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Abstract

Power-to-Gas is the process by which electrical energy is converted into chemical energy in gaseous
form. Power-to-Gas primarily relies on electrolysis, producing hydrogen (Power-to-Hz) from
electricity and water. Electrolysis can be supplemented by a methanation step, allowing hydrogen to
react with carbon dioxide to produce methane (Power-to-CHs). As these are still emerging
technologies, the management of reliability, maintenance, and safety of these installations must
address specific issues that are not yet well-documented. Jupiter 1000 is an industrial demonstrator
of Power-to-Gas, commissioned in 2019 by GRTgaz, which became NaTran in 2025. The installations
include two electrolysis technologies and one methanation technology. For the first time in France,
the megawatt scale was reached for the production of hydrogen. One of the objectives of the project
is to demonstrate the feasibility of this type of process and to share the initial feedback to support the
development of the industrial Power-to-Gas sector. This paper presents the main lessons learned and
results from Jupiter 1000 on reliability, maintenance, and safety for this type of installation. The
conclusion outlines five key elements for the future of this sector.
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1. Introduction

1.1. Context

Power-to-Gas is the process by which electrical energy is converted into chemical energy in the
form of gas. Power-to-Gas primarily relies on electrolysis, producing hydrogen (Power-to-Hz) from
electricity and water. Electrolysis can be complemented by a methanation step, allowing hydrogen
to react with carbon dioxide to produce methane (Power-to-CHs) [1-3]. Unlike electricity, the
produced gas can be stored easily in large quantities and over the long term [4,5]. Power-to-Gas also
allows for the decarbonization of industrial hydrogen, the production of low-carbon gas, and the
creation of more synergy between the electrical and gas networks to address the challenges of energy
transition [1-3,6,7]. While numerous Power-to-Gas projects have emerged around the world since the
2000s [8-10], France's multiannual energy program set the goal in 2017 to install 10 to 100 Power-to-
Gas demonstrators with a minimum capacity of one megawatt by 2028 [11]. The first of these French
demonstrators to be commissioned is Jupiter 1000 [12], which is presented in the next subsection.
Recent literature highlights the critical importance of safety and reliability in Power-to-Gas
technologies, especially as they become more integrated into energy systems [5,8,13]. However, as
these technologies are still emerging, the management of reliability, maintenance, and safety of these
installations must address specific issues that are not yet well-documented.

To better understand and mitigate these challenges, both theoretical modelling and empirical
studies have been conducted, notably considering proton exchange membrane technologies [14-16].
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For example, models have been developed to assess the reliability of integrated power-gas systems
[17]. Both short-term and long-term reliability challenges have been investigated, including the
impact of fluctuating renewable generation, and pipeline integrity, which necessitate robust
maintenance strategies [18,19]. For electrolysers, monitoring operational variables are shown to be
crucial for maintaining both reliability and safety [15,20]. Computational fluid dynamics (CFD) is
also a powerful tool for designing safer and more reliable electrolysers by providing insights into
flow, temperature, pressure, and gas distribution [21,22]. Safety and reliability reviews have been
focused on mobility infrastructure [23-25] and reliability database dedicated to hydrogen equipment
have been initiated [26]. Focusing on safety, theoretical and experimental approaches emphasize the
importance of monitoring gas composition and pipeline integrity, managing the risks of explosive
mixtures, and ensuring the integrity of components under hydrogen exposure [27-29].

Finally, industrial demonstrators operating under real-world conditions provide essential data
and lessons that bridge the gap between laboratory research and practical application [12,30,31]. In
particular, the Jupiter 1000 demonstrator, as France’s first megawatt-scale Power-to-Gas installation,
provides valuable field feedback on safety, maintenance, and safety. This paper presents the main
lessons learned and results from Jupiter 1000 on these critical issues. Considering this feedback, key
issues for the development of the Power-to-Gas industrial sector are given in conclusion.

1.2. Jupiter 1000 Project

Jupiter 1000 is a multi-partner project launched in 2016 and led by GRTgaz, which became
NaTran in 2025, and supported by the European Commission, the French Environment and Energy
Management Agency (ADEME), the French State's Investments for Future Program, and the
Provence Alpes Cote d'Azur region. Built in Fos-sur-Mer on a site of the Grand Port Maritime de
Marseille, it was commissioned at the end of 2019 under the leadership of GRTgaz teams. For the first
time in France, the megawatt scale was reached for a Power-to-Hz unit thanks to two electrolysis
technologies (alkaline and proton exchange membrane) installed by McPhy Energy. The electricity
used to produce hydrogen comes from a wind farm of the National Company of the Rhone (CNR).
The "green" hydrogen is then compressed, mixed with the methane from the gas transmission
network, and injected into a NaTran pipeline serving three industrial installations. Jupiter 1000 also
includes a Power-to-CHs unit thanks to a methanation process developed by Khimod, with the help
of the French Alternative Energies and Atomic Energy Commission (CEA). The synthetic methane
(or "e-methane") is produced using hydrogen from electrolysis and carbon dioxide from industrial
fumes of a neighbour site, captured by a process from Leroux & Lotz. On the R&D side, the main
partner is the CEA, which has conducted a series of tests on the performance of Power-to-Gas units
[20]. Teréga and RTE (the French electricity transmission system operator) are also associated with
the project. Co-financiers, they have contributed to the techno-economic studies. Finally, CMA CGM
joined the project in 2022. An aerial view of Jupiter 1000 is given in Figure 1.
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Figure 1. Aerial view of Jupiter 1000.

One of the project's objectives is to demonstrate the feasibility of this type of process and share
the first feedback to promote the development of the Power-to-Gas industrial sector. This
communication specifically presents the feedback and study results of Jupiter 1000 on the topics of
reliability (Section 2), maintenance (Section 3), and safety (Section 4) for this type of installation. Based
on this experience, a final section will discuss the main challenges and perspectives for the
development of the sector.

2. Reliability

Since the commissioning of the Power-to-H: installations of Jupiter 1000, more than 4 years ago,
nearly fifty failures have been observed. As it is a demonstrator, the systems have been solicited very
heterogeneously, at the pace of test campaigns. Thus, deducing failure rates as such would not be
appropriate. However, we propose to present in Figure 2 a distribution of these failures by concerned
systems, to expose the main sources of unreliability encountered throughout the project. Only failures
with consequences on availability, safety, and/or the environment are considered here. For example,
minor leaks or failures specific to supervision and test management have not been included.
Moreover, this distribution is only relative to reliability (number of failures) without presuming the
severity of the failures, particularly on availability and safety. Only Power-to-H: installations are
considered as the specific units for Power-to-CHs (CO2 compression and storage, methanation, CHa
compression) have been put into operation only at the almost end of the project. Finally, it should be
noted that Jupiter 1000 was designed to serve as an industrial demonstrator and that some design
choices, such as using two electrolysis technologies, while beneficial for learning, posed reliability
challenges.

Notably, most failures occurred in technologically mature systems, including compression (a
membrane compressor), storage, and injection (mainly valves and safety valves) of hydrogen. Thus,
although these systems were specifically designed for hydrogen, it is observed that some equipment
is still not sufficiently tested for the very particular characteristics of this gas (see Section 4.1). The
reliability of these systems is therefore an important issue for the development of the hydrogen sector.
Gas analysis is also overrepresented among the failing systems, which is explained by the
demonstrator role of Jupiter 1000, involving the need to monitor numerous parameters at many
points (and therefore, with many items dedicated to gas analysis) and an intermittent operation that
follows the pace of test campaigns (a mode of operation not well supported by gas analysers). Finally,
it should be noted that systems specific to hydrogen production (water supply and treatment,
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electrolysers and electrolyte circuits, hydrogen treatment) are responsible for less than 30% of failures
(or a third of failures, if gas analysis which specific to Jupiter 1000 is excluded). However, the
reliability of electrolysers is often mentioned as one of the main obstacles to the sector's dynamics,
notably in France (see, e.g., [32]).
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Figure 2. Sources of failures observed on Jupiter 1000.

Figure 3 shows the distribution of failure causes (within the same scope as Figure 2). For each
failure, only the primary cause was considered, identified based on maintenance reports and operator
expertise. The leading causes of failure are mechanical. These mainly involve internal or external
leaks from valves or safety valves, or mechanical issues with the hydrogen compressor. Nearly half
of these failures are directly or indirectly related to the characteristics of hydrogen, particularly
because this gas is highly prone to leakage (see Section 4.1).

Electrical
18%
Mechanical
37%
Instrumentation
20%

Design or installation
25%

Figure 3. Causes of failures observed on Jupiter 1000.

Design or installation (including software and commissioning issues) account for a quarter of
the failures. This proportion mainly reflects the relatively low maturity of the sector (especially in
2019, when Jupiter 1000 was commissioned). Moreover, as Jupiter 1000 is a demonstrator, it provided
an opportunity for project partners and equipment suppliers to test certain components under initial
industrial conditions and to carry out debugging before commercial commissioning. Notably, both

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.1645.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 September 2025 d0i:10.20944/preprints202509.1645.v1

5 of 11

electrolysers (of different technologies) were modified during the project (see Section 4.2). Finally,
more than a third of the failures originated from instrumentation (including transmitters and
automation systems) or electrical issues.

While some failures may have potential consequences for safety and/or the environment, the
majority primarily affect availability (production). Reactive maintenance could help mitigate these
consequences, but the following section shows that maintaining a Power-to-Gas installation also faces
several challenges.

3. Maintenance

The feedback from Jupiter 1000 shows that the operation of a Power-to-Gas installation requires
operational teams with multiple skills (in electricity, gas, pressure equipment, automation...).
NaTran, being a historical player in the gas sector, was able to entrust the operation of Jupiter 1000
to operators with significant experience in the maintenance and operation of natural gas compression
stations. Of course, these operators also received additional training, mostly developed by NaTran,
particularly on handling systems dedicated to hydrogen. While the offer of dedicated training was
relatively low before 2020, hundreds of training courses related to hydrogen are now listed in France
[33].

The main difficulty encountered in ensuring the maintenance (especially corrective) of the
installations was the lack of suppliers of equipment adapted to hydrogen and service companies with
the required skills for their maintenance. Hydrogen remained a "niche market" for a long time before
becoming the fastest-growing sector of the energy transition about 5 years ago (investments
multiplied by more than three per year) [34]. This development is supported by public investments,
in France (4 billion euros are dedicated to the deployment of on gigawatt of electrolysis between 2024
and 2026), in Europe (recognition of the hydrogen sector as an "Important Project of Common
European Interest" since 2021), and elsewhere in the world. As of mid-2025, more than seventy
countries have adopted a national hydrogen strategy or roadmap [35]. Then, industrial players
offering solutions adapted to hydrogen are actually still too few (especially 5 years ago, at the launch
of Jupiter 1000) and, for the most part, must manage strong development that limits their
responsiveness. In many cases, suppliers themselves depend on subcontractors who also do not have
the capacity to meet all demands. For example, during a leak of a water pipe supplying an electrolyser
of Jupiter 1000, it took more than two months to obtain a replacement part (produced on demand, in
Germany). Even when the equipment is produced in France, suppliers are still dependent on
materials that often come from away, notably from China. Thus, following a failure of the Jupiter
1000 compressor, the replacement of the membrane (although manufactured in France) took several
months.

The sector also faces a shortage of skilled personnel, including technicians and engineers.
Moreover, the supply of positions being higher than the demand, trained personnel often change
companies, and interlocutors can thus change several times a year. During the 5 years of operation
of Jupiter 1000, it was several times necessary to call on former subcontractor employees to carry out
certain operations that required expertise or a history that had already been "lost" due to these
personnel movements.

It is worth noting that the Jupiter 1000 project also suffered from the consequences of the COVID-
19 epidemic, which in 2020 prevented technicians from Eastern Europe or North America from
coming on-site to carry out certain maintenance operations contracted a year earlier with their
companies. This prompted NaTran to explore remote maintenance solutions, including the
development of autonomous augmented reality helmets.

4. Safety

When discussing the safety of a Power-to-Gas installation, the first thing that generally comes to
mind is potential hydrogen leaks. This issue is closely related to the characteristics of this gas and
will be the subject of the first sub-section hereafter. The second sub-section will focus on managing
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the risks of electrolysers, one of the difficulties of which is the still relatively unknown dysfunctional
behaviour of these new technologies. Finally, the third sub-section will present the other risks of a
Power-to-Gas installation.

4.1. Managing Hydrogen Leaks

In normal temperature and pressure conditions, hydrogen is an invisible and odourless gas. It
is highly flammable, with flammability limits in the air ranging from 4 to 75% (by volume); and it
requires ten times less energy to ignite than natural gas [36]. Moreover, its flame is almost invisible
(pale blue) and does not produce smoke when there is no interaction with the ground or particles
[20]. The flame can nevertheless be visible in particular weather conditions, for example, if the air is
very humid. The hydrogen flame has a high temperature (8% higher than natural gas) but radiates
weakly (little heat emitted outside the flame), making it difficult to detect without specific equipment.
Moreover, delayed ignition of an unignited hydrogen cloud can lead to deflagration or even
detonation, with the explosion intensity increasing with hydrogen concentration and cloud size
[24,29]. Finally, the emission of hydrogen (unignited) into the atmosphere is also not neutral for the
climate [37].

The control of hydrogen leaks is therefore an important safety and environmental concern for a
Power-to-Gas installation. Adequate leak detection systems [38] and systematic inspections [39] must
be put in place, with particular attention to flanges, fittings, electrolysis units, and, in general, all
confined spaces where hydrogen is present [20]. Six models of detectors, with various technologies,
were tested on Jupiter 1000. These tests showed that even though performance differences are
notable, there is no perfect solution. Indeed, each tested detector has advantages and disadvantages,
but depending on the type of leak, its location, and environmental conditions, none of these devices
detected 100% of the identified leaks. It is therefore recommended to combine the use of two or three
detectors with complementary performances to better cover all potential leaks.

Moreover, hydrogen being small in size (about twice as small as methane) and low viscosity
(about 20% lower than methane), it is particularly prone to leaks, including permeation. This is why
leak tests carried out during installation should preferably be done with helium (a molecule whose
size is closest to dihydrogen) or, failing that (notably for cost reasons), with hydrogenated nitrogen
(with a few percent hydrogen, such as Nidron with 4.5% hydrogen).

In a pipeline or equipment, hydrogen can diffuse into metal parts in its atomic form, particularly
at cavities or interfaces. Once inside, the atoms recombine, creating microcracks and reducing
ductility (the ability of a material to deform without breaking), increasing the material's brittleness
(hydrogen embrittlement) [39]. This can result in blisters on the metal surface (hydrogen blistering),
cracks, or even cause material rupture (hydrogen attack). To avoid this type of phenomenon, it is
preferable to use appropriate alloys that are less sensitive to hydrogen penetration [3] and to enhance
inspection and monitoring [39]. Several dedicated tests have been carried out on Jupiter 1000, notably
via wedge opening loading (WOL) type specimens subjected to a hydrogen flow mixed with methane
[12]. The first results show that the steels currently used for natural gas are mostly suitable for
hydrogen transmission under the envisaged operating conditions. However, some maintenance and
monitoring programs may require some adaptations, particularly for new equipment specifically
developed for hydrogen (e.g., with polymers). In parallel with Jupiter 1000, NaTran also developed
a specific platform named FenHYx, which allows various equipment tests in the presence of
pressurized hydrogen, notably to study the impact on materials, the mechanical resistance of steels,
and corrosion phenomena.

A containment failure at the suction of a hydrogen compressor is particularly feared as it can
lead to air suction (and thus a flammable mixture) that accumulates in a capacity (such as a tank
supplied by the compressor), which could then generate an explosion [3]. Hence the need to measure
the hydrogen and/or oxygen content at various points in the hydrogen chain (production, treatment,
compression, storage...) to ensure that no flammable mixture is likely to occur.
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But hydrogen also has some advantages in terms of safety. As a very light gas, it disperses
quickly in the air, reducing the likelihood of ignition in an unconfined environment (and thus also
the risks of explosion or detonation). This characteristic was confirmed by tests carried out on Jupiter
1000 [20]. Moreover, due to its low radiation, the propagation of a fire by thermal effect is also less
likely.

4.2. Managing the Risks of Electrolysers

Electrolysers are subject to several degradation phenomena, notably affecting the electrodes and
membranes, the main consequence of which is a decrease in energy efficiency ranging from 1% to
just over 2% per year, depending on the technology [40]. Some degradations, particularly on the
membrane, also have potential safety consequences, but these phenomena can fortunately be
monitored by appropriate measures [15,20]. Other failures, notably of regulation systems, can also
cause the formation of a hydrogen and oxygen mixture inside the electrolysers, in the electrolyte
circuits, or in downstream capacities [20,41]. It is therefore important that the design of an electrolysis
unit is based on a review of the degradation phenomena and a failure modes and effects analysis of
the electrolysers, then integrates all the appropriate safety functions.

Specialists in both electrolysers (whose technologies are rapidly evolving) and safety studies are
rare. When the risk studies for Jupiter 1000 were conducted during the design phase (from 2016 to
2018), specialized risk management firms lacked experience with such systems, and the electrolysis
units were considered "black boxes," whose safety was assumed to be guaranteed by the suppliers.
However, the suppliers also did not have the necessary expertise and hindsight for this. Thus, in the
case of Jupiter 1000, it turned out that both electrolysers, of different technologies, had to be modified
during the operational phase for safety reasons. For the proton exchange membrane electrolyser, the
identified defect concerned the circulation circuits of electrolysis water. By design, hydrogen
accumulation was unfortunately allowed in a capacity where oxygen was also present. This system
had to be redesigned after a detailed risk analysis conducted by NaTran, with the support of McPhy.
For the alkaline electrolyser, an electrolyte leak (aqueous potassium hydroxide solution) that
occurred on the same system in Germany led to the preventive upgrade of the unit installed on Jupiter
1000. The cause of the incident was a "formation of deposits” that "gradually restricted the flow in the
electrolyser channels" [42]. In both cases, these scenarios were not properly identified in the risk
analyses conducted during the design phase.

4.3. Other Risks of Power-to-Gas

Oxygen (electrolysis produces eight times more oxygen, by mass, than hydrogen) is also not
without danger. A phenomenon specific to oxygen is the ignition of non-metallic elements in
equipment (grease, dust, seals...) that can be caused by simple heating (e.g., the fast opening of a
valve).

In the case of Power-to-CHs, the handling of carbon dioxide also requires particular attention to
potential leaks (which can notably be caused by corrosion). Indeed, carbon dioxide being denser than
air, it can accumulate and create a toxic atmosphere. Synthetic methane presents the same types of
risk as hydrogen, but with generally more favourable conditions (larger molecule and therefore less
prone to leaks, higher ignition energy, smaller flammability range).

Several accidental scenarios, while not specific to Power-to-Gas, are nevertheless present in this
type of installation and must therefore be managed appropriately. In particular, several risks are
related to the operation of pressure equipment (a few tens of bars in electrolysers, up to hundreds of
bars in storage), high-temperature fluids (notably in a methanation unit), and electrical equipment
(electrolyser power supply).

In addition to regulatory compliance, thorough risk analyses, with engineers and operators with
the appropriate skills, as well as the effective implementation of appropriate risk management
measures, are required for the safe operation of a Power-to-Gas installation.
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5. Conclusions and Perspectives

Hydrogen and, more generally, Power-to-Gas represent a decarbonization lever mentioned
several times in the French national low-carbon strategy, whose ambitions are to "achieve carbon
neutrality by 2050" and "reduce the carbon footprint of French consumption" [43]. This was followed
by a national strategy for the development of decarbonized hydrogen in France, which emphasizes
that "decarbonized hydrogen is one of the key solutions to achieve carbon neutrality" [44]. France has
thus allocated more than 9 billion euros of public support for the development of the sector (including
4 billion for the production of renewable or low-carbon hydrogen) and has set one of the most
ambitious goals in Europe, with 8 GW of electrolysis by 2035 [45]. In Europe, the REPowerEU plan
by the European Commission also includes an "Hydrogen Accelerator” initiative to "increase the
manufacturing capacity of electrolysers to 17.5 GW by 2025 to supply the EU industry with domestic
production of 10 million tonnes of renewable hydrogen" [46]. To support the Europe’s energy
transition and industrial decarbonization, more than thirty European gas transmission system
operators (TSOs), including NaTran, have launched the European Hydrogen Backbone (EHB)
initiative for the development of a vast network of 53,000 km of hydrogen pipelines by 2040, spanning
28 European countries [47]. Worldwide, installed electrolyser capacity reached 1.4 GW by the end of
2023 and could reach 5 GW by the end of 2024 [48]. More than half of the committed projects are in
China. Announced projects suggests that capacity could grow to close to 520 GW by 2030, although
only 4% has reached a final investment decision or is under construction [48]. In view of this very
strong increase in the development of this sector, it is more appropriate than ever to include feedback
such as that from Jupiter 1000 for future projects.

The commissioning and operation of Jupiter 1000 are rich in lessons. This feedback has
highlighted that the roles of reliability and risk management are crucial in the sector's development,
which also requires investments in reliability, maintenance, and safety. Recently, these issues have
been identified as a barrier to scaling up installations over 100 MW [49], and as a result, some projects
have already been revised downward [50]. Among the elements presented in this paper, we can
particularly recall the following five key issues:

e  Reindustrialization with suppliers of materials and services (including maintenance) adapted to
hydrogen, with enough specialized engineers and technicians with adequate skills;

e Reliability of hydrogen-specific materials, electrolysers, compressors, and other mechanical
systems;

e Creation of a specialty in reliability and risk management for hydrogen production,
transmission, storage, and operation;

e Development of solutions for hydrogen safety, particularly for leak management;

e Continuing R&D efforts on hydrogen, especially to increase knowledge of hazardous
phenomena, materials, monitoring, and detection.

As energy transmission network operators, RTE and NaTran (partners in the Jupiter 1000
project) conducted a joint study to evaluate "the challenges related to the development of hydrogen
storage and transmission infrastructure and optimization levers for the electrical system" [51]. One
of the main conclusions of this study is that "the primary interest of dedicated hydrogen transmission
infrastructure will be to connect hydrogen basins with salt storages, allowing electrolysers to
modulate their electricity consumption over time." This flexibility of electrolysers presents
"significant benefits for the electrical system" that "far exceed the costs of the hydrogen storage and
transmission infrastructure needed for this operation." Flexibility, however, is strongly conditioned
by the availability of installations, hence by their reliability and maintenance. Jupiter 1000's feedback
has shown that these elements are not yet optimal, and new studies involving network operators will
now be conducted to better account for material, operational, and climatic uncertainties in optimizing
and managing the risks of future multi-energy network infrastructure.
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Abbreviations

The following abbreviations are used in this manuscript:

ADEME  French Environment and Energy Management Agency

CEA French Alternative Energies and Atomic Energy Commission
CFD Computational Fluid Dynamics

CHa Methane

CNR National Company of the Rhéne

CO2 Carbon dioxide

EHB European Hydrogen Backbone

EU European Union

GW Gigawatt

Ho (Di)hydrogen

MW Megawatt

PEM Proton Exchange Membrane

R&D Research and Development

RTE Electricity Transmission System Operator (France)
TSO Transmission System Operator

WOL Wedge Opening Loading
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