and East
blue hydrogen by 2050 in the Base case, increasing to 61 TWh in GLGermany, the hydrogen network mostly consists of repurposed pipelines.
but falling to 36 TWh in SS, while Norway's blue hydrogen production This suggests that repurposing options are not limited by the amount of
expands in the SS scenario. It is interesting to note that the model sees aatural gas that ows in the network. The GL scenario includes additional
interest in part of the Norwegian natural gas to be transformed into blueepurposing, such as the EWA pipeline from North West Germany to the
hydrogen in Denmark, while this possibility is not part of the public debate. Ruhr region, while SS sees slightly more repurposing alongside increased
Indeed, Denmark is only targeting the installation of green electrolysisinvestment in new pipelines. This consistent pattern re ects the strategic
capacities (between 4 to 6 GW in 2030), helped by the development ofalue of maintaining gas transport from Norway while gradually converting
extensive o shore capacities. This di erence could be explained by the poorkey corridors for hydrogen, suggesting a preference for repurposing high-
representation of the o shore development and the opportunities createdapacity gas infrastructure before investing in new assets.
by the representation of the gas transmission capacity between Norway
and Denmark. It is more interesting to use existing natural gas pipelines to
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South and East Europe are the regions most sensitive to changes in The important increase of electrolysis capacities (x500 in 25 years)
natural gas availability, which strongly shapes their hydrogen productiorrequires a substantial buildout of renewables. By 2050, this study and Koun-
and consumption strategies. Countries with direct access to natural gdeuris et al. [32] projects di erent installation levels: 1.500 against 2.284
import pipelines such as Bulgaria and Greece are heavy hydrogen pro- GW of solar PV, 700 against 570 GW of onshore wind, and 200 against 150
ducers via steam methane reforming with carbon capture. In both the BasBW of o shore wind. The main di erence is that an important part of the
and especially the GL scenarios, these countries become key hydrogesolar PV is decreased, and that onshore and o shore wind gain importance
exporters, supplying Central Europe and Italy through multiple corridors.in this study. Neumann et al. [33] report signi cantly higher total capacities
This export activity increases the strategic value of repurposing pipeline®.666 3.598 GW of PV, 1.691 1.776 GW of onshore wind, and 206 245
along the route from Bulgaria through Romania, Serbia, Hungary, SlovakiaGW of o shore wind that does not even compare to the total capacities
and further into Austria, the Czech Republic, and Poland. Despite continuedbserved in the SS scenario (2.069 GW PV, 1.166 GW Onshore, 412
gas use, the reduction in overall gas demand allows the model to repurpog&W O shore). Besides di erences in hydrogen demand and electrolysis
a substantial portion of the network. Interestingly, in GL, the total length capacity, this major di erence in renewable exploitation can be explained
of repurposed pipelines increases compared to the Base scenario, with 189 their more optimistic potential assumptions, where nearly all non-urban,
TWkm out of 147 TWkm repurposed, representing a 68% share. This underon-protected land is considered available for renewable. Interestingly, this
lines the potential bene t of repurposing even under high gas consumptiompaper's renewable mix leans more heavily on wind, particularly o shore,
conditions. This increase is mostly due to the increasing number of pipelinedue to high potential in Northern Europe (e.g., Finland, Germany). This
repurposed on the corridor Germany-Austria-Slovakia and in South-Eastontrasts with the southern PV-centric approach in Kountouris et al. [32],
Europe. Because the gas import points are better distributed across all @fhich re ects di erent assumptions about spatial deployment that will be
Europe, the necessity to transport LNG gas from West to East Europe idetailed in the next parts.
decreasing, allowing more pipelines to be repurposed. Another key di erence is the amount of green hydrogen that is im-

However, in the SS scenario, most of Central, Eastern, and Southeagported from outside Europe. While this model results in a complete use of
ern Europe except Austria and Poland become net hydrogen importers hydrogen import potentials Kountouris et al. [32] foresees almost negligible
due to the loss of natural gas inputs. The export corridor from Southeasmports in 2030 and 100 TWh of hydrogen imported in 2050. The main
Europe is reversed, with hydrogen now owing from Western and Northerndi erence is that they have integrated a detailed representation of the
Europe to support local demand. For instance, Bulgaria, which producegroduction and transport costs, and the resulting LCOH is higher and ranges
up to 127 TWh of hydrogen in GL, sees its output fall to just 11 TWh from 60-45¢;//MWh in 2030 to 45-25;//MWh in 2050. In contrast, this
of green hydrogen in SS. This shift drives a signi cant expansion of thestudy only has a limited representation of the hydrogen import possibilities,
hydrogen network, which reaches 246 TWkm in SS, see Table 8. Yet, thand based on small sensitivities that were done on import price, it is only
share of repurposed pipelines drops to 46% (113 TWkm), re ecting thewhen the price is increased by 60% that the amount of hydrogen imported
directional limitations of legacy gas infrastructure, originally designed for decreases.
unidirectional ows from Southeastto Central Europe. Nonetheless, notable
repurposing occurs in the reverse direction from Germany to Austria and 5 5 Main Hydrogen Routes

from Poland to Slovakia. A key element di erentiating this study from others lies in the spatial

Furthermore, Italy, which in the Base and GL scenarios relied heavilycOn guration of hydrogen ows and the identi cation of key transport

on hydrogen importsyfrom North Africa, shifts its sourcing strategy inygo”'d‘?rs. across Europe. Kountouris et al. [32] and the EHB [30] identify
the SS scenario to draw hydrogen from France and Germany via Austrigou" distinct corridors for the transport of hydrogen towards important
This recon guration enables the repurposing of large pipelines, such a&entral Europe consumption: from Spain and France, Ireland and the UK,
the TAG pipeline in Austria, to deliver hydrogen to Southern Europe. ltly, and Southeastern Europe. Among these, only the Southeastern route is
Similarly, Spain despite increasing its domestic green hydrogen produc- consistent with the obtained results. However, this corridor is dominated by
tion becomes a major importer from France to replace the previous North Plue hydrogen production near methane import points, while their models
African supply, requiring signi cant new pipeline investments. Notably, '€y heavily on local green hydrogen production. A central modeling feature
in the SS scenario, Italy and Spain exhibit the most extensive conversioff'at Shapes this pattern is the inclusion of the natural gas grid. This enables
from methane to hydrogen demand. Italy's methane consumption drop geographically explicit optimization of blue hydrogen production, which

regional hydrogen integration and strategic repurposing of cross-bordefPPears flnohf? ﬁvenlyddist(ibuyedN It also eﬁ(plains why this study Sho‘]ﬁ"s
infrastructure. In conclusion, the con guration of hydrogen transport net-SI9n! cantly higher production in Norway, where an important amount o
works and the feasibility of repurposing gas pipelines are closely tied t atural gas can be transformed into blue hydrogen and exported via pipeline.

the geographic patterns of natural gas imports, which determine existing MiS IS in line with current development in Norway energy planning [37].
infrastructure capacity and ow directions. Other di erences are primarily explained by divergent assumptions on

the location of renewable potentials. For instance, Spain is assigned 300
GW of PV and 200 GW of onshore wind potential capacity in their study,

5. Discussion compared to 180 GW and 100 GW, respectively, here. Great Britain exhibits
a similar pattern with 275 GW PV in their case, versus only 82 GW in this
5.1. Hydrogen Production Strategies study. In those countries, this model fully exploits the available potential,

This study exhibits a substantial amount of blue hydrogen productionSuggesting that an upward revision of renewable availability would likely
While Kountouris et al. [32] blue hydrogen production levels align pretty Yield similar hydrogen export patterns as in the other studies. ltaly presents
well with these study results (700 TWh against 502 TWh in the base casé Slightly di erent case. Despite comparable renewable potentials between
and 250 TWh against 262 TWh in a high natural gas price sensitivity andh€ two studies, this model shows a higher hydrogen demand, reaching 100
SS scenario). Neumann et al. [33], in contrast, strongly prioritizes greed Wh, compared to only 60 70 TWh in theirs. As a result, Italy emerges
hydrogen, with only 78 TWh from SMR-CCS in constrained network cases.OTe as a consumer than an exporter in the scenarios. A sensitivity analysis
This study has the particularity of explicitly modeling the methane gasOn renewable potentials will be conducted to assess the validity of this
infrastructure and the dispatch of gas in Europe; therefore, the regiondyPothesis.
distribution of steam reforming with CCS is much more localized at .
natural gas entry points than in the two other studies that suggest an even  On another hand, the studies agree that France emerges as a ma-
distribution of blue hydrogen production in Europe. jor hydrogen exporter due to their infrastructure access and favorable
Electrolyzer deployment in this study is comparable to the one inProduction conditions. The EHB [30] also identi es wind-based green
Kountouris et al. [32]. With higher installed capacity in 2030: 60 Gw hydrogen production from Nordic countries owing via Denmark and the
(197 TWh) against 24 GW (73 TWh), the gap is decreasing in 2050:Baltic countries to be an important key to supply Europe with low-carbon-
350 GW (1.238 TWh) against 310 GW (989 TWh). However, the self- intensive hydrogen. Finally, Neumann et al. [33] highlights strong pipeline
su ciency scenarios show very di erent results: 700 GW (2.400 Twh) connections from Northwestern Europe wind-based hubs that have not been
against 518 GW (1.708 TWh) in 2050. This can be mainly explained by©XPlicitly represented in this study.
an extensive di erence in hydrogen demand, the SS scenario requiring an
important increase of 600 TWh in hydrogen production to replace methan&.3. Hydrogen Transport Infrastructure
demand (2.660 TWh against 1.750 TWh of total hydrogen production).  The transported hydrogen volumes in this study are signi cantly
On the other hand, Neumann et al. [33] hydrogen supply is dominated bjigher than those reported by Kountouris et al. [32] (814 TWh against
an important green hydrogen installation, between 937 GW (2.376 TWhli14 Twh) and expend as much as 1.414 TWh in the SS scenario. In
?l?dl 1.250 G¥V (2-355 Twh) Cjependlnglon the scenalaos. The do'lslc"eplan(?‘lis study, hydrogen production is less evenly distributed across countries,
lkely stems from di erences in sectoral coverage and assumed levels Ofegylting'in important geographic disparities. On one hand, some countries
Poyrgrcogfs?geﬁgﬁgg%éﬂTc\?ﬁ?éﬁ)ﬁbﬁf d?g?:](i)srss’tlﬁad(gl%éltha\llr\]/ hl)mgg:/tv% re becoming important exporters because of their important renewable
- : p Yy (.04 . otentials (e.g. Finland) or because they are located at natural gas entry
as in the amount of blue hydrogen produced, see the previous paragraphpoints (e.g. Norway, Greece). On the other hand, some countries are relying
solely on imports (e.g. Czech Republic, Belgium). The EHB [30] suggests
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(a) Sensitivities on methane demand (b) Sensitivities on hydrogen demand
Figure 13: Hydrogen production in di erent hydrogen and methane demand scenarios.

that the infrastructure would need to transport 330 TWh (half of the 10 Mt5.4. System Costs
REPowerEU production target [9]). However, those gures are notderived | this study, the total system cost in the base scenario reg6ités
from an optimization model, but rather based on prede ned consumptiomjjlion per year, increasing by 28% in the SS scenario (85§ear) and
and production nodes identi ed by TSOs. decreasing by 8% (612Jyear) in the GL scenario. The cost premium in
. . _ the SS scenario re ects the extensive reliance on domestic green hydrogen
This study estimates a total hydrogen network length of 27.000 km ingroduction, which requires large investments in renewable and electrolysis
2030, rising to 37.000 km in 2040 and 42,000 km in 2050 under the basgapacity. In contrast, Kountouris et al. [32] reports only a 3% increase
scenario, and up to 52.000 km in the SS scenario. These values are in ling total cost for a comparable self-su ciency scenario. This di erence
with the EHB's [30] projected 28.000 km by 2030 but fall short of their 2040 js |argely due to their omission of natural gas supply and distribution
estimate of 53.000 km. The discrepancy stems partly from methodologicatonstraints, which in this case induce higher system exibility requirements
di erences: while EHB uses a detailed spatial representation of pipelineand additional infrastructure needs. Neumann et al. [33] reports total
routing, this study represents interconnections as the distance betwe&jystem costs ranging frog733 to ¢805 billion per year, depending on
the two geographic centers of countries. This spatial abstraction mayetwork expansion options. These gures are broadly consistent with the
underrepresent actual pipeline length but can also overestimate distancgssults, with their values slightly higher in most cases. This is expected, as
of short interconnection pipelines. Additionally, EHB is using a more hejr scenarios incorporate higher total demand and rely more extensively
detailed geographical scope as it also represents the transport betwegR green hydrogen and electro-fuel production, both costlier than blue
regions within the same countries. Finally, when new pipeline investmentydrogen from natural gas. In the SS scenario, hydrogen production exceeds
is modeled, only inter-zonal capacity is represented, and this does not alloy’500 TWh, a level comparable to their model, and the corresponding
foridenti cation of a speci c number of pipelines without the use of integer system cost lies within the same range, supporting this interpretation.
variables, whereas repurposed pipelines are tracked explicitly, providing
more accurate length estimates. ) Regarding infrastructure investments, this study estimates hydrogen
Considering transport capacity, the total volume-distance produchipeline costs a:61 billion in the base casg59 billion in GL, and
ranges from 130 TWkm in the base case to 246 TWkm in the SS scenarig:140 billion in SS. These values are generally lower than those reported
These values are somewhat lower than those reported in the Ilteratung'y the European Hydrogen Backbone [30], which estimates total capital
Neumann et al. [33] observes 204 307 TWkm, while the EHB reports 309 expenditures 0§80 143 billion by 2040. Several factors explain this gap.
TWkm. This is likely due to the simpli ed spatial representation. First, EHB includes a more detailed spatial representation of the pipeline
) ) o . network, resulting in greater overall length. Second, their cost breakdown
Repurposing plays a key role in reducing infrastructure costs. In thisseparates pipelines and compression infrastructure, whereas in this model,
study, 58% of the hydrogen network in the base case is repurposed froffiese components are aggregated under a single transport cost gure. As

existing gas pipelines. This share rises to 68% in the GL scenario and fallg result, not accounting for additional compression needs might underesti-
to 46% In the SS case. These results closely align with the EHB [30]imate total investment.

which assumes a 60/40 split between repurposed and newly built pipelines.
Compared to Neumann et al. [33], who report 64 69% repurposing, the, .
results are consistent, although their modeling approach di ers: theygapply5-5- Energy Demands and Renewable Potentials
alinear allocation where partial repurposing is allowed, whereas this study _ The hypothesis for methane and hydrogen consumption of the TYNDP
selects complete pipelines, o ering a more discrete and operationally real2024 re ects a high overall energy demand across Europe. To study the
istic outcome. Interestingly, the model identi es an even stronger tendencynteraction of both markets, sensitivity analysis regarding methane and
toward repurposing when cheap gas is abundant. An explanation could beydrogen demand has been conducted. Methane demand has progressively
that reducing the dependency of Eastern Europe on Western natural g&ecreased (from -10% to -60%) and hydrogen demand has both decreased
imports could increase the potential for repurposing natural gas pipelinegnd increased (from -30% to +30%). It can be observed in Figure 13 that
connecting the two areas. the production of blue hydrogen is increasing from 502 TWh in the Base
Finally, several pipeline corridors identi ed in this study match those case to 819 TWh when the methane demand is decreased by 60%. While
proposed by the EHB [30], providing further validation. For instance, in the other sensitivity, the share of blue hydrogen in the total hydrogen
the TAG corridor in Austria, the EUGAL and Netherlands-Germany production isincreasing as the demand for hydrogen is increasing, from 19%
connections, the Great Belt and Jutland routes in Denmark, and thé269 TWh) when demand is decreased by 30% to 32% (849 TWh) when
Poland Lithuania and Spain Portugal links are all included in both frame- demand is increased by 30%. These results highlight the importance that
works. This convergence supports the robustness of the selected spatiie availability of cheap natural gas has on the hydrogen production mix.
optimization approach in identifying economically relevant retro tting Because of the uneven spatial distribution of the methane supply sources
options. As the model does not include intra-regional (within-country) in Europe, cheap natural gas supply in South Europe and in the North Sea,
pipeline infrastructure, it may identify cross-border interconnections asand expensive LNG supply mostly in Western Europe, the topology of the
candidates for repurposing without accounting for internal ow constraints. methane and hydrogen network is uctuating with the need for the import
This limitation can lead to technically infeasible repurposing suggestions, asf expensive LNG natural gas.
the domestic network may not support the required redirection or capacity ~With an increasing methane demand comes an increasing import of
of gas or hydrogen ows. For example, the small pipeline selected forLNG gas in Europe. Therefore, in a low methane consumption scenario,
repurposing between Italy and Switzerland is not connected to the maiithe gas corridors from South and South-East Europe are becoming more
transport infrastructure in Switzerland. important to export methane toward Central Europe, see Appendix Fig-
ure 34. In Appendix Figure 35, it can be observed that important methane
consumers like Germany and Spain are able to use more of the cheap
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imported natural gas for the production of blue hydrogen. Some countries  These results con rm that the model outcomes are highly sensitive
like France and Poland are even seeing an interest in using part of theto renewable potential assumptions. Constraining the model by prede ned
bio-methane production to convert it into hydrogen. The increasing interespotentials can limit the emergence of cost-optimal, integrated European
in blue hydrogen production is coming with a decreasing interest in thehydrogen strategies. This reinforces the need for coordinated, transnational
installation and ows of green hydrogen coming from Northern Europe, asplanning to unlock regional advantages and ensure a resilient, self-su cient
seen in Appendix Figure 33. Notably, this shift from green to blue hydrogenhydrogen supply system in Europe. However, it is also important to question
has only a minor impact on the repurposed hydrogen pipeline networkthe impact of such planning on the European distribution of renewable
Even with a 60% reduction in methane demand, the use of repurposeehergy capacities with regard to social acceptance.
infrastructure remains similar to the base case (72 TWkm vs. 75 TWkm
in the base case), and the spatial con guration of hydrogen ro_utes_remair?_e_ Repurposing of Natural Gas Pipelines
largely unchanged if we except a decrease in invested pipelines in Nort
Europe. This indicates that the amount of repurposing found in the base
case was not limited by the high methane demand given as a hypothesis to
the model.
A similar conclusion can be drawn based on the hydrogen demand
sensitivities. As the hydrogen demand grows, the system needs to use
more of the expensive LNG gas to cover both demand, see Appendix
Figure 39. However, it prioritizes pipeline-based natural gas over LNG for
the production of hydrogen. South-East European countries, with access to
pipeline gas, reduce exports of methane and increase hydrogen production
for export, see Appendix Figure 37, Figure 38, and Figure 40. From an
infrastructure perspective, the system adapts to hydrogen demand changes
with di erent pipeline requirements, see Appendix Figure 36. The scenario
with -30% demand requires 99 TWkm of pipelines (58 TWkm repurposed),
whereas the +30% scenario uses 160 TWkm of pipelines (86 TWkm
repurposed). Interestingly, the share of repurposed infrastructure increases
when the hydrogen demand decreases, showing the interest of repurposing
even in a low hydrogen demand scenario and the prioritization of reuse
over new builds, enabling a faster and more economical expansion of the
hydrogen network.

Figure 15: Hydrogen infrastructure in 2050 when linear repurposing is
allowed in the base scenario. Repurposed in green, invested in red.

Figure 14: Hydrogen production in di erent renewable potentials scenarios

; ; : : Table 9

Moreover, it has been identied that the allocation of renewable — P : )
potentials signi cantly in uences the siting of green hydrogen production E ects of pipeline approximation on hydrogen infrastructure in 2050
facilities and the resulting hydrogen transport routes in Europe. To assesS cnarios

Capacity Rep. Capacity Share Rep.

the robustness of the model under varying renewable availability, a sen- o

sitivity analysis was performed by scaling the total renewable potential [TWkm] [TWkm] (%]
allowed in the model from +10% to +60%. The objective was to investigateBase 130 75 57,69%
how increased exibility in siting renewable could a ect the deployment Base Linear 122 73 59,84%
of green hydrogen in terms of spatial distribution and technology mix.Gas Lock 147 100 68,03%
As seen in Figure 14, the most extreme scenario (+60%) led to a 10@5as Lock Linear 128 96 75,00%
TWh increase in green hydrogen production (from 1.238 to 1.344 TWh),Self Su ciency 246 113 45,93%
displacing an equivalent amount of blue hydrogen (from 502 to 396 TWh).Self Su ciency Linear 233 112 48,07%

This transition reduced methane consumption by 181 TWh, a 6% decrease.
primarily involving imported LNG, thus lowering European dependency . . .
on external gas supply. This shift was driven by increased production .  Gompared to the linear approach, the two-step integer method yields
from PV (from 1.825 o 1.912 TWh) and onshaore wind (from 945 to Slightly higher repurposing capacities as shown in Table 9. This indicates
1.178 TWh), accompanied by a reduction in o shore wind deployment that approximating the speci c pipelines is, on average, overestimating the
(from 240 to 144 TWh). Methane sourcing and electricity capacities can/@Purposed capacities. Nevertheless, this increase in repurposed capacity
be seen in Appendix Figure 42. The increase in renewable potentials {§0€S Not reduce the total need for new investments. On the contrary, in the
helping countries to increase their share of green hydrogen production (e.§2S€ case, the model requires 55 TWkm of new pipelines in the integer case,
Great Britain, Germany) and redistributing production to favorable regions! ompﬁreddt_o 49 TWkmiin tt}e ||neﬁr clase. . ; . .
notably Spain and Poland. Spain emerged as a major exporter, enabling the _1his di erence stems from the lowering of repurposing capacities
hydrogen corridor to Germany via France as identi ed by Kountouris et al. Ntroduced by the integer approximation on some speci ¢ interconnections.
[32] and the European Hydrogen Backbone [30], see Appendix Figure 41IN the rst case, if in the linear model, a repurposing share may be
Poland increased its renewable capacity by 54% (from 166 to 255 GW)3U cient to meet hydrogen transport needs. When mapping to discrete
becoming a key supplier to Central and Eastern Europe. This new spatidliPelines, those shares might be too small to justify selecting any pipeline
con guration prompted an expansion of the hydrogen transport networkior refurbishment. Consequently, the model has to invest in new infras-
to 148 TWkm, of which 63% (94 TWkm) consists of repurposed naturalifucture to meet demand, see Figure 15. This is observed, for instance, on
gas pipelines. Notable repurposing occurred at the German-Austrian anfffe British-Irish and Slovakian-Polish interconnections. In a second case,
Polish-Slovakian borders, underscoring the value of infrastructure reuse t8¥€N if speci ¢ pipeline repurposing is decided, the rounding down of
enable strategic hydrogen production in key regions. repurposing values can result in insu cient capacity to match hydrogen
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ow requirements, even where repurposing was initially planned. Thisg. Conclusion
then necessitates additional investments to meet the required capacity. An ) . . L .
example can be found for the 5 GW pipeline observed between Bulgaria [N this study the interactions between the existing natural gas infras-
and Serbia. tructure and the development of a large-scale hydrogen network in the
Despite these local adjustments, the impact on the overall energgontext of the European energy transition have been investigated. The
system remains negligible in terms of hydrogen production and methan&vo systems are connected to each other through the production of blue
supply, see Appendix Figure 44. The approximation only has slight regionahydrogen using methane in the steam reforming process and through the
e ects that can be observed in Appendix Figure 45. In'summary, the two-Possibility of repurposing natural gas pipelines into hydrogen pipelines.
step method used in this study enables a more realistic representation 1€ novelty of this study is to co-optimize the distribution of both energy
pipeline repurposing by adhering to physical implementation constraints¢arriers and to be able to identify, at the pipeline level, the refurbishment
It avoids the overestimation of repurposing potential inherent in the linealOPPOrtunities. The analysis focused on how these interactions in uence the

approach and highlights locations where additional investment may bélesign and performance of a future integrated European hydrogen system,
critical. and how strategic decisions taken today might shape Europe's ability to

b ensure energy independence and meet its decarbonization targets.

Table 10

Hydrogen infrastructure capacity when increasing repurposing cost The analysis revealed that repurposing natural gas pipelines can
- - _be a highly cost-e ective strategy under a variety of consumption and
Share CAPEX Invested Capacity Repurposed Capacity Total Capacitproduction scenarios. When the cost of repurposing is assumed to be 20%

[%0] [TWkm] [TWKm] [TWKm] of new investments, results show that up to 60% of the hydrogen network
20% 55 75 130 could be based on refurbished pipelines, which would extend the network by
400/0 59 51 110 55% while reducing investment needs by 35%. This demonstrates the high
o/" 1 leverage e ect of infrastructure reuse, particularly in Western and Central
600 0 65 38 03 Europe, where both consumption levels and the density of existing pipelines
80% 75 17 93 are the highest. Crucially, the model also highlighted that repurposing

options might modify optimal hydrogen routing in Europe to take advantage

The analysis shows that, across all tested scenarios and assumptio unconstrained existing natural gas pipelines. These ndings suggest that
there is a consistent interest in repurposing parts of the existing naturdEPUrposing is not merely a transitional measure, but a structural component
gas network for hydrogen transport. However, the extent of repurposin@f @ cost-optimal hydrogen roll-out.
is highly sensitive to the assumed cost of conversion, see Table 10. When ) .
repurposing costs are low relative to new infrastructure, a signi cant share __The interactions between methane and hydrogen also allowed us to
of the hydrogen network can be met by reusing gas pipelines. Converselgxplore complex trade-o s. Repurposing must be balanced with the need
as the cost approaches that of new investments e.g., at 80% of thel0 maintain routes for natural gas transport to cover for methane demand
cost repurposed capacity drops markedly, with only 17 TWkm reused, and blue hydrogen production. The model identi ed Norwegian gas and
thereby increasing the need for new infrastructure, see Figure 16. Moredas entering from Southern and South-Eastern Europe as particularly
over, repurposing e orts are concentrated in Western Europe, particularlyptrategic for biue hydrogen, while costly LNG imports provide a exible
in areas close to major hydrogen consumption centers, highlighting th@sset to cover for methane demand. However, while blue hydrogen (SMR-
regional dependency of infrastructure reuse. This shows that the possibilit{zCS) may play a role in early deployment scenarios, its contribution must
for Europe to rapidly develop the hydrogen infrastructure will be linked to femain limited. It has been shown that the deployment of new natural gas

the possibility of repurposing the natural gas infrastructure at a low cost. import options would worsen the energy dependency of Europe. Moreover,
increasing reliance on gas risks locking Europe into a high-emission

pathway, hardly compliant with the European carbon-neutral strategy,
especially given uncertainties around carbon storage capacities.

Furthermore, the need to complement even limited blue hydrogen
deployment with large-scale green hydrogen was evident. Meeting hy-
drogen demand requires a 5 to 6-fold increase in renewable electricity
capacity and the installation of 350 GW of electrolysis capacity. The spatial
distribution of renewable energy potentials, along with the availability
of cheap natural gas imports, introduced signi cant discrepancies in the
regional distribution of hydrogen production and helped identify key
hydrogen producers and transport corridors. In particular, a North corridor
for the export of green hydrogen and a South-East corridor for the export
of blue hydrogen, underscoring the importance of a well-connected pan-
European infrastructure that supports regional energy autonomy. Moreover,
North-South and West-East interconnections have been proven especially
sensitive to natural gas availability and of high importance in a Self-
Su ciency scenario.

In summary, this study demonstrates that repurposing existing gas
pipelines is highly advantageous in many scenarios. It o ers a strategic
pathway for accelerating hydrogen infrastructure deployment while limiting
investment costs. However, this must be accompanied by a cautious
approach to blue hydrogen dependency and a rapid scaling of renewable
electricity generation. The integration of both carrier systems in the
modeling framework proved essential for capturing synergies, identifying
trade-o s, and guiding future infrastructure planning in a decarbonizing
Europe.

To re ne the analysis, future research should enhance the geographical
resolution of the natural gas network representation to better capture
potential internal bottlenecks that may a ect repurposing feasibility. As
renewable energy potentials critically shape system outcomes, more precise
spatial allocation and assessment of these potentials would improve robust-
ness. Additionally, expanding the model to include methanation and liquid
fuels pathways would better re ect key Power-to-X opportunities. Finally,
integrating hydrogen-based electricity and heat generation technologies
would enable a more comprehensive evaluation of hydrogen's role in sector
coupling within a decarbonized energy system.

Figure 16: Hydrogen infrastructure in 2050 when repurposing costs 80%aAuthor contribution

of new investment . . .
From Ea Energianalysis have only been taken the European version of

the Balmorel model and its associated data. All the elements represented in
OptiFlow, including additional functionalities and corrections of the model,
have been added by the author for the purpose of this thesis.
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Table 12
Biomethane production potential per country [TWh/year]

A. Input data
This section gathers the main hypothesis that have been used for thigountry 2025 2030 2040 2050
study. These hypothesis have been detailed in the Methodology section ef
the paper but have been put in the Appendix to save space. The valuégance 6,97 70,32 122,17 174,01
detailed in the following tables are the one used in the model. TheyGermany 13,03 82,23 119,52 156,81
have been gathered from di erent sources as detailed in the MethodologySpain 0,23 39,98 91,91 143,84
Excel has been used to deal with most data and a tool developed by Haoland 0,00 32,43 62,71 93,00
Energianalysis has been used to convert the adequate tables into gdx ld&ly 4,37 58,07 72,89 87,71
used in GAMS. Great Britain 6,90 31,86 48,27 64,67
Romania 0,00 19,49 37,98 56,47
Hungary 0,00 10,57 22,00 33,44
Netherlands 2,42 13,66 21,30 28,94
Czech 0,01 6,69 14,51 22,33
Greece 0,00 5,33 13,44 21,55
Denmark 6,50 8,63 14,96 21,29
Bulgaria 0,00 6,47 13,62 20,77
Portugal 0,00 5,56 11,18 16,81
Sweden 1,54 7,60 10,76 13,91
Belgium 0,15 6,47 10,19 13,90
Finland 0,16 5,22 8,25 11,28
Ireland 0,02 7,26 9,79 12,33
Austria 0,14 4,65 6,91 9,17
Lithuania 0,00 3,86 5,33 6,81
Norway 0,57 3,18 5,00 6,81
Slovakia 0,00 2,95 4,87 6,80
Croatia 0,00 2,27 3,75 5,23
Switzerland 0,33 4,08 4,53 4,98
Serbia 0,00 2,17 3,21 4,24
Slovenia 0,00 1,02 1,68 2,35
Latvia 0,00 1,24 1,79 2,34
Estonia 0,16 1,13 1,48 1,83
Luxembourg 0,00 0,34 0,43 0,53
Natural gas extraction and biomethane production potential are varying
with time to re ect the use of natural gas reservoir and the development of
biomethane production capacity in Europe.
Table 13
Natural gas import via pipeline potential per country [TWh/year]
Scenarios Italy Spain Greece Bulgaria Slovakia
Base 250 114 141 213 -
GL 250 114 321 284 200
SS 250 114 141 213 -
Table 14
Figure 17: Pan-Europe geographical scope of the study Natural gas import via LNG potential per country [TWh/year]
Investment in hydrogen pipelines has been allowed between neighboCountry Potential Country Potential
ing regions and between countries across the North Sea, the Baltic Sea angd—
the lonian Sea. pain 779 Greece 200
Great Britain 602 Poland 154
Table 11 France 554 Croatia 104
Natural gas extraction potential per country [TWh/year] Germany 363 Portugal 73
Netherlands 342 Finland 53
Country 2025 2030 2040 2050  ltaly 323 Lithuania 43
Belgium 244
Norway 1500,00 1380,00 1335,00 805,00
Great Britain 357,00 182,92 51,58 15,06
Netherlands 98,55 40,44 7,29 0,00 Natural gas import via pipeline and via LNG has been considered
Romania 83,16 135,54 67,77 0,00 constant over time in the base case. The increase in natural gas import via
Poland 36,72 42,48 42,96 0,00 pineline in the GL scenario are only available in 2030. The potential have
Germany 35,89 0,02 0,00 000 heen gradually decrease in the SS scenario to reach 0 TWhiyear in 2050,
Italy 25,96 19,05 11,43 0,00 according to the Methodology.
Denmark 13,95 32,97 10,60 0,00
Hungary 14,39 21,27 17,01 0,00 Table 15
Ireland 10,85 2,80 0,00 0,00 ; ;
Croatia 7.30 14.16 830 0,00 Hydrogen storage in salt cavern potentials [TWh]
Austria 5,40 3,26 0,00 0,00 : :
Serbia 304 304 0.00 0.00 Country Potential Country Potential
Czech 1,55 2,21 2,21 0,00 Albania 50 Denmark 700
Slovakia 0,49 1,05 0,79 0,00 Greece 120 Bosnia 800
Albania 0,44 0,44 0,44 0,44 Great Britain 130 Romania 1100
Spain 0,27 1,00 1,00 0,00 Portugal 400 Spain 1260
France 0,18 0,00 0,00 0,00 Netherlands 440 Poland 7240
Belgium 0,12 0,00 0,00 0,00 France 510 Germany 9500
Bulgaria 0,17 2,80 2,85 0,00
Slovenia 0,04 0,06 0,06 0,00
Greece 0,02 0,00 0,00 0,00
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Table 16

Hydrogen production and storage technologies CAPEX learning cugle&/T/ [ ¢/kWh]

Technology 2025 2030 2040 2050
Alkaline Electrolysis Cells (AEC) 1.626 1.016 784 552
Proton Exchange Membrane Electrolysis (PEM) 1.655 1.104 842 581
Solid Oxide Electrolysis Cells (SOEC) 3.340 2.004 1.684 1.278
Salt Cavern 3,71 2,47 1,85 1,48
Table 17

Hydrogen production and storage technologies OPEX learning cuifk#/fyear] / [¢/kWh/year]

Technology 2025 2030 2040 2050
Alkaline Electrolysis Cells (AEC) 65,06 40,66 31,37 22,07
Proton Exchange Membrane Electrolysis (PEM) 33,11 22,07 16,84 11,62
Solid Oxide Electrolysis Cells (SOEC) 400,79 240,48 202,14 153,35
Salt Cavern 7,88E-8 5,25E-8 3,94E-8 3,15E-8
Table 18

Hydrogen production technologies e ciency learning curves [%)]

Technology 2025 2030 2040 2050

AEC 59% 62% 65% 70%

PEM 55% 59% 52% 66%

SOEC 85% 86% 87% 89%

Hydrogen production and storage technologies will expand rapidly in
the future European energy system. As their installation rate is increasing,

their technical e ciency will improve. Similarly to renewable energy
technologies, their cost will likely decrease in the coming years.

Table 19
Underground natural gas storage per country

Country Capacity Injection Deliverability
[TWh] [GW] [GW]
Italy 231.06 79.73 137.18
Germany 225.23 147.00 243.20
Netherlands 173.80 83.00 156.85
France 134.50 46.79 103.96
Austria 101.59 36.00 45.17
Hungary 67.99 20.13 33.29
Romania 49.77 14.74 19.77
Poland 37.49 14.96 24.79
Slovakia 36.98 17.13 20.50
Spain 35.83 5.96 8.71
Latvia 25.00 2.13 6.17
Denmark 10.82 3.79 7.50
Bulgaria 10.74 3.52 4.40
Great Britain 9.86 19.63 20.42
Belgium 8.83 3.67 7.08
Croatia 4.77 1.83 2.17
Portugal 4.77 1.00 4.28
Serbia 4.40 1.17 2.13
Sweden 0.10 0.29 0.38
Table 20
Hydrogen import potentials [TWh/year]
Country 2030 2040 2050
Italy 36 77 77
Spain - 13,8 34,5
Slovakia 13 34,8 34,8
Hungary 6,5 17,4 17,4
Romania 6,5 17,4 17,4
France 15 33,8 33,8
Belgium 15 33,8 33,8
Netherlands 15 33,8 33,8
Germany 15 33,8 33,8

Europe is aiming to import 10 millions tonnes of green hydrogen by
2030. This hydrogen is likely gonna be imported via North Africa, Ukraine

and via shipping of ammonia. The potential for ammonia import has been

divided between four di erent countries in West Europe.

Figure 18: PV potentials and capacity results

Figure 19: Onshore potentials and capacity results

Figure 20: O shore potentials and capacity results
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B. Results

Table 21
Evolution of the European hydrogen infrastructure capacity in the Base
scenario with and without repurposing [TWkm]

Scenarios Pipeline Type 2030 2040 2050

Base Invested 18 57 85
Invested 14 35 55

Base W Rep. Repurposed 19 46 75
Total 33 81 130

The two tables below are listing the pipelines that are selected for repur-
posing in the Base scenario using the method described in the Methodology
section.

Table 22
Uni-directional natural gas pipelines selected for repurposing into hydrogen
pipelines. From top to bottom, in 2030, 2040, and 2050.

Pipeline From To Gas Capacity Hydrogen Capacity

[GW] [GW]
MIDAL DENW DECS 15,29 12,23
Bizzarone IT CH 0,55 0,44
Balassagyarmat1 HU SK 1,25 1,00
Grand Belt DKW DKE 3,96 3,17
NEL DENW DECS 23,90 19,12
Wadenburg DENW DECS 8,51 6,81
GD Lux BE LX 1,02 0,82
Alveringem FR BE 11,25 9,00
Kiskundorozsma RS HU 10,24 8,19
EUGAL DENE DEME 32,85 26,28
STEGAL 1 DEME DECS 4,79 3,83
STEGAL 2 DEME DECS 4,79 3,83
Oude Statenzjili DENW NL 11,29 9,03
Table 23

Bi-directional natural gas pipelines selected for repurposing into hydrogen
pipelines. From top to bottom, in 2030, 2040, and 2050.

Figure 21: E ect of pipelines repurposing on methane sourcing

Figure 22: E ect of pipelines repurposing on hydrogen production

Pipeline From To Gas Capacity Hydrogen Capacity
[GW] [GW]
GCP GAZ DE ME PL 2,03 1,62
Uberackern AT DECS 7,53 6,02
VIP FR DE DECS FR 9,47 7,58
Jemgum 1 DE NW NL 4,95 3,96
Santaka PL LT 3,05 2,44
VIP PIRINEOS1 ES FR 4,67 3,74
VIP PIRINEOS2 ES FR 4,67 3,74
Csanadpalota RO HU 3,28 2,62
Ruse RO BG 1,84 1,47
Negru Voda 1 RO BG 2,63 2,10
Kalotina RS BG 2,20 1,76
Jemgum 2 DE NW NL 4,95 3,96
Lanzhot Ccz SK 14,57 11,66
Oltingue 1 FR CH 5,40 4,32
Balassagyarmat 1 SK HU 5,37 4,30
Negru Voda 2 RO BG 5,72 4,58
Dravaszerdahely HU HR 3,18 2,54
Rogatec Sl HR 2,24 1,79
VIP DK DE 1 DENW DKW 1,98 1,58
VIP DK DE 2 DENW DKW 1,98 1,58
STORK PL Cz 1,29 1,03
VIP IBERICO ES PT 3,00 2,40
VIP TTH THE 1 NL DECS 3,13 2,50
VIP TTH THE 2 NL DECS 3,13 2,50
VIP TTH THE 3 NL DECS 3,13 2,50
VIP TTH THE 4 NL DECS 3,13 2,50
VIP TTHTHE5 NL DECS 3,13 2,50
VIP OBERKAPPEL DECS AT 8,94 7,15
VIP DE CH DECS CH 8,10 6,48
Baumgarten SK AT 16,36 13,09
Oltingue 2 FR CH 5,40 4,32
VIP BENE NL BE 16,50 13,2
Kulata GR BG 6,49 5,19
Negru Voda 3 RO BG 2,63 2,10

Figure 23: E ect of pipelines repurposing on electricity production

The e ect of repurposing on the general energy supply situation of
Europe is very limited. Because of slight changes at the regional level,
the sourcing of methane and hydrogen may di er. Overall, the amount of
LNG gas used in 2050 is reduced by 18 TWh because of a change in the
hydrogen and electricity production pathways. There is a switch of 8 TWh
of production from blue to green hydrogen. Finally, the amount of electricity
produced via methane is reduced by 6 TWh.
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Figure 24: Hydrogen production installed capacities in the scenarios Figure 26: Natural gas storage stock over one year in 2030

Figure 25: Electricity production installed capacities in the scenarios Figure 27: Hydrogen storage stock over one year in 2050

The two plots are displaying the evolution of the natural gas and
hydrogen stock level in di erent European countries. The total natural gas
storage in Europe is exhibiting a behavior that follows historical trend.
However, when looking at speci ¢ country level, the storage are not all
behaving as expected. Indeed, the model considers that itis more interesting
to use most of the storage range for countries that are importing natural gas
(LNG or pipe) and to use pipelines capacity to export methane during the
winter to countries that does not have access to import capacities. Therefore,
countries in Central Europe (e.g. Austria) are using a very small part of
their storage range while countries in South and West Europe (e.g. Italy)
are almost using the full storage range. This is not very likely to happen in
reality as every country will try to Ilits storage before the winter and empty
it during the winter. Further modeling would be needed to represent that
behavior. It is also interesting to notice that, because the hydrogen demand
is a at demand, the amount of storage installed is of a very di erent scale
compared to the natural gas storage. It could be discussed whether or not the
demand would also need to be represented as seasonal in the model. This
would likely change the amount of storage that is invested.
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(a) Gas Lock (b) Self-Su ciency
Figure 28: Hydrogen production and ows in 2050 in the Gas Lock and Self-Su ciency scenarios

(a) Gas Lock (b) Self-Su ciency
Figure 29: Methane sourcing and ows in 2050 in the Gas Lock and Self-Su ciency scenarios
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