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Foreword

In emerging sectors like hydrogen, research is crucial for developing and refining technol-
ogies. Exploring multiple pathways at early technology readiness level (TRL), is essential to
identify the most efficient solutions and bring them to market. Hydrogen Europe Research
represents the European hydrogen research community, continuously working to break
barriers in this vital field.

Two years ago, we published a position paper on research needs in the hydrogen sector.
Since then, significant developments have taken place, and many topics are now actively
being researched thanks to funding from the Clean Hydrogen Partnership. Given the dynam-
ic nature of the sector, there is an urgent need for a new position paper that reflects these
changes and provides an updated perspective on the current research landscape. Drawing
on the expertise of Hydrogen Europe Research’s Low TRL Working Group and its broader
membership, this paper outlines the most pressing research priorities for the coming years.

The position paper also emphasizes the need for sustained, adequate funding. Europe is be-
ginning to fall behind other global players, particularly in the realm of innovation, as highlighted
by the recent Draghi report. Investment in research is essential to drive innovation, keep Eu-
ropean technologies in the lead and develop new solutions that can be commercialized. Two
variables are relevant to master this challenge: time and money. Without sufficient investment,
industries may relocate to regions offering more favourable conditions and financial incentives.
It is therefore essential to establish a comprehensive development pipeline, encompassing
various roles from early-stage research and technology readiness level innovation to the
validation of technologies at the relevant industrial scale, culminating in the co-design and
co-development of solutions in close collaboration with the private industrial sector. Hydrogen
Europe Research envisions a collaborative dynamic where traditional researchers work closely
with innovators —specialists who combine scientific excellence with industrial methodology
and timing. It is increasingly important for Europe to have a well-integrated network of research
and technology infrastructures that provides these ideal conditions in one place. Through our
Working Group on Technology and Research Infrastructures, we are mapping these facilities,
identifying gaps and needs, and highlighting the strengths of the European network.

Now is the time to act decisively to ensure Europe maintains its leadership in hydrogen
technologies by investing in cutting-edge research, including the critical and promising
topics discussed in this paper. Research should follow a circular approach, comparable to
a Formula 1 championship, where our team meticulously prepares its car to stay ahead of
the competition in every round.

Luigi Crema

President, Hydrogen Europe Research
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Executive
Summary

Hydrogen is one of the key solutions to reach climate neutrality. Its production, transpor-
tation, storage and application are, however, in need of research and development. As
representatives of the research community, Hydrogen Europe Research has prepared this
position paper giving an overview of the most urgently needed research topics to ensure
that hydrogen can play its envisaged role.

Electrolytic hydrogen production remains a key area of focus. Innovative designs for cells
and stacks are needed to reduce costs and increase efficiency. Another area of focus is
enhancing the Balance of Plant (BoP) components, but also research into alternative water
resources, such as seawater and wastewater, for use in electrolysis is important to enable
a more sustainable hydrogen production. Additionally, reversible electrolysis technologies,
which allow for bidirectional energy conversion, could play a key role in optimizing energy
use in response to fluctuating demand. Further advancements are also needed in the inte-
gration of co-electrolysis processes, which can generate synthetic fuels by capturing and
converting CO,,. It is equally important to explore alternative production methods, such
as photo-induced hydrogen production. Thermal production routes, including gasification
and thermolysis, present opportunities for renewable hydrogen generation from diverse
resources such as municipal waste and biomass. In parallel, exploring geological hydro-
gen production and leveraging biological processes could broaden the range of hydrogen
resources available. Finally, the adoption of sustainable manufacturing technologies, such
as additive manufacturing, will be critical to reduce waste and lower production costs.

As the shift toward a hydrogen economy accelerates globally, the need for comprehensive
research in hydrogen storage, transport, and distribution has become increasingly impor-
tant. Developing cost-effective storage solutions, particularly for liquid and compressed
hydrogen, is critical. A deeper understanding of material behaviour in the presence of hy-
drogen, as well as hydrogen’s interaction with non-metal materials, is needed to enhance
the safety and efficiency of storage systems. Research into alternative and advanced
materials for storage and distribution will further help enable large-scale hydrogen use,
including for onshore and shipping applications. Another storage option, metal hydrides,
offer potential due to their compact, energy-efficient storage capabilities. Underground
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hydrogen storage, including in salt caverns and depleted gas fields, is another promising
area. Research must focus on understanding hydrogen behaviour in different conditions,
pressure requirements, and environmental considerations to ensure efficient and safe
large-scale storage. Researching retrofitting existing gas pipelines for hydrogen transport
is also critical. This involves researching the effects of hydrogen on pipeline materials,
including corrosion, permeation, and embrittlement. Inhibitors, coatings, and advanced
sensors must be developed to prevent leakage and ensure safe transportation. Research
into safety and flow dynamics through pipelines is vital for integrating hydrogen into ex-
isting gas networks. Cost-competitive hydrogen carrier solutions and related conversion
technologies are equally important. Developing efficient hydrogenation and dehydrogena-
tion processes, along with exploring synthetic fuels and green ammonia synthesis, will
enable massive hydrogen transportation. Further research into advanced technologies,
such as hybrid redox flow batteries and hydrogen purification methods, can enhance
the reliability and scalability of hydrogen storage and distribution systems. Additionally,
assessing hydrogen carriers and refuelling demand is critical to building an efficient distri-
bution infrastructure.

The rapid growth of the fuel cell and hydrogen sector presents opportunities for innovation
across various industrial sectors. Research is pivotal in overcoming technological barriers,
optimizing processes, and integrating hydrogen into existing and novel applications. This
includes exploring new fuel cell designs beyond classical architecture, such as mem-
brane-less, air-breathing, lightweight, and static-passive feeding designs. Developing new
electrolytes such as boron-based compounds, multicomponent liquid electrolytes, and
composite electrolytes, can enhance fuel cell performance and pave the way for PFAS-
free polymers. While hydrogen has maritime applications, hydrogen and hydrogen carrier
storage beneath the deck poses safety concerns. Research into storage, leak detection,
containment systems, and emergency response protocols is essential. Hydrogen is also
a promising energy carrier for aviation, but challenges arise in integrating liquid hydrogen
storage, maintaining low temperatures, and minimizing boil-off. Compact, energy-dense
fuel cells with optimized cooling are critical. Hydrogen combustion in gas turbines also
holds potential for reducing NOx emissions, requiring advanced combustor designs. Hy-
drogen as a heating agent in glass production can reduce carbon emissions but may
cause issues such as metal depletion, acidification, and discolouration. While hydrogen
is also a key decarbonisation option for European steel-makers, impurities in ores and
the decarbonisation of alloying elements like ferro alloys need further research. Hydrogen
plasma could be a promising route for full decarbonisation. Optimizing hydrogen com-
bustion burners for industrial applications is crucial for enhancing efficiency and reducing
emissions. Research on flame stabilization, fuel-air mixing, turbulence, and burner design
will improve operational stability. Developing advanced combustion systems capable of
using hydrogen and ammonia fuels safely and efficiently will facilitate wider industrial adop-
tion. Research into ammonia cracking technologies and direct combustion can enable
decarbonisation in sectors such as metallurgy.

Research challenges in the hydrogen sector also include transversal challenges. Key areas
of focus include sustainability, safety, pre-normative research, infrastructure, education,
and societal acceptance. Research into the recycling of hydrogen technologies at their
end of life (Eol) is crucial for promoting circularity and resource efficiency. For substances
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that are hard to recycle and harmful to the environment, such as PFAS, alternatives such
as non-fluorinated membranes must be developed and tested. Al applications in hydrogen
research hold significant potential for accelerating advancements. Data-driven approach-
es using machine learning and artificial intelligence (Al) can enhance our understanding of
complex systems, optimize processes, and identify novel materials. Understanding materi-
als behaviour when processed into pipeline coatings, electrodes, membranes, and cells is
critical for improving hydrogen technologies. By combining electro-chemistry, nano-scale
analysis, and automated prognostics with validated multi-scale modelling, researchers can
better predict performance and longevity. Developing more comprehensive models and
scenario analysis tools is essential to understand the full impact of hydrogen technologies
on the energy transition. Expanding techno-economic models and integrating them with
short-term dispatch models will provide more detailed insights into how hydrogen fits into
energy systems, particularly with the rise of renewable energy sources. Pre-normative
research is essential for developing regulations, codes, and standards to support the safe
deployment of hydrogen technologies. As the hydrogen sector grows, clear regulations
must be established across the hydrogen value chain to facilitate widespread adoption.
Accelerated Stress Test (AST) protocols are needed to validate new materials and solu-
tions for hydrogen technologies, particularly given the long lifetimes expected of these
materials. The lack of training standards in the hydrogen sector presents a challenge for
education and workforce mobility. Defining these standards and developing modular train-
ing programs accessible to learners and training providers will promote workforce up-skill-
ing and reskilling, especially as the industry evolves rapidly. Research and technology
infrastructures are vital for fostering innovation and scaling up manufacturing capacity in
hydrogen-related industries. Co-developing solutions in common labs and testing facilities
can accelerate the industrialization of the hydrogen sector.
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Introduction

3.1 Present state of affairs

Europe is steadfast in its commitment to reducing greenhouse gas (GHG) emissions by 55%
by 2030 and ultimately achieving climate neutrality by 2050. Recognising the formidable chal-
lenges posed by sectors such as heavy industry and mobility, where emissions reduction is
particularly complex, hydrogen has emerged as a cornerstone solution. However, harnessing
the full potential of hydrogen hinges on robust Research and Innovation (R&l) efforts.

The development of hydrogen technologies necessitates not only advancements in per-
formance, combined with sufficient durability, but also significant cost reductions. While
Ra&l efforts have been instrumental in driving progress, additional funding and a supportive
regulatory framework are imperative to accelerate the transition. Collaboration between
research institutions and industry is paramount in this regard, as it enables the refinement
of existing technologies and the exploration of innovative solutions.

Europe's leadership in hydrogen technology is contingent upon sustained collaboration
and cooperation across sectors. By fostering synergies between various European initi-
atives and partnerships, the use ofresources can be optimised, and development efforts
streamlined. At the same time, alignment with strategies at the national and regional levels
are essential to facilitate the widespread adoption of hydrogen technologies, taking into
account local contexts, regulatory frameworks and energy landscapes.

Despite significant progress, challenges remain in effectively allocating resources and
addressing key research priorities. Further funding is needed to propel advancements
in hydrogen technologies, particularly in areas with low Technological Readiness Levels
(TRL) thereby enabling the breakthroughs required to fully uncover the potential of hydro-
gen technologies. Hydrogen Europe Research advocates for European cooperation to
drive innovation and foster the global hydrogen economy, ensuring a sustainable future for
generations to come.

11
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3.2 Purpose and benefits
of low technology readiness
research

Low Technology Readiness Level (TRL) research plays a pivotal role in the advancement of
hydrogen technologies. Such research can be broadly defined as an ideas-based research,
where concepts (components and/or technologies) are not yet fully validated. Low TRL
research can be seen as a process paving the way for concepts to be tested and then val-
idated as prototypes in laboratories, subsequently enabling the process of demonstration
and validation of technologies in relevant environments. While high TRL research focuses
on refining existing technologies (mature and under development), low TRL research ex-
plores novel concepts and solutions that have the potential to revolutionise the sector. By
investing in low TRL research, the hydrogen ecosystem can unlock innovative pathways to
address pressing challenges and achieve breakthroughs that propel the industry forward.

The purpose of low TRL research is twofold: exploration and innovation. It provides a
platform for scientists and engineers to explore uncharted territory at the frontiers of
knowledge between disciplines, pushing the boundaries of what is possible. By combining
multi-disciplinary and cross-sectorial work force and advanced infrastructure available in
Europe, it allows iterative and agile research necessary to uncover new materials, pro-
cesses, methodologies and technologies that have the potential to reshape the energy
landscape. Low TRL research is also contributing to increase sustainability and European
leadership of existing and next-generation technologies, by addressing fundamental re-
search on materials and components to replace existing solutions relying on critical and
strategic raw materials (CSRM).
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3.3 Purpose and benefits
of high technology readiness
research

High Technology Readiness Level (TRL) research is instrumental in bridging the gap be-
tween innovation and practical application, driving the widespread adoption of hydrogen
technologies. Unlike low TRL research, which focuses on exploration and testing, high
TRL research is geared towards refining and commercialising existing technologies to
make them ready for market deployment. By advancing technologies from the laboratory
to real-world applications, high TRL research accelerates the transition to a sustainable
energy future.

The purpose of high TRL research is to validate and optimise technologies to ensure
their reliability, scalability, and cost-effectiveness. This involves rigorous testing, validation,
verification and demonstration activities to prove the performance and viability of hydrogen
technologies under real-world conditions. In this view, technology infrastructures are es-
sential platforms to pursue such testing and validation activities. By addressing technical
challenges and refining engineering processes, high TRL research enhances the readiness
of technologies for commercialisation and mass adoption.

The benefits of high TRL research are manifold. It de-risks investments by providing
stakeholders with confidence in the performance and reliability of hydrogen technologies.
Through comprehensive testing and validation, high TRL research identifies and mitigates
potential technical, standards, certification and regulatory barriers, paving the way for suc-
cessful market deployment.

13
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Research
requirements &
recommendations

The European Union is tackling research challenges in the hydrogen ecosystem with four
key objectives:

Scientific Excellence: Ensuring Europe maintains its global
scientific leadership by covering the entire hydrogen value chain and
investing in breakthrough technologies at low TRL. Moreover, col-
laboration in international networks and securing relevant intellectual
property are key strategies.

Industrial Leadership: Supporting the industrial sector through Euro-
pean and national programs, with funding allocated to both next-generation
technologies and the upscaling of already developed technologies. This
approach aims to foster a dynamic industrial environment conducive to the
emergence of newcomers and start-ups.

Market Development: Research contributes to accelerating the de-
velopment and deployment of hydrogen technologies while also fostering
the development of new markets. Pre-normative research and the validation
of criteria for new reference standards are crucial for overcoming techno-
logical, economic, legal, and social barriers to adoption.

Territorial Impact: Research plays a vital role in defining, developing,
and implementing pilot projects with "First of a Kind" technologies. This
involves supporting techno-economic analyses, developing business
cases, and monitoring and validating districts and "Hydrogen Valleys." By
identifying the best technologies and integration schemes, research sup-
ports the industry in improving or developing new systems for territorial
implementation.

15
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Clean hydrogen production is crucial to developing a hydrogen
economy. Electrolysis, the leading method for renewable and
low-carbon hydrogen production , requires further research to
enhance performance, durability, reliability, and cost. Emerging
technologies, with potential for higher efficiency and noble
catalyst-free processes, also need extensive research due to their
lower TRL. This includes developing advanced materials, cell designs,
and BoP components. Alternative methods, like photo-induced and
thermal processes, also hold promise, though they require deeper
understanding and development to prove viability.

Together, these efforts will expand the range of clean hydrogen
production technologies for the energy transition.

Julie Mougin, ‘ ‘
Technical Committee Leader Hydrogen Production

o
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4.1 Hydrogen production

To ensure cost-competitive and efficient low-carbon hydrogen production with minimal
reliance on critical and strategic raw materials (CRSMs) as well as forever chemicals such
as PFAS, low TRL research efforts must prioritise the development of next-generation tech-
nologies as regulatory bans threaten to come into place in the future. By focusing on break-
through innovations and novel solutions, the European research community can consolidate
its global leadership in the hydrogen production sector. These efforts should encompass
both incremental improvements to existing technologies and the exploration of new mate-
rials and processes to radically enhance performance and durability while reducing costs.

Central to these research endeavours is the advancement of electrolytic hydrogen produc-
tion. Nevertheless, while electrolysis remains a primary focus, it is essential to also explore
alternative production methods to meet the diverse needs of low-carbon hydrogen from
various renewable and recoverable sources. Diversification of hydrogen resources and
production technologies will enhance the resilience of the clean hydrogen supply chain,
ensuring reliability and sustainability.

Moreover, research should address the critical issue of minimising, or even eliminating, the
use of CRSM, as well as the eco-design of components, in hydrogen production process-
es. By developing more efficient technologies, with longer lifetime and higher integration
of recycled & alternative materials, dependencies and supply chain risks can be mitigated.

On the following pages, HER has grouped research topics that deserve particular attention
within the topic of hydrogen production in the coming years.
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Innovative Cell and Stack Designs for Electrolysis

Further research into innovative cell and stack designs is imperative for
advancing all types of electrolysis technologies. Optimising designs for
low temperature electrolysis could include research on stack designs
without membranes or redox mediators decoupling the reaction at the
anode and cathode, while for high-temperature electrolysis this could
include finding solutions reducing polarisation losses or exploring specific
operating modes such as co-electrolysis of steam and CO,, thus reducing
cost in hydrogen production and utilisation in down stream processes.

Advanced Materials and Novel Material Concepts for
Electrolysis

Research aimed at improving current materials, or developing advanced
materials, used in electrocatalysts, membranes, electrolytes, bipolar
plates, coatings, seals, current collectors, and other functional layers
(interlayers, porous transport layer, etc.) at cell and stack levels, as well
as developing durable low loading catalyst layers and new materials is es-
sential. One pathway to achieve this is through the development of mate-
rial acceleration platforms and use of digital solutions for high throughput
screening and fundamental understanding of the degradation processes
in the proposed advanced and novel materials through multi-scale and
multi-physics modelling. These advancements, jointly with the process
of integrating them into the cell or stack, can enhance the performance,
durability, efficiency and flexibility of electrolysis systems, making them
more competitive and sustainable while reducing the use of CRSMs.
Specifically, emerging technologies such as Anion Exchange Membrane
(AEM) and Proton Conducting Ceramic (PCC) electrolysis stand to benefit
from such research, driving forward their commercial viability.




Advancing Hydrogen Technologies
Key Research and Innovation Priorities

Optimisation of Balance of Plant (BoP)

Research focused on optimising the Balance of Plant (BoP) aspects of
all types of electrolysis systems is of high importance. Safety, high-water
purity requirements and the need for flexible operation at low and high
temperatures, as well as potentially high pressures, present significant
challenges that must be addressed through innovative solutions. Further-
more, research focusing on power electronics and converter technologies
to optimise their use in hydrogen applications coupled with renewable
energy sources is heeded to reduce the currently high costs. By optimis-
ing BoP components and thermal management system performance,
hydrogen purity, reliability, water consumption and overall efficiency
can be improved.

Alternative Water Resources for Hydrogen Production
by Electrolysis

Exploration of the feasibility of utilising alternative water sources, namely
seawater and wastewater, as feedstock for hydrogen production via
electrolysis is currently being investigated in laboratories. Further sup-
port is needed to build upon recent research projects with the aim to
reap the benefits using alternative water sources can bring, notably re-
moving the need for high-purity water and harnessing the production of
hydrogen in remote locations (such as offshore electrolysis for example).

Investigation of Reversible Electrolysis

Reversible electrolysis technologies enable bidirectional operation,
allowing to produce hydrogen and generate electricity as needed to
meet fluctuating demand and optimise energy utilisation. While theoret-
ically feasible for any fuel cell, current devices are typically optimised for
unidirectional operation. To harness the full potential of reversible elec-
trolysis, research is essential to develop fuel cells capable of maintaining
high efficiency levels in both directions of operation.

19
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Integration of Co-Electrolysis Processes

Investigating co-electrolysis processes offers significant possibilities for
expanding the scope of hydrogen production. By incorporating co-elec-
trolysis of CO, (both at low and high temperatures), processes can also
be adapted for the generation of synthetic fuels. This approach not only
utilises hydrogen but should also capture and convert biogenic CO, into
valuable hydrocarbons. The integration of co-electrolysis can lead to
more efficient and sustainable methods of synthetic fuel production, lev-
eraging the dual benefits of mitigating carbon emissions and producing
energy-dense fuels. This synergy can enhance the overall efficiency of
the technology and broaden its application in various industrial sectors,
potentially transforming energy systems to be more environmentally
friendly and resource efficient.

Novel processes to produce hydrogen via
photo-induced processes

Novel processes for hydrogen production via photo-induced meth-
ods, such as artificial photosynthesis, photo-(electro-)catalytic and
solar thermochemical techniques offer multiple pathways for sustain-
able hydrogen production. Increased solar to hydrogen efficiency and
lower cost are crucial for these technologies to move to higher TRL
research. These approaches involve developing innovative CSRM-free
photo-electrodes and reactor designs enabling increased photon
management, exploring efficient redox coupling reactions to reduce
overpotential & enhance reaction rates and ensure proper separation
of hydrogen & oxygen. Such advancements can significantly lower
device costs and enable decentralised hydrogen production that can
be integrated with other processes, making it more accessible and
sustainable. Moreover, hydrogen production from water can be syner-
gistically enhanced using hybrid processes that combine photocatal-
ysis with sonolysis (ultrasonic irradiation). This research area focuses
on understanding the complementary mechanisms of sonolysis and
photocatalysis and optimising their integration to achieve better hydro-
gen generation efficiency and selectivity.
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Technological Development of Alternative Production
Routes (gasification, thermolysis, thermochemical
processes):

Research into alternative routes for renewable hydrogen production
is critical. These processes are typically thermally driven by heat from
renewable sources but can also incorporate hybrid routes (for exam-
ple, integrating solar or wind electrical energy and concentrated solar
heat), in which one or several steps can be driven by electrical energy
or electrochemical reactions (electrochemical steps in thermochemi-
cal cycles, electrically assisted thermolysis or extraction of high purity
hydrogen from diluted gas streams via membrane processes). These
thermal and hybrid alternative routes offer opportunities to diversify hy-
drogen production methods based on heat, which can be stored in a
straightforward way enabling continuous operation, enhancing overall
sustainability of hydrogen production.

Exploration of Geological Hydrogen Production

Further exploration of geological hydrogen sources is necessary for
diversifying hydrogen production pathways and enhancing overall sus-
tainability. The focus should lie on establishing safety protocols to ensure
the risk of hydrogen production/extraction remains low, develop purifi-
cation technologies for purifying the extracted hydrogen stream, and de-
velop further understanding on the regenerative processes involved (i.e.
chemical and physical conditions, presence of precursor). By tapping
into natural hydrogen reservoirs and leveraging biological processes, the
range of available hydrogen resources can therefore be expanded.

Non-Conventional and more Sustainable
Manufacturing Technologies

Exploring non-conventional and less subtractive manufacturing technol-
ogies, such as additive manufacturing, is crucial for unlocking creativity
in cell and stack designs, while also contributing to reducing manu-
facturing waste and increasing efficiency in hydrogen production pro-
cesses. Techniques such as microfabrication, 3D printing, fast sintering
processes and plasma-based deposition techniques offer promising
avenues for improving manufacturing processes. Automation and/or
combination of more traditional techniques to increase yields and re-
cycled materials use, as well as replacing harmful solvents/organics,
are also crucial to lower the environmental footprint and reduce cost.
Methodologies for process and quality control including in-line ones are
crucial to optimise production yield.

21
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To establish a global hydrogen economy, hydrogen production and
end-uses need to be efficiently connected through cost-competitive
and safe storage, transport and distribution technologies.

In this sense, we need to continue developing and scaling-up novel
storage materials and solutions (both aboveground and underground),
grids and hydrogen carriers for massive transport and distribution,
and key technologies such as purifiers and compressors

for bringing hydrogen to end-users with the required quality.

Ekain Fernandez, ‘ ‘
Technical Committee Leader Hydrogen Distribution
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4.2 Hydrogen storage,
transport, and distribution

As the global transition towards a hydrogen economy gains momentum, the need for
robust research in hydrogen storage, transport, and distribution becomes increasingly
apparent. Developing cost-competitive solutions for massive hydrogen transportation, ret-
rofitting existing gas grids, and understanding material interactions are among the critical
research areas. The following pages explore the current research needs and highlights
emerging topics to address the challenges and opportunities in realising a hydrogen-based
energy landscape.

Developing Cost-Competitive Storage Solutions

Research is crucial for developing cost-competitive storage solutions
for liquid and compressed hydrogen. Understanding material behaviour
and compatibility with hydrogen is essential for ensuring the safety and
efficiency of storage systems and for the prevention of corrosion and
material embrittlement. Additionally, research into alternative and/or ad-
vanced materials can offer innovative approaches to hydrogen storage
for different applications in storage and distribution. Such advancements
can facilitate large-scale onshore and shipping storage, enabling the
widespread adoption of hydrogen as an energy carrier.

Investigating Material Interactions

Research is required to understand the effects of high-pressure hydro-
gen on polymer and composite materials. While much is known about
hydrogen's damaging effects on metals, less is understood about its
interactions with non-metallic materials crucial for preventing leakage.
Investigating phenomena such as uptake, swelling, and phase separa-
tion under a wide range of operation conditions will guide the develop-
ment of materials resistant to hydrogen-induced damages, ensuring the
integrity of hydrogen storage and transportation systems.

23
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Investigating Metal Hydrides for Reversible Hydrogen
Storage

Metal hydrides offer an energy-efficient, compact, reversible and low-
cost storage of hydrogen at ambient pressure and temperature through
a thermal process. Even though there are some commercial applications
of metal hydrides, more research is needed to explore the potential of
new tank designs and their coupling with other components of the hy-
drogen chain, such as electrolysers and fuel cells. The design of the
metal hydride reservoirs should be optimised by analysing and simulat-
ing different geometries, also considering manufacturability. The design
of materials to store hydrogen as a hydride compound should focus on
utilising recyclable and non-critical raw components and high porosity
compounds whilst improving the effective thermal conductivity for prop-
er heat management, aiming for economic efficiency.

Hydrogen Underground Storage

Understanding hydrogen behaviour and best sealing practices in differ-
ent underground settings is important to avoid considerable losses to
the amount of gas injected. Understanding pressure requirements for
different settings is important to ensure safe operating environments
and ensure both containment and optimal recovery of the stored gas.
In addition, the cyclability (charging and discharging) of large quantities
of hydrogen for industry demand should be further explored. Moreo-
ver, considering different cushion gas options in view of optimising the
cushion gas to working gas ratio will be another step towards more ef-
ficient storing of hydrogen. Finally, environmental aspects of large-scale
underground storage infrastructure (salt caverns, depleted gas fields or
artificial underground cavities) should be given emphasis.

Adapting Existing Gas Pipelines

There is a critical need for research to adapt and retrofit existing gas
pipelines for hydrogen transportation and distribution and investigate
effects of hydrogen on materials (corrosion, permeation, embrittle-
ment...). This also includes developing mitigation technologies such as
inhibitors and coatings, as well as identifying cost-competitive materials
suitable for hydrogen pipelines. As hydrogen is more prone to leakage
than natural gas, due to its smaller molecular size, components such as
COmMpressors, pressure regulators, valves and seals need to be replaced
to adapt gas networks to hydrogen. Advanced sensors and measure-
ment & monitoring tools are also necessary for detecting leaks and en-
suring gas quality. Pre-normative research is vital for understanding and
addressing the challenges of integrating hydrogen into gas grids, includ-
ing modelling flow dynamics through pipelines. Furthermore, research
on safety aspects and leakages is needed to ensure safe operation.
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Developing Cost-Competitive Carrier Solutions and
related conversion technologies

Research is essential to develop cost-competitive solutions for mas-
sive hydrogen transportation. Innovative hydrogenation and dehydro-
genation technologies need exploration to ensure efficiency, flexibility,
safety and affordability. Synthetic fuels, as well as green ammonia syn-
thesis, integrating electrolytic hydrogen and/or co-electrolysis, should
be further explored to improve the flexibility of the Fischer-Tropsch and
the Haber-Bosch processes, coupled with renewable energy sources.
A challenge is to define the optimal plant size and operation to main-
tain the same level of process efficiency as conventional larger ones.
At smaller scales, heat and mass transfer, reactor design, and process
control become more critical and may require innovative solutions for
optimisation. In order to improve conversion efficiency, reaction kinet-
ics, and cycle stability, novel catalysts, reactor designs, and process
conditions must be explored.

Exploring Advanced Purification Technologies

Further research is necessary to explore advanced hydrogen purifi-
cation solutions such as membrane or electrochemical technologies.
They have the potential to purify hydrogen stored underground as
well as geological hydrogen and hydrogen found in industrial waste
streams to high purity hydrogen. These innovative technologies should
be tested at lab-scale and then scaled up to market level. The puri-
fication technologies might also be integrated in advanced reactors
(e.g. membrane reactors, electrochemical reactors, plasma reactors)
to enhance the performance of chemical reactions, such as reforming
and cracking of hydrogen derivatives as well as the synthesis of these
hydrogen derivatives.

Assessing Hydrogen Carriers and Refuelling Demand

Research is essential to assess the state of various hydrogen carriers and
identify research gaps to improve processes for the imminent importation
of hydrogen to Europe. Additionally, understanding refuelling and energy
demand patternsiscrucialfor designing efficient hydrogendistribution net-
works and infrastructure. Data-driven computational modelling can serve
as a powerful tool to identify and validate optimal candidates for hydrogen
storage, transport, and separation among a wide range of materials, ac-
celerating the development and deployment of hydrogen technologies.

25
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Unlocking hydrogen’s potential requires targeted research that prioritizes
process optimization, technology refinement, and scalable integration to
meet industry needs sustainably. It is crucial to prioritize advancements in fuel
cell technologies, developing more compact, efficient, and versatile fuel cell
systems suitable for an even wider range of stationary applications. Advances
in fuel cell and combustion technologies are essential to overcoming technical
challenges, expanding hydrogen’s applications, and establishing it as

a viable, clean energy solution across a range of industrial sectors.

Viviana Cigolotti, ‘ ‘
Technical Committee Leader Heat & Power Industry

While fuel cells for transport historically were developed for passenger cars,

the main focus is now on heavy duty (HD) transport applications including heavy
duty trucks, maritime, rail and aviation. These applications require significantly
higher power and much longer lifetimes, which cannot be met with incremental
improvements of existing fuel cell technologies. Thus, new fuel cell concepts
and designs, beyond the classical architecture, as well as new, more stable,
recyclable and sustainable materials must be developed to succeed in full
commercial market deployment of fuel cells in HD transport applications.

Steffen Mgoller-Holst, ‘ ‘
Technical Committee Leader Hydrogen Transport
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4.3 Hydrogen end-uses

As the fuel cell and hydrogen sector continues to experience rapid growth and develop-
ment, it is imperative to identify and address the research needs critical for advancing
hydrogen applications across various transport and industrial sectors. In this context, re-
search plays a pivotal role in overcoming technological barriers, optimising processes, and
ensuring the seamless integration of hydrogen technologies into existing processes while
exploring novel applications where it could be utilised. This overview explores the diverse
research needs within transport and industry applications for hydrogen.

New fuel cell concepts and designs, beyond the
classical architecture

Exploring new fuel cell concepts and designs beyond the classical ar-
chitecture represents an opportunity for breakthroughs, innovation and
optimisation. Currently, the fuel cell stack itself has reached a relative
mature level, providing reliable power for reasonable long lifetimes.
However, the classical fuel cell architectures are limiting their use to cer-
tain market segments, while others are still out of reach. This is typically
either caused by stack related issues or linked to the heavy, voluminous
and costly Balance of Plant Components. Focus on reducing the com-
plexity of fuel cell systems, through simplification and/or elimination of
some BoP components, can lead to new fuel cell concepts and designs.
By investing in research on membrane-less configurations, air-breath-
ing, lightweight designs, efficiency can be enhanced and the scope of
applications expanded. New cooling strategies along with static and
passive fuel cell feeding systems, also offer the potential to address
current technological limitations and new possibilities for fuel cell tech-
nology can be unlocked. This research can lead to the development
of more compact, efficient, and versatile fuel cell systems suitable for
an even wider range of applications, from transportation to stationary
power generation. Exploring new fuel cell concepts and designs beyond
the classical architecture presents an opportunity for innovation and
optimisation. By investing in research on membrane-less, air-breathing,
lightweight designs, new cooling concepts and static-passive feeding
fuel cell designs, existing limitations can be overcome and new possi-
bilities for fuel cell technology can be unlocked. This research can lead
to the development of compact, efficient, and versatile fuel cell systems
suitable for a wide range of applications, from transportation to station-
ary power generation.
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New types of electrolytes

The development of new types of electrolytes for fuel cells focuses on
the fundamental research and initial testing stages of innovative materials
that could significantly enhance fuel cell performance and/or make use of
PFAS free polymers. This developmental phase includes exploration and
formulation of novel electrolytes such as boron-based compounds, mul-
ticomponent liquid electrolytes, and composite electrolytes. Boron-based
compounds are investigated for their unique chemical properties and
potential to facilitate higher conductivity and electrochemical stability in
fuel cells. These compounds are in the early stages of synthesis and char-
acterisation to determine their feasibility in operating environments. Multi-
component liquid electrolytes involve the combination of several chemical
components to create a fluid medium with optimised ionic conductivity
and reduced degradation rates under fuel cell operating conditions. At
low TRL, the focus is on identifying the right chemical blends that can
operate efficiently at varying humidities, temperatures and pressures.
Composite electrolytes represent a hybrid approach, integrating different
materials such as polymers, ceramics, and conductive fillers to create
multifunctional electrolytes. These are designed to leverage the strengths
of each component material, such as improved mechanical strength from
ceramics and enhanced ionic conductivity from polymers. Initial develop-
ment involves material screening and selection, prototype manufacturing,
and basic performance testing under controlled conditions.

Maritime

Research into hydrogen and hydrogen carrier (@ammonia, methanol) conver-
sion and storage beneath deck in maritime transport is critical for address-
ing safety concerns and advancing the adoption of these as a clean fuels in
the maritime sector. Hydrogen storage beneath the deck presents unique
safety challenges due to the potential risks associated with hydrogen, such
as flammability, toxicity (in the case of hydrogen carriers) and the formation
of explosive mixtures. Therefore, it is essential to conduct comprehensive
research to understand and mitigate these risks effectively. Investing in
pre-normative research can lay the foundation for developing standardised
safety protocols and regulatory frameworks, ensuring the safe and efficient
integration of hydrogen and hydrogen carrier storage systems on ships. By
investigating factors such as hydrogen and hydrogen carrier leak detection,
containment systems, and emergency response protocols, researchers
can develop robust safety measures to protect crew members, passen-
gers, and the environment. Furthermore, pre-normative research plays a
crucial role in establishing industry standards and regulations for hydrogen
storage in maritime transport. By collaborating with regulatory bodies,
industry stakeholders, and research institutions, researchers can identify
best practices, define safety requirements, and develop testing procedures
to ensure compliance with international safety standards.
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Aviation

The aviation sector faces particular challenges due to the range of flight
missions and the high energy consumption on medium and long-haul
flights. Hydrogen as an energy carrier represents a promising solution as
it can be converted into electricity in fuel cells or via gas turbines. In both
cases, storing the hydrogen in liquid form and integrating the tank into the
fuselage remains an important and complex task due to the significant
challenges of maintaining extremely low temperatures, minimising hydro-
gen boil-off and preventing leakages. These challenges are particularly
prominent during landing when most of the hydrogen has been used, and
the remaining hydrogen could quickly evaporate if warmed. In addition,
fuel cell drives must also include very compact and energy-dense fuel
cells, with extremely high mass and volume-specific performance. More-
over, their cooling is extremely critical and currently require larger system
sizes increasing the weight of propulsion systems. Thus, low TRL devel-
opment of new materials based on membranes and particularly catalysts
and electrodes are required to increase fuel cell operating temperatures
above 100 °C and efficiently reduce the cooling system requirements.
Moreover, the newly identified materials need to be optimised towards
higher volumetric power densities and long-term stability. Hydrogen
gas turbines could also play a significant role by cutting CO, emissions.
However, reducing NOx emissions from combustion of hydrogen is
crucial. Thus, it's essential to design, test, and implement combustors
that improve hydrogen and air mixing, enhance flame stability, and ex-
hibit good thermo-acoustic properties. By collaborating with regulatory
bodies, industry stakeholders, and research institutions, researchers can
identify best practices, define safety requirements, and develop testing
procedures to ensure compliance with international safety standards.

Hydrogen in glass and ceramics production

Despite promising results, using hydrogen in ceramic tile production pos-
es technical challenges. Its lower calorific value than methane requires a
higher gas volume, potentially necessitating kiln and burner adjustments
to maintain efficiency. Hydrogen combustion can also affect tile color
consistency, particularly with color-sensitive glazes, which may alter
shades due to combustion variations. Further research is needed to en-
sure color quality without losing efficiency. In glass production, hydrogen
use shows potential but presents unique issues, such as metal depletion,
acidification, and foam formation in the melt, which limits heat transfer
and accelerates furnace wear. High water vapor levels exacerbate these
effects, potentially discoloring glass and reducing quality. Research aims
to refine heating methods and process parameters, focusing on minimiz-
ing metal loss, acidification, and discoloration to ensure hydrogen’s via-
bility in environmentally and economically sustainable glass production.
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Hydrogen in metal production

Hydrogen is one of the favoured decarbonisation options for European
steel-makers, but several research questions remain before this solu-
tion is viable economically. The influence of impurities in ores will be
important as also low-quality ores and industrial by-products must be
used as feedstock. Furthermore, steel requires not only iron, but alloying
elements such as ferro alloys, whose decarbonisation options are even
more limited than for iron. Hydrogen can be used in the pre-reduction of
some of the ores such as chromite and manganese ores, giving poten-
tial for substantial carbon reductions. One of few options for complete
decarbonisation which should be further investigated could be hydro-
gen plasma. In addition, significant challenges for these processes and
applications arise from the fuel switch from natural gas to hydrogen. The
significant change in water vapour content (+89% for air combustion)
in the off-gas can affect the gas-solid or gas-liquid interaction between
the furnace atmosphere and the product in direct heating applications
leading to potential increase of surface oxidation effects. The impact on
refractory and other auxiliary products and materials is also relevant.
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Hydrogen and ammonia combustion burners

Research into hydrogen combustion burners and combustion behaviour
is needed for optimising the use of hydrogen as a clean energy source
in various industrial applications. By investigating the combustion char-
acteristics of hydrogen and developing efficient burners, researchers
can improve combustion efficiency, reduce emissions, and enhance the
overall performance of industrial processes. Notably, research into flame
stabilisation mechanisms is necessary for ensuring stable and reliable
combustion of hydrogen and ammonia fuels. By understanding the factors
influencing flame stability, such as fuel-air mixing, turbulence, and burner
design, researchers can develop innovative flame stabilisation techniques
to enhance combustion performance and operational stability in industrial
settings. This research can lead to the development of advanced com-
bustion systems capable of operating efficiently and safely with hydrogen
and ammonia fuels, paving the way for widespread adoption in industry.

Direct use of ammonia

Research on using ammonia directly in industry holds promise for lever-
aging ammonia as a versatile and clean energy carrier. By investigating
cracking technologies based on combustion or electrochemical process-
es and developing ammonia-based cracking technologies, researchers
can explore new pathways for decarbonising industrial processes. Am-
monia combustion offers the potential to reduce greenhouse gas emis-
sions and air pollutants while providing a scalable and cost-effective en-
ergy solution for various industrial applications. Research on the impact
of ammonia on materials is crucial to ensure feasibility of these technolo-
gies. Where hydrogen is needed as a reducing agent in high temperature
environments, such as in metallurgical applications, the process tem-
peratures are sufficient for ammonia decomposition. This could bypass
the need for expensive cracking units. Further research on direct use of
ammonia in production of iron and other metals holds potential to re-
duce the overall costs across the hydrogen-ammonia-metal value chain.
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, Hydrogen is called to play a pivotal role in achieving a European
carbon-neutral society. Therefore, research is crucial to ensure that it
will be safe and sustainable from environmental, economic and social
perspectives, educating the next generations and getting society
involved in its deployment.

Javier Dufouir, ‘ ‘
Technical Committee Leader Cross-Cutting Activities

, , Even though hydrogen valleys are not part of this position paper,
the research outlined here plays a crucial role in advancing hydrogen

ecosystems, fostering local industrial clusters, and supporting
regional decarbonization efforts. At a regional level, it enables
multi-scale, multi-purpose initiatives, and guides policy-makers in
strategic planning. Through rigorous techno-economic monitoring,
research provides data-driven insights that build confidence among
investors and identify areas for improvement. By generating technical,
economic, and workforce requirements, research also supports
training programs tailored to hydrogen industry needs

Guillermo Figueruelo, ‘ ‘
Technical Committee Leader Hydrogen Valleys
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4.4 Transversal activities

As the fuel cell and hydrogen sector continues to evolve rapidly, it faces a myriad of chal-
lenges that span across various research domains. These challenges demand transversal
research efforts to address critical issues and drive innovation in hydrogen technology. The
following pages explore the research needs in key transversal research topics within hydrogen
research, focusing on sustainability, pre-normative research, safety, research and technology
infrastructures, education and training needs, and social aspects. By delving into these areas,
opportunities to advance the development and deployment of hydrogen technologies can be
uncovered while ensuring their sustainability, safety, and societal acceptance.

Recycling of Hydrogen Technologies

Research into the recycling of hydrogen technologies at their End of Life
(EoL) is crucial for promoting circularity and resource efficiency in the
hydrogen industry. By recovering and reusing Critical Raw Strategic Ma-
terials (CRSMs) from decommissioned hydrogen technologies, reliance
on virgin materials can be reduced and waste generation minimised. In
complementarity with the aforementioned, eco-design and sustainabili-
ty by design are research pathways that will enable the development of
sustainable next generation of technologies.

Replacement of PFAS in Hydrogen Technologies

As regulatory pressures increase and bans on PFAS usage loom, the need
to investigate alternative substances for hydrogen production, logistics,
and end-use technologies becomes imperative. However, the availability
of non-fluorinated components remains limited, highlighting the necessity
for continued research efforts. Understanding the emissions and environ-
mental behaviour of a subclass of PFAS used in hydrogen applications,
fluoropolymers, is therefore also essential, as they will likely continue to
be in use until alternatives are widely available. Additionally, while alter-
natives such as non-fluorinated membranes show promise, they require
rigorous stress and durability testing to ensure suitability for widespread
adoption. Funding for research in this field is crucial, particularly as Europe
is lagging behind in the development of alternatives to PFAS. Further
research is needed not only to understand the requirements for replace-
ment substances but also to ensure their durability and environmental
harmlessness. By investing in research, we can accelerate the discovery
and implementation of viable alternatives, ensuring continued progress
and compliance with evolving environmental standards.
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Development of life cycle inventories of hydrogen
technologies for life cycle sustainability, material
criticality and circularity assessment

The few sustainability assessments that can be found in literature have
emphasised the need for building a transparent and reliable database of
life cycle inventories of FCH systems. Along with the application of cur-
rently available guidelines for life cycle (sustainability) assessment of FCH
systems, the availability of such a database would enable robust life cycle
studies for analytical, benchmarking and sustainable-by-design purposes,
also including material criticality and circularity aspects. This initiative should
take into account public life cycle inventories developed so far within the
framework of CHP-funded projects, as well as relevant inventory data avail-
able in specialised reports and the scientific literature. Life cycle inventories
should be prepared in line with the requirements of the Life Cycle Data
Network (LCDN). Furthermore, considering the future market, the develop-
ment of product environmental footprint category rules (PEFCRs) of FCH
products, which also increases the number of LCDN-ready inventories of
FCH systems while promoting an environmentally responsible market of
FCH products, should be consolidated by the preparation of new PEFCRSs.

Al Applications in Hydrogen Research

Data-driven approaches exploiting machine learning and artificial intelli-
gence (Al) techniques for computational modelling and screening meth-
ods hold great promise for accelerating advancements in hydrogen
technologies. By harnessing the power of Al/data-driven approaches,
we can enhance our understanding of complex systems at every level,
optimise conversion, separation and transport processes, and identify
novel and tailored materials for innovation and efficiency gains. With this
we can develop routes for their accelerated implementation to reduce
time from discovery to application and up to system level with diagnostic,
prognostic and control tools. These developments could have broader
impacts and could be used in testing platforms, for the definition of
Accelerated Stress Test (AST) protocols, as well as in pre-normative
research and safety assessment.
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Modelling and characterisation of materials
behaviour when processed into pipeline coatings,
adsorbing (host) substrates, electrodes, electrolytes,
membranes, and cells

By integrating diverse disciplines such as electro-chemistry, nano-scale
micro-structural analysis, and automated learned prognostics, there
is a significant opportunity to advance the understanding of materials
behaviour in pipeline coatings, adsorbing (host) substrates, electrodes,
membranes, and cells. Through a collaborative effort, employing vali-
dated multi-scale and multi-physics modelling alongside experimental
characterisation at various levels, from the nano to macro-scale, we can
develop a comprehensive "toolbox." This toolbox enables the identifica-
tion of critical parameters influencing performance and lifetime, paving
the way for enhancements in next-generation materials and components.
By comprehensively assessing materials behaviour under various oper-
ating conditions, we can improve predictions and optimise performance,
driving progress in the development of more efficient pipeline coatings,
adsorbing (host) substrates, electrode, membrane, and cell technologies.

Developing more comprehensive models and scenario
analysis tools

This is essential for understanding the full impact of deploying hydrogen
technologies in the energy transition. Current techno-economic optimisa-
tion models have limitations regarding the spatio-temporal resolution need-
ed for short-term operational characteristics, especially with the increasing
penetration of variable renewable energy sources. Expanding the scope
of scenario analysis tools is crucial to assess the broader implications of
alternative low-carbon pathways on health, environmental and social im-
pacts, and resource depletion, as well as the coupling between energy
production and energy demand. Additionally, enhancing the integration
between energy system models, unit commitment, economic dispatch
models, and energy network models can better quantify the contribution of
hydrogen technologies to integrating non-dispatchable renewable energy
sources like power to gas technologies. Developing alternative optimisation
paradigms in models, beyond minimising the cost of the energy system, is
necessary. These paradigms should incorporate health outcomes related to
changes in air pollutant emissions and integrate short-term dispatch mod-
els with long-term reference energy and technology systems. Additionally,
modelling tools that not only cover systems but also subsystems such as
electrolysers, storage tanks, or compressors will be required in order to
model individual technologies and a combination of different technologies.
These models should then be combined with loT to create digital twins
that can operate, monitor and optimize hydrogen plants in the future. This
cross-sectoral and integrated approach would provide more informative
scenarios for informed decision-making in energy systems policy.
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Defining Regulations, Codes and Standards through
further pre-normative research

The hydrogen sector has experienced significant growth in recent years,
but the transition from technological advancements to widespread de-
ployment faces non-technological hurdles. To sustain momentum and
expand the use of hydrogen technologies across various applications,
a robust policy and regulatory framework, coupled with stringent safety
criteria, are essential. Clear codes, technical regulations, and standards
are needed throughout the hydrogen value chain to facilitate deploy-
ment. Hydrogen Europe Research emphasises the importance of
Pre-Normative Research (PNR) in informing and shaping regulations to
prevent delays in technology deployment due to regulatory gaps. Har-
monising regulations across the European Union jurisdictions is crucial
to avoid fragmentation hindering technology development. Furthermore,
the definition of certification schemes for the hydrogen technologies and
their components is be needed to ensure a guarantee on the quality of
the commercial and novel technologies and components.
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Development of Accelerated Stress Test (AST)
Protocols

The validation of new materials and solutions for long-term durability,
expected to last over a decade, poses challenges due to the time re-
quired for development. Thus, there is a pressing need to develop ac-
celerated testing protocols that accurately simulate long lifetimes with-
out altering material behaviour and without changing the mechanisms
responsible for the evolution of performances over time. AST protocols
representative of usage conditions, in which acceleration factors for the
degradation (e.g. temperature, current) need to be embedded, must be
defined. They should then be compared to long-term tests performed
in real or simulated environments. A combination of these simulations
together with Al-driven developments and the advanced micro-structur-
al characterisation techniques is needed to define and validate the best
possible AST protocols.

Defining training standards, developing modular
training and improving access to continuous
education for working

The lack of training standards in the field of hydrogen poses a challenge
for training providers who lack common recognised guidelines to define
the expected proficiency level for specific tasks and professions (par-
ticularly in the area of safety). Having these standards in place would
facilitate workers mobility between companies and across projects.
They should outline the specific learning outcomes, core competencies,
and performance indicators that individuals should acquire and demon-
strate to meet the requirements of a particular profession or industry. To
facilitate this, building a modular training corpus accessible to learners
and training providers, as done in European projects, would support the
development of education across Europe. Modular learning units could
be selected and combined to create personalised learning paths tailored
to individual needs and aspirations. Such a design simplifies the repli-
cation of training programmes and/or modules across different national
educational systems. Training providers could pick the most relevant
items and integrate them in their training rather than having to adopt a
full programme proposed as a block. Additionally, a modular approach
would leave room to introduce modules addressing local requirements
and specificities. In addition, given the rapid pace of technological ad-
vancements, the European workforce must be continually up-skilled or
re-skilled to meet the evolving market demands. Moreover, the acceler-
ation of the transition towards clean energy is reducing the demand for
certain professions while increasing it for others. Speed is of the essence
to offer workers and industries with up-skilling and re-skilling opportuni-
ties, as well as to facilitate knowledge transfer from research to industry.
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Research and innovation in the field of hydrogen technologies quite
often requires sophisticated and large infrastructures for testing or
studying manufacturing aspects. A significant number of such research
infrastructures is available to support industry and in particular SMEs to
increase Technology Readiness level (TRL) and Manufacturing readiness
level (MRL) of their products. New challenges in hydrogen production,
distribution, safety, heavy duty transport and stationary application
areas will benefit from use and expansion of such infrastructures, up to
the relevant industrial scale.

Ludwig Jorissen, ‘ ‘
Technical Committee Leader Hydrogen Supply Chain
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4.5 Research and Technology
Infrastructures

Funding research and technology infrastructures is crucial for fostering innovation and
enabling breakthrough technologies, especially in scaling up manufacturing capacity for
hydrogen-related industries. Co-designing and co-developing solutions in common labs
can facilitate the industrialisation of the European hydrogen sector by testing and validat-
ing technologies in the right operating environments.

Hydrogen Europe Research has conducted a mapping of relevant infrastructures along
the hydrogen value chain to identify gaps and direct European investments effectively.
Bridging these gaps and fostering collaboration across research entities and companies
can create a conducive environment for technological innovation. Adequate funding and
monitoring are essential to support the development of these infrastructures, particularly
for SMEs facing financial constraints. Including both Technology Readiness Level (TRL)
and Manufacturing Readiness Level (MRL) measures in infrastructure assessments will
provide a more comprehensive understanding of their role in developing, testing, and vali-
dating hydrogen technologies. As an example of welcomed recent developments, recently
funded Open Innovation Platforms (e.g. Open Innovation Test Beds) are a way of creating
a collaborative network of infrastructures.
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Closing Remarks

Hydrogen technology stands at the forefront of the clean energy transition, offering vast
potential to decarbonize multiple sectors, from transport to heavy industry. The research
landscape outlined here highlights key areas of focus that will shape the future of hydro-
gen. These include innovations in fuel cell designs, electrolytes, and combustion systems,
advancements in Al and modelling for materials and processes, as well as the critical role
of safety and standardization in accelerating deployment. Key industrial applications, such
as maritime, aviation, glass, and steel production, underscore the diverse possibilities
for hydrogen. However, there is also a pressing need for continued research in safety,
efficiency, and the optimal integration of hydrogen in industrial processes. Issues such as
hydrogen storage, the replacement of harmful substances like PFAS, and the optimiza-
tion of materials are central challenges that must be addressed through targeted efforts.
Simultaneously, transversal activities such as recycling, sustainability assessments, the
development of regulations, codes and standards, and education and training programs
are essential for fostering a robust hydrogen ecosystem. By advancing these fields and
ensuring societal acceptance, Europe and other regions can achieve a sustainable and
resilient hydrogen economy.

This position paper not only outlines the most important research areas but also offers
a vision for the long-term impact of hydrogen in reducing global carbon emissions and
transforming key industries. To achieve this vision, it should be considered that hydrogen
technologies are not entering into an existing market, but that an entire value chain must
be developed and put in place. This is difficult, and it requires an overall and integrated
strategy. Funding for research is essential, but competitiveness can be built only coupling
research and innovation with other actions such as scaling up, first industrial deployment,
development of the demand side and activation of early markets.

A private-public partnership such as the Clean Hydrogen Joint Undertaking is crucial in
supporting the development of the value chain, of new technologies and bringing existing
ones to the market. Thus, providing funding mechanisms is paramount to ensure the
research gaps highlighted in this paper are addressed. Through collaboration, continued
investment, and innovative thinking, the full potential of hydrogen as a clean, versatile
energy source can be realized.
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Abstract

The transition to a sustainable hydrogen economy remains constrained by the limited
share of low-emission hydrogen production, with conventional carbon-based process-
es dominating current supply. Conventional water electrolysis, on the other hand, is
not the most viable alternative in all use cases. This review provides a comprehensive
overview of alternative hydrogen production pathways, focusing on electrochemical,
photolytic, and biomass-based processes. Depolarized electrolysis, including SO, and
nitrogen-compound-assisted methods, offers lower energy requirements and the poten-
tial for co-production of value-added chemicals. Biomass-based approaches, such as
two-stage anaerobic digestion, pressurized pyrolysis, and thermochemical cycles, enable
decentralized, renewable hydrogen production while valorising waste streams. Photolytic
methods, including photoelectrochemical and photocatalytic systems, mimic natural pho-
tosynthesis to directly convert solar energy into hydrogen, offering long-term sustainable
solutions. Despite promising advances, these technologies face challenges including cat-
alyst development, system scalability, feedstock variability, process integration, and tech-
no-economic feasibility. By mapping current research, pilot-scale demonstrations, and
knowledge gaps, this review highlights the potential of alternative hydrogen production
processes to complement conventional electrolysis, diversify supply chains, and support
a resilient, flexible, and decarbonized hydrogen economy.
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Introduction

Despite significant efforts by authorities, funding agencies, and researchers to advance
a clean hydrogen economy, less than 1% of the produced hydrogen is obtained through
low-emission processes, according to the latest IEA report'. Many of the most econom-
ically viable “clean” alternatives currently involve carbon capture technologies applied to
traditional methods, rather than fully sustainable processes.

A more effective way to address this challenge is to recognize that, particularly in the
energy and mobility sectors, there is rarely a one-size-fits-all solution. Instead, a spectrum
of coexisting technologies is required to collectively achieve a shared goal—in this case,
a versatile, reliable and scalable supply of clean hydrogen.

This report presents the current state of the art, challenges, and future development needs
for selected alternative hydrogen production methods. It is organized into three main cat-
egories (Figure 1):

. Electrochemical Processes: Involving feeding compounds - other than water - into
electrochemical cells. While the fundamental hydrogen production remains unchanged
in comparison to water electrolysis, the altered reaction pathways lower energy re-
quirements and potentially produce additional value-added products.

. Photoactivated Processes: Aiming to replicate naturally occurring phenomena such
as photosynthesis, utilizing solar energy directly for hydrogen generation.

. Biomass-Based Processes: In these methods, hydrogen stored within organic
compounds is extracted through gasification or pyrolysis or via biological pathways
such as bacterial digestion and hydro-genesis.

Each of these alternatives offers unique opportunities for expanding hydrogen production
into sectors where traditional water electrolysis may be impractical or economically not viable.

Figure 1: Classification of alternative clean routes for hydrogen production
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Current state
of research

2.1 Electrochemical
processes

2.1.1 Compound-based depolarized electrolysis

Compound-based depolarized electrolysis, has the potential to reduce both the energetic
costs and mitigating the overall product costs by obtaining valuable by-products. This
approach to water electrolysis relies on the introduction of a compound — other than water
— into the anode, therefore altering the anodic reaction, without modifying the cathodic
reaction (HER). Theoretically, any oxidation reaction that releases protons could be used
to “depolarize” the anode on a water electrolysis cell, without altering the cathodic HER,
though the main alternative currently studied is the SO, depolarized electrolysis (SDE). In
SDE, the oxygen evolution reaction (OER) is replaced by the SO, oxidation reaction (SOR),
reducing the theoretical voltage from 1.23 Vto 0.158 V vs RHE, replacing the O, by H,SO,
in the anode. In spite of being the most researched alternative, SDE still is currently in early
stages of development. Current state of the art studies®* are all carried out on either fuel
cell or electrolysis components, slightly adapted to operate under SDE conditions. Con-
sequently, the concept of a SDE stack arrangement has not been designed or proposed,
the optimization of the specific components for SDE is a necessary step to achieve the
established targets from the DoE of 500 mA/cm? at 1.0 V with a concentration of H,SO,
of = 50%, which would position the SDE-sourced H, as economically competitive with
natural gas derived H,*.

Another promising approach for OER replacement in electrolysis involves the oxidation of
aqueous solutions containing N-based compounds, where a N-compound reacts instead
of O,. This approach offers significantly lower theoretical energy requirements compared
to conventional water splitting: 0.057 V vs RHE for ammonia, — 0.334 V vs RHE for hydra-
zine, and 0.072 V vs RHE for urea. These nitrogen-containing compounds are attractive
due to their high hydrogen content and good solubility in water®8, Ammonia, a carbon-free
compound, is produced on a large scale and can be readily liquefied and transported over
long distances, making it a practical hydrogen carrier. Urea is a cost-effective and widely
available compound with a well-established production infrastructure. The electrochemical
oxidation of hydrazine is particularly attractive because it generates nitrogen gas without
forming any carbon-containing by-products - unlike urea - although hydrazine is toxic and
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highly reactive, its hydrate form is non-flammable, making it comparatively safer to store
and manage under controlled conditions®.

The concept of methane/natural gas-assisted electrolysis has also been proposed as
a method to enhance the efficiency of solid oxide electrolysers (SOECs) and molten
carbonate electrolysers (MCEC) thereby enabling more competitive syngas production
compared to SMR. Principle of this strategy is a reforming reaction performed in an elec-
trochemical way. From thermodynamic perspective, the introduction of a fuel such as
methane lowers the open-circuit voltage, and thus the electricity consumption. Addition-
ally, the reductive nature of methane diminishes the chemical potential difference between
the anodic and cathodic compartments, further contributing to improved system perfor-
mance. Compared with steam reforming reactors, the modular design of the electrolyser
and the absence of extensive heat exchangers, allows this approach to be used to build
small-scale hydrogen production units.

2.1.2 Biomass-based depolarised electrolysis

Biomass electrolysis presents a sustainable and energy-efficient alternative to convention-
al water electrolysis. Unlike water electrolysis, which requires high cell voltages (>1.8 V)
and energy input (~4.8 KWh/Nm?® H,) °, biomass electrolysis utilizes organic feedstock to
generate hydrogen at significantly lower voltages (~0.6 V), reducing energy consumption
by up to three times''. The energy balance of ethanol production—expressed as the
energy return on energy invested (EROI)—varies significantly depending on the feed-
stock and production process. The most energy-efficient biofuel sources are the 1st
generation ethanol, in particular that produced from sugarcane has a EROI ranging from
8:1 to 10:1." The 2nd generation ethanol, derived from lignocellulosic biomass has an
EROI ranging from 2:1 to 4:1% as it’'s a more complex and energy demanding process,
but benefits from the utilisation of non-food biomass (e.g., agricultural residues, wood
chips) and still offers a good carbon balance. Different biomass-derived feedstock offers
distinct advantages in hydrogen production. Ethanol electrolysis requires relatively low
input energy (1.6-2.3 KWh/Nm?® H,) and benefits from an established supply chain™.
However, a big challenge is to find highly active catalysts for breaking the C-C bond to
accomplish ethanol complete oxidation to CO, releasing 12 . Moreover, in addition to
CO,, carbon-containing by-products (e.g. aldehydes) can be also produced. Glycerol,
a by-product of biodiesel production, provides high hydrogen selectivity and valuable
oxidation coproducts'. This process can be designed to co-produce value-added
chemicals, significantly improving economic viability'®. The most interesting feedstock
is lignocellulosic biomass. It is an abundant and renewable hydrogen source. However,
its complex polymeric structure, made of cellulose, hemicellulose, and lignin, requires
pre-treatment to release fermentable sugars for electrolysis. This process is scalable for
distributed hydrogen production, with an estimated H, cost of $2.50-$3.50/kg, making
it competitive with clean hydrogen from electrolysis'.
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2.1.3 Enzyme mediated electrochemical processes

Enzyme-mediated electrochemical systems represent a biologically inspired and increas-
ingly promising route for sustainable hydrogen production. These systems exploit hydro-
genases - highly efficient metalloenzymes - as natural catalysts for the hydrogen evolution
reaction.’® Particularly, [FeFe]- and [NiFe]-hydrogenases have been integrated into electro-
chemical platforms to enable hydrogen generation under ambient conditions, providing an
attractive alternative to platinum-based catalysis. Compared to platinum, enzyme-based
systems demonstrate excellent catalytic behaviour, especially given their operation at low
overpotentials and mild reaction environments.’” Although platinum remains unmatched
in universal catalytic performance, its scarcity and cost limit scalability. By contrast, enzy-
matic systems leverage earth-abundant materials and offer site-specific catalysis, making
them attractive for clean hydrogen technologies.

In enzyme-electrode assemblies, hydrogenases are immobilized onto conductive sup-
ports such as carbon nanotubes, redox polymer matrices, or nanostructured metal ox-
ides, enabling direct electron transfer.'® Strategies to overcome oxygen sensitivity include
protective encapsulation and protein engineering approaches to preserve catalytic activity
under aerobic or semi-aerobic conditions.' Oxygen-tolerant [FeFe]-hydrogenases, such
as CbA5H from Clostridium beijerinckii, can switch reversibly between an active oxidized
state (Hox) and an oxygen-stable inactive state (Hinact).?

Structural studies used cryo-electron-microscopy for insights in the protein structure,
further revealing a “safety cap” mechanism that protects the active site from oxygen dam-
age.?" Integration with nanostructured semiconductors has also advanced significantly.
For instance, electrodes modified with TiO, nanostructures and immobilized [FeFe]-hy-
drogenase from Clostridium perfringens (CpHydA) achieved hydrogen production rates
around 29 umol H,-h™, with a Faradaic efficiency exceeding 90%.%
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In microbial electrolysis cells (MECs), hydrogenase-based bio-cathodes have achieved
notable hydrogen production efficiencies. Albuquerque et al.?® reviewed the progress in
this field, reporting hydrogen yields up to 3.36 mol H,/mol acetate under alkaline condi-
tions (pH 11.2), operating at current densities up to 83.7 A/m®.24 In recent years, Webb
and Milton?® reviewed scalable electroenzymatic hydrogen production using engineered
[FeFe]-hydrogenases on conductive electrodes, maintaining high Faradaic efficiencies.
Additionally, Zhuang and Wang?® updated the state-of the-art on enzyme-mimetic electro-
catalysts based on hydrogenase active site architectures, with many examples achieving
increased catalytic stability and rates.

2.1.4 Sea- and wastewater electrolysis

Utilization of non-pure sources of water such as seawater or brackish water, theoretical-
ly represent a financial and geographical solution for hydrogen production, as often the
places where renewable energies are abundant, fresh water is scarce (e.g. north Africa
and southern Europe). Though the financial feasibility of this is constantly discussed?’, as
the economic cost of seawater desalination and purification, represents - over the overall
H, production cost - less than 1% in most cases and less than 5% in the most extreme
of cases.

The contaminants present in these water sources can result fatal for the current available
technologies, with chlorine and sodium being both the prime example and the most abun-
dant contaminant, causing, for example, the chlorine evolution reaction in PEMEL?® and
sodium poisoning the sulfonic groups of the membrane?. Nevertheless, continuous efforts
are carried out for the development of materials that could adapt PEMEL and AEMEL to
cope with non-pure water electrolysis® (e.g. complex and noble metal catalysts, electro-
lyte additives, electroactive substrates) as well as alternative routes to electrolyse seawater
that avoid the issues that impede PEMEL or AEMEL utilization for example; Solid oxide
seawater electrolysis®!, Molten Carbonate Electrolysis, Sulfion oxidation electrolysis 2 or
self-damping electrode .
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2.2 Photolytic hydrogen
processes

2.2.1 Artificial photosynthesis, photocatalysis and
photoelectrochemical cells

Photoelectrochemical (PEC) and photocatalytic (PC) solar technologies are recognized
as long-term alternatives to coupled photovoltaic-electrolysis units. While the hydrogen
production rate is lower than in high intensity electrolysis, PEC and PC systems are simple,
bringing about additional options for abundant materials and sustainability. So far, low
production rates have not been compensated by solar concentration technologies, as
a fall in the solar to hydrogen (STH) efficiency typically occurs 4. Active materials in PEC
and PC systems combine light capture and catalytic abilities in a single component. The
PEC cell allows separate compartments, one of them ideally generating pure H,. On the
contrary in a PC reactor, being the simplest configuration, H, evolves mixed together with
the other reaction products. Therefore, implementation of PEC and PC concepts require
specific research efforts, which have received attention from European programmes since
FP7 and H2020 to the present.

As a result of SOLHYDROMICS project, a PEC prototype, achieved around 1% STH ef-
ficiency for 1-day operation . A first scaling PEC design was accomplished during the
ARTIPHYCTION project, consisting of 20 modules of 5 PEC-PV units with a 2% STH
efficiency, 1000 h of operation and a total H, production of > 1 g/h ®. Another relevant
PEC scaling project was PECDEMO, with STH efficiency of 10%, stability of 1000 h and
electrode areas of 50 cm?.%” After that, FotoH2 focused on abundant materials and the
economic viability of the PEC prototype . Other currently active projects consider the
use of metal-free materials * or the simultaneous waste treatment with the synthesis of
high added-value chemicals “°. On the purely PC mechanism, a large-scale array of panel
reactors was demonstrated by Domen et al.*'. Current trends focus on novel materials 4
and waste treatment .
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2.3 Biomass-based and
thermochemical processes

2.3.1 Two-stage anaerobic digestion

Two-stage anaerobic digestion (TSAD) systems represent a promising route for decentral-
ized biological hydrogen production using biomass feedstock. These systems, followed
by a methanogenic stage, also enable energy-rich bio-hythane generation. Notable per-
formance has been observed in a thermophilic two-stage continuous stirred tank reactor
(CSTR) system, which co-digested livestock effluents with starchy wastes. The system
achieved volumetric production rate of hydrogen of 2.1 Nm°H,/m°d with a corresponding
yield of 99 Nm?®H,/kg . indicating strong energy recovery potential. In Bulgaria, a lab-scale
pilot using corn steep liquor demonstrated hydrogen production rates of up to 1.0 L/L/
day with H, concentrations near 35% “4. Italian studies involving municipal organic waste
and waste sludge under thermophilic conditions yielded 24 L H, and 570 L CH, per kg
of volatile solids, underscoring the potential for urban-scale integration and fuel-grade
bio-hythane recovery “. Nathia-Neves et al.*¢ conducted a pilot-scale co-digestion study
using restaurant food waste and vinasse, reporting hydrogen yields of up to 76.5% H, by
volume after 8 days. These findings validate the operational efficiency of TSAD systems in
managing diverse organic residues.

A techno-economic analysis by Mahmod et al.*” on palm oil mill effluent estimated 225,225
m? of BioH, and 51.19 million m? of BioCH, per annum, with production profitability feasi-
ble at payback time of 8 years and internal rate of return of 21.48%. A more recent review
outlines payback times between 2 and 6 years, also citing examples at TRL greater than
or equal to 5, highlighting that TSAD favoured an energy recovery higher than 30% com-
pared to the monostage AD #8. This suggests that TSAD can be cost-effective, particularly
when integrated into existing waste treatment infrastructures and utilizing readily available
organic residues.

2.3.2 Thermochemical cycles and biomass-based processes

Thermochemical cycles produce hydrogen through a series of chemical reactions involv-
ing high-temperature heat, often sourced from concentrating solar energy. These cycles
split water into hydrogen and oxygen without direct electrolysis, offering the potential for
high-efficiency operation at scale. Ongoing research is focused on improving the durability
and redox performance of active materials—typically metal oxides—while reducing the
overall thermal input required. The ability to decouple reduction and oxidation steps also
allows for integration with intermittent renewable sources and thermal energy storage,
supporting continuous hydrogen production even in variable conditions. Thermo-electro-
chemical cycles working in solid-state are emerging as alternative processes to reduce
operational temperatures up to 850 °C.

Plasma-assisted hydrogen production involves the generation of reactive environments
using electric discharges to activate gas-phase reactions at lower bulk temperatures.
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These systems are particularly relevant for the conversion of methane, ammonia, or other
hydrogen carriers, and can operate with or without catalysts. Plasma reactors offer rapid
response times, tuneable reaction pathways, and compact designs, making them suitable
for modular or distributed applications. While still at relatively low technology readiness
levels, advances in reactor engineering and process control are steadily improving their
efficiency and scalability.

In the frame of hydrogen production from biomass through thermochemical processes,
gasification and pyrolysis of lignocellulosic feedstock are the most common processes.
However, their wide implementation is held back by several technical and economic chal-
lenges that should be addressed at both research and process integration levels. In fact,
process integration can help reduce the cost of biomass thermochemical conversion by
leveraging economies of scale, similar to those seen with more centralized feedstock such
as petrol or natural gas. In particular, the integration of biomass-based thermochemical
routes with other processes or streams of the clean hydrogen value chain or renewable
energy and chemicals value chain can enhance overall efficiency and sustainability 4.
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Regarding the type of biomass employed, the use of lignocellulosic biomasses is well
established. However, in the view of circular economy other biomasses with high humidity
degree coming from different processes may be used. On the other hand, a key limitation
in current thermochemical processes is the utilization of air and nitrogen (in gasification and
pyrolysis, respectively), which leads to diluted hydrogen streams. The production of higher
quality hydrogen can be addressed operating on the process by reducing the nitrogen
input using for instance enriched air or oxygen °' coming from other processes or utilizing
efficient separation systems, such as pressure swing adsorption (PSA) or membrane sys-
tems, suitable for the small scales typical of decentralized biomass facilities.

Biomass pressurized pyrolysis is an advanced thermochemical conversion technique
for producing hydrogen, which aligns with current sustainability and decarbonisation
strategies °2%%. This process entails the thermal degradation of biomass feedstock under
elevated pressures (typically 5-50 bar) and high temperatures (450-650 °C) in an oxy-
gen-free environment, yielding syngas composed predominantly of hydrogen (H,), carbon
monoxide (CO), carbon dioxide (CO,), methane (CH,), and minor hydrocarbons.

Operating under pressurized conditions has demonstrated increased efficiency in hydro-
gen production and improved syngas quality compared to atmospheric pyrolysis pro-
cesses. High pressures enhance hydrogen vyields by promoting reforming reactions and
suppressing tar formation, thus generating a cleaner syngas stream suitable for subse-
quent hydrogen extraction and purification stages 4. Additionally, the integration of cat-
alytic systems within the pyrolysis reactor can significantly enhance hydrogen selectivity,
reduce undesirable by-product formation, and lower energy requirements . The adop-
tion of biomass pressurized pyrolysis for hydrogen production provides several technical
advantages, such as increased energy density, higher purity of the syngas produced,
and improved compatibility with existing hydrogen infrastructures, facilitating downstream
applications like fuel cells and industrial processes %¢. Moreover, the utilization of biomass
as a renewable feedstock contributes to waste valorisation, supports circular economy
principles, and enhances regional energy security through local resource exploitation 2,

Nevertheless, significant technical challenges persist, notably the optimization of reactor
configurations, selection and stability of catalysts under harsh operational conditions,
and process cost reductions to ensure economic viability. Overcoming these challenges
demands ongoing research, innovation, and supportive policy frameworks to encourage
industrial-scale deployment.
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Research
challenges

3.1 Electrochemical
processes challenges

As previously mentioned in the section 2, compound-based depolarized electrolysis introduces
compounds to alter the oxidation (anodic) reaction on an electrochemical cell. By replacing the
OER for a less energy demanding reaction, the overall cell voltage is lowered and an extra anodic
product is obtained, ideally more valuable than the O, produced by the OER. This approach
helps mitigate the overall costs of the process, reducing the production cost of the obtained
H,. One of the advantages of the SDE is the cross-compatibility of its components with water
electrolysis as well as fuel cells, nevertheless it also represents an opportunity to further develop
these technologies. To the date, no specific component has been designed or manufactured,
therefore the whole electrochemical cell and its components (gas diffusion layer (GDL), catalyst
coated membranes (CCMs), Flow field and Gaskets) have potential to be improved. To achieve
long term durability and stability, considering the challenges regarding the feedstock and prod-
ucts —with e.g. SO, and H,SO, being highly corrosive and reactive — research and studies must
be carried out to determine the effect of each component over and its relation to SDE perfor-
mance (viscosity, flow velocity, porosity, membrane lifetime, F- emissions, water retention, etc.).
Current SoA does not surpass 100 hours of operation and still, variable operation, contaminants
in the SO, feed as well as the reaction mechanisms, are yet to be studied.

To optimize efficiency of biomass based electrochemical processes, various electrocatalysts have
been investigated, including Ni-based catalysts, which improve biomass oxidation at the anode.
Recently, polyoxometalates (POMs) have emerged as promising electrocatalysts due to their high
redox activity, tuneable electronic structure, and ability to facilitate multi-electron transfer reac-
tions. POMs have shown potential in improving catalytic efficiency for both HER and OER, thereby
enhancing overall hydrogen production efficiency from biomass-derived feedstock. Specifically,
POMSs, such as phosphomolybdates and phosphotungstates, function as electron shuttles, facil-
itating oxidation reactions and improving catalyst stability under acidic and alkaline conditions .
These materials also enable selective oxidation of biomass-derived molecules, increasing the yield
of value-added products like FDCA and glyceric acid. Another promising approach involves the
use of FeCl; as a redox mediator in biomass electrolysis. FeClg can effectively facilitate electron
transfer in oxidation reactions, improving the efficiency of lignocellulosic biomass breakdown.
Studies have shown that FeCl;-assisted electrolysis can lower the overpotential required for ox-
idation, reducing energy consumption and increasing hydrogen selectivity %. This approach is
particularly useful in combination with Ni- or POM-based catalysts, creating synergistic effects
that boost overall process efficiency.
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3.2 Photolytic hydrogen
processes challenges

The process that is typically considered as an inspiration, natural photosynthesis, is not
particularly efficient or fast in terms of solar energy conversion. Artificial photoactivated
processes apparently require a high solar-to-hydrogen (STH) efficiency to balance fabrica-
tion and operation costs. Research on low cost, abundant non-critical materials for all cell/
reactor components is still timely, also including polymeric, organic, hybrid and biological
materials, as well as their chemical stability for long life under prolonged solar irradiation.

Recently, ideas for the use of non-pure water, simultaneous wastewater treatment and
oxidative photo-reforming towards high added-value products have been considered in
various EU projects. However, they will probably require further efforts for their intrinsic
complexity and multiplicity of possible target chemicals. Finally, combining photolytic
methods with other physical/chemical aids has been proposed, but still remains a power-
ful source of new approaches.

Photoactivated hydrogen production systems that utilize hydrogenases continue to advance
as promising routes for sustainable hydrogen fuel generation. A major development in sem-
iconductor-enzyme integration is the use of TiO, nanoparticles as photoanodes. In a study
by Polliotto et al.*®, highly active [FeFe]-hydrogenase enzymes from C. perfringens were
anchored onto modified TiO, surfaces (N-TiO,, more efficient than bare TiO, in harvesting
visible light, bypassing the limitation of expensive dye-sensitizing with Ru-based systems).
Tested for hydrogen production under direct solar light with triethanolamine (TEOA) as a sac-
rificial donor, these systems showed turnover frequency numbers (TOF) of 4.1 + 0.1 s,

Engineering photosynthetic organisms for integrated hydrogen production is another active
area of research. For example, fusion of Hydrogenases with Photosystem | — a specific type
of protein-pigment complex — in genetically engineered cyanobacteria and algae, facilitate
direct electron transfer from light-harvesting complexes to hydrogenase enzymes .

As for artificial photosynthesis, Reisner group reported in 2018 a semi-artificial system
for the unassisted, light-driven water splitting with PSII and [FeFe] hydrogenase, able to
generate H, and O, from water with high Faradaic efficiencies in a 2:1 ratio and proposing
an effective strategy to stabilize biotic—abiotic hybrid systems ©.

PH2OTOGEN * project focuses on optimizing transparent, porous, conductive photocata-
lyst supports that electronically couple hydrogen-evolving and oxidizing particles. The goal
is to achieve a solar-to-hydrogen efficiency exceeding 5% over 500 hours of operation in
a 500 cm? demonstrator.

The PHOTOSINT €2 project aims to develop sustainable processes for producing hydro-
gen and methanol using only sunlight, wastewater, and CO, as inputs. This involves the
creation of new catalytic materials and the integration of perovskite solar photovoltaic cells
with photoelectrochemical systems to enhance efficiency. The project seeks to maximize
solar-to-fuel conversion rates and assess the feasibility of scaling up these renewable
energy technologies for industrial applications.
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3.3 Thermochemical
cycles and biomass-based
processes challenges

Regarding biomass-based processes, enhanced process control was a central theme
in recent TSAD research. Furthermore, the impact of reactor temperature and hydraulic
retention time (HRT) on microbial activity was reiterated across multiple case studies. In
parallel, microbial community studying and engineering has emerged as a critical compo-
nent for process stability -6,

Several pilot studies emphasized the potential of underutilized and co-digested biomass
streams. Using cacao pod husk (CPH) as a feedstock, Kriswantoro et al.®® reported suc-
cessful biohydrogen production. This demonstrated the feasibility of agricultural waste
valorisation in a TSAD system. TSAD is also increasingly being positioned within integrated
municipal and industrial waste management strategies. Dell’Orto and Trois " evaluated the
integration of TSAD into South African municipal solid waste frameworks, demonstrating
its potential to reduce methane emissions and divert organics from landfills. Masoud et
al.®® reported high hydrogen production on bio-char derived from sugarcane bagasse and
then employed as a conductive material in two-phase AD of food waste.
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The integration of biomass thermochemical conversion with other processes of the hydro-
gen value chain can make these processes more suitable for the industrial application of
hydrogen production. In this framework the utilization of biomasses from different sources
and the reduction of the inert gas content can be ways to increase the competitiveness of
gasification. However, these solutions need the development of innovative materials while
pursuing process integration. In fact, the utilization of biomasses with high degrees of
humidity or of impurities may change the gas composition at the thermochemical process
outlet not only in terms of water but also in terms of poisonous impurities. This has an
important effect on the downstream catalytic upgrade, needed to reduce the amount of
hydrocarbons, tars and impurities, increasing the hydrogen content while preserving the
catalyst stability. In this framework the development of stable and critical raw material
(CRM)-Free catalysts, including biocatalysts, still need to be addressed at low-TRL to get
insights into the mechanism and reaction conditions that can lead to deactivation and to
catalytic formulations with high stability and activity.

Regarding the reduction of inert gas in the outlet gas (e.g. using enriched air in gasification)
by increasing the amount of oxidant may lead to temperature changes in the gasifier
and in the upgrading process. In this framework innovative materials able to resist and
disperse heat in a more efficient way, while retaining performances and catalytic stability
are necessary. The use of membranes has shown promising results, though the presence
of impurities in the gas produced from biomasses may alter their stability and performanc-
es. For this reason, innovative systems also based on disruptive concepts for hydrogen
separation on small-medium scale should be developed.

Importantly, microwave-assisted thermochemical water splitting has demonstrated
the ability to lower the reduction temperature of redox-active materials such as lantha-
num-doped ceria to below 500 °C. This reduction in temperature requirements decreases
the thermal burden of the process and enhances compatibility with lower-grade heat or
renewable electricity sources. Overall, these alternative production routes are contribut-
ing to a broader technological landscape in which hydrogen can be generated through
multiple energy vectors—thermal, electrical, or hybrid—depending on local resources
and infrastructure. As these systems advance toward higher technology readiness levels,
emphasis will be placed on system integration, process modelling, and techno-economic
validation. Their development supports the goal of creating a flexible, resilient, and de-
carbonized hydrogen supply chain that complements large-scale electrolysis and other
established technologies.
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Research
Priorities for the
Future

Despite the growing interest in a hydrogen economy, virtually all alternatives for achiev-
ing depolarized electrolysis remain under- (or non-) explored. The overwhelming focus of
research and funding has been directed toward the most popular technologies (PEMEL,
AEL and AEMEL). However, there are several cases where alternative electrolysis path-
ways, like depolarized electrolysis, could serve as complementary solutions especially in
contexts where PEMEL or AEMEL systems are not feasible or cost-effective. For these
alternatives to become competitive, a thorough understanding of the electrochemical
reaction mechanisms is essential. This knowledge would enable the development of spe-
cialized components tailored to optimize system performance. Currently, no commercial
components are specifically designed for any type of depolarized electrolysis. As a result,
research and development in this area have relied on modified components originally
intended for PEMEL, AEMEL, or fuel cells. It would not be far-fetched to estimate that,
with targeted component development and a deeper understanding of the respective
system’s reaction dynamics, these alternative technologies could emerge as a competitive
solution for industrial-scale hydrogen and clean chemical production in the near future.

Techno-economic analyses suggest that ethanol and glycerol electrolysis are currently
the most cost-competitive, while lignocellulosic biomass and waste electrolysis offer long-
term scalability for net-zero carbon hydrogen production. Life cycle assessments indicate
that biomass electrolysis can reduce CO, emissions by up to 86% compared to steam
methane reforming (SMR) '°. Biomass waste electrolysis provides an alternative for reduc-
ing emissions from bio refinery processing. Despite its potential, biomass electrolysis faces
challenges, and further research is required to improve feedstock processing and scale
up this technology for industrial deployment. Future research should focus on improving
reaction selectivity, enhancing electrolysis cell efficiency, and developing scalable bio re-
finery-integrated hydrogen production systems. By addressing these challenges, biomass
electrolysis could play a crucial role in the future hydrogen economy while contributing to
environmental sustainability.

Photocatalytic (PC) and photoelectrochemical (PEC) systems for H, production need design
concepts demonstrating economic viability. A way towards efficient and economic artificial
photosynthesis preferably lays on supported photocatalysts, facilitating reutilization, and
bias-free PEC systems, producing separate pure H, and totally avoiding electricity con-
sumption. New resources for solar light management, including light concentration, are yet
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to be investigated, trying to keep the maximum STH efficiency. Widening the wavelength
range of captured and transformed solar photons, keeping a high quantum efficiency, will
also improve the STH conversion. Scaling cell/reactor configurations require suitable com-
binations of optical characteristics of absorption, transmittance, etc. in active composite
materials and stacked layers. In addition, connection to H, collection and compression
systems, as well as direct local uses of the produced H, are yet to be researched as well.

Results on pilot systems underline the feasibility, scalability and adaptability of two-stage
fermentation platforms for sustainable hydrogen production, particularly when integrat-
ed with circular bio-economy frameworks and waste management strategies. Detailed
studies on optimised microbial consortia are required in order to obtain inoculum which
is resilient to inhibitory compounds and effective in processing possible recalcitrant bio-
masses such as lignocellulosic (from corn stover, wheat straw and rice husk) or chitin,
feathers and keratin-rich waste (e.g., poultry processing residues) or food processing
waste (for example from orange and olive) with high content of inhibitory compounds like
phenolics, tannins and terpenes. While specific cost assessments of hydrogen produced
via two-stage anaerobic digestion are still emerging, available studies suggest promising
economic feasibility under certain conditions.
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Concluding
remarks

There are multiple approaches to produce hydrogen through alternative pathways that are notewor-
thy and may provide solutions to more specific applications and use case scenarios. However, these
approaches at the moment lack support, as they still require substantial efforts to both develop the
technologies as well as to understand some of the underlying fundamental mechanisms, sensitiv-
ities and limitations. Further development of these alternative hydrogen production technologies is
essential to address a critical, yet often overlooked, gap in the transition toward truly sustainable
production systems, meaning the possibility to provide a clean, sustainable and economical solu-
tion for all the scenarios where energy, fuel, or storage is needed, status that currently can’t be fully
covered by just PEMEL and AEL technologies. Achieving true sustainability requires solutions that
can operate across the full spectrum of energy, manufacturing, and industrial scenarios, many of
which cannot be addressed by existing mainstream technologies due to technical, economic, or
logistical constraints. The technologies presented in this report offer a diverse set of complementary
solutions, each contributing in its own way to the establishment of a robust hydrogen ecosystem;

@ Depolarized Electrolysis capitalizes industrial chemical waste—such as SO,, and
NO —as a feedstock, enabling the co-production of clean hydrogen and value-added
chemicals, while promoting circularity in heavy industries.

@ Biomass-Based Processes offer cost-effective pathways for converting municipal and
biological waste into hydrogen, creating opportunities for integrated value chains that sup-
port the transition to a zero-waste society.

® Photolytic Processes enable passive energy storage in the form of hydrogen by mim-
icking natural processes such as photosynthesis, representing a novel approach to so-
lar-to-fuel conversion.

@ Thermal Processes can capitalize on otherwise unused waste heat, improving overall
energy efficiency and resource utilization.

Overall, these alternative production routes collectively contribute to a broader technological
landscape in which hydrogen can be generated through multiple energy vectors—thermal,
electrical, or hybrid—depending on local resources and infrastructure, allowing the technology
to adapt to diverse contexts and supporting the development of a flexible, inclusive, and
sustainable hydrogen economy. Under the right conditions, covered throughout this report,
these technologies present the potential to produce economically competitive H, in the future.
As these systems advance toward higher technology readiness levels, emphasis should be
placed on further understanding and development of these technologies, system integration,
process modelling, and techno-economic validation. Their development supports the goal
of creating a flexible, resilient, and decarbonized hydrogen economy that complements and
coexists with large-scale electrolysis and other established technologies.
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Abstract

Hydrogen is central to Europe’s decarbonization strategy, yet the safe and cost-effective
transport remains a critical challenge. Polymer-based materials are increasingly considered
for pipelines, storage vessels, seals, gaskets, and flexible connectors due to their corrosion
resistance, lightweight properties, and cost advantages. However, their long-term perfor-
mance under hydrogen exposure—especially under high pressures, fluctuating tempera-
tures, and cyclic loading—remains insufficiently understood. Unlike metals, polymers do not
chemically react with hydrogen, but they are subject to permeation, swelling, and rapid gas
decompression damage, which can compromise integrity and safety. Existing qualification
standards, often inherited from the oil and gas sector, are not fully suited to hydrogen applica-
tions. This position paper outlines the state of knowledge on hydrogen—polymer interactions,
identifies research gaps, and proposes priorities for advancing material qualification. Key
needs include standardized accelerated testing protocals, reliable lifetime prediction models,
and the development of PFAS-free sealing solutions. Establishing shared databases and
coupling experimental benchmarks with modelling approaches will be essential to accelerate
innovation. Addressing these challenges will enable safer and more efficient hydrogen trans-
port, reduce costs, and strengthen public confidence in hydrogen technologies, thereby
supporting Europe’s clean energy transition.
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Introduction

As the global energy landscape shifts toward decarbonization, H, is emerging as a key
enabler of a low-carbon economy. Its versatility as an energy carrier and feedstock offers
compelling solutions for sectors such as transportation, power generation, and industrial
manufacturing. However, the widespread deployment of hydrogen infrastructure poses
significant materials challenges, particularly in the safe and efficient transport of hydrogen
gas under varying pressure and temperature conditions. The transition towards H, as an
energy carrier is already gradually progressing, with low-medium concentrations of H,
blended with natural gas (NG) being trialled on small scales to decarbonise gas supplies in
Germany, France, UK and Denmark’. Further implementation will be dictated by the confi-
dence in technology, as well as economic and regulatory drivers. In the Clean Hydrogen to
Europe project, which is part of the Zero Carbon Energy Hub, blending hydrogen into NG
for pipeline distribution from 2030 is considered for a transition period to reduce upfront
investment costs. Nevertheless, to ensure safe and reliable H, transport and storage, the
performance of the materials used in the infrastructure must be well understood.

Table 1. Main polymers used in H, transport>3'*:

Typical Thermoplastics Applications

Polyethylene (HDPE/UHMWPE)

Polyamides (PA6, PAG6, PA12)

Polyphenylene sulfide (PPS) High/low pressure pipes, valve
Polyaryletherketones (PAEK) seats, coatings, composites
Fluoropolymers (PTFE, PVDF)

Polyvinyl chlorides (PVC/CPVC)

Typical Elastomers Applications

Ethylene propylene diene monomer (EPDM)

Fluoroelastomers (FKM, FFKM) Overmoulded or loose O-rings,
Nitrile butadiene rubbers (NBR) gaskets, energized seals
Chloro-rubbers (CR, ECO)

Epoxy resins (e.g. FBE)

Phenolic resins (VER) Flow coatings

Polyurethanes (TSU)

Polymer-based materials have received increasing attention for their vital roles in hydrogen
transport systems, especially in pipelines, storage vessels, seals, gaskets, and flexible
hoses (Table 1). High-density polyethylene (HDPE) and polyamides (PA) are commonly
used in H, storage tanks and as liner material in H, pipelines (> 100 bar). Polypropylene
(PP) or polyvinyl chlorides (PVC/CPVC) are typically used in low-pressure H, pipelines.
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Figure 1: H, storage conditions: (1) liquid H, around 20 K at low pressure, (2) pres-
surised H, at pressure range between 250 and 700 bar at room temperature, and
(3) cryogenic compressed H2 around 500 - 1000 bar. Reproduced from [5].
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Fluoropolymers (PTFE/PVDF), polyether-etherketones (PEEK/PEKK) and fluoroelastomer
(FKM) are common sealing materials in valves, while PTFE is also used as a material for
low temperature seals. More generally, elastomeric materials are widely used in sealing
components and for example, control valves, flexible hoses, and connectors, which are
also directly exposed to high-pressure H, conditions. Here, materials such as ethylene
propylene copolymer (EPM), silicones and neoprene (CR) are applied.

Compared to metals, polymers offer advantages such as corrosion resistance, ease of
fabrication, reduced weight, and cost-effectiveness. However, while the damaging embrit-
tlement effects of H, on metals has been the subject of many research projects®, much
less is known about the effects of H, on polymer and composite materials. Nonetheless,
their interaction with hydrogen involves complex phenomena, including permeation, phys-
ical or chemical aging, and potential degradation under high-pressure cyclic loading, all of
which could compromise long-term performance and safety.

Especially challenging for the application of polymer-based materials along the H, value
chain is the wide range of temperature and pressure that the materials can potentially
experience as indicated in Figure 1°. For example, conditions can range from cryogen-
ic storage at medium pressure though at very low temperatures (<35 K and 5-15 bar)
to pressurised H, storage at 250 to 1000 bar. A typical temperature range for gaseous
pressurised H, systems is 233 K (-40 °C) to 358 K (85 °C), but temperatures as high as
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473 K (200 °C) can be reached in some compressors, while in the cryo-compressed range
polymers can potentially be exposed to 35-75 K at pressures between 700-1000 bar.

The scope of this position paper on the “Compatibility of polymer-based materials for the
hydrogen transport Infrastructure” is to guide research efforts and align priorities for future
advancements in the use of polymer-based materials along the hydrogen value chain. The
position paper highlights the current state of research and introduces research challenges.
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Current State of
Research

In contrast to metals that can react with hydrogen and form brittle metal hydrides, poly-
mers are basically chemically inert to hydrogen, with the exception of few peculiar cases
(e.g., acrylonitrile butadiene rubber® (NBR) and HDPE’). Nevertheless, the most significant
effects are due to dissolved hydrogen that can interact physically with polymers® and any
damage to the polymer is believed to primarily result from mechanical failure related to the
absorption of hydrogen®. It is widely accepted that most damage to polymers in hydrogen
applications occurs during sudden decompression of high-pressure hydrogen, commonly
referred to as explosive decompression failure (XDF) or rapid gas decompression (RGD)
damage. In addition to decompression damage effects, other hydrogen effects are related
to physical stability (dimensional and property changes), dynamic frictional wear, rapid
temperature cycling effects and issues related to material contamination. Furthermore,
permeation (hydrogen fugitive emission) needs to be specifically assessed, especially
under high pressure and temperature, and to be guaranteed over time. Polymers are in-
deed inherently permeable to small molecules and gases and these represent a drawback
which must be addressed. In particular, semicrystalline polymers such as polyamides (and
PAB in particular) or HDPE have been mainly considered in order to meet the leak rates
suggested for the different applications'®,'". For this reason, in the open literature many
studies are available which focus on the characterization of hydrogen permeability in these
polymers.

For PAs, Humpenoder'? measured hydrogen permeability and diffusivity in an undefined
polyamide between -10 and 30 °C while, Kanesugi et al.'® considered the same quantities
in PAB, PA12 and PA11 at 30 °C. Tests for PA 11 were then extended to high pres-
sures up to 900 bar. Similar pressure range was also considered by Dong et al.™ who
measured the variation of H, permeability in PA6 at pressure ranging from 150 and 900
bar for different temperatures (35-85 °C). The increase of barrier properties related to
the addition of different fillers such as carbon fibers or nanoclays was also considered
and estimated by different authors','. In the case of HDPE, Humpendder' measured
hydrogen permeability and diffusivity at temperatures ranging between -10 and 30 °C.
Smith and Anovitz'” pointed out that the permeability of hydrogen in HDPE is affected
by the forming process and pressure, while more recently Fujiwara et al.’®,"® measured
hydrogen transport properties in HDPE and other polyethylenes at 30 °C and pressures
up to 900 bar. General results shows that PA, and PAG in particular, has lower permeability
with respect to HDPE despite the lower crystallinity. It is therefore preferred as barrier for
hydrogen storage applications. In particular, liner thicknesses in the order of 1-3 mm allow
to fulfil the EU regulation for hydrogen storage on vehicles,2".
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Polymer based materials used today in oil and gas distribution are often based on those
qualified use in that industry (e.g. NORSOK M710 or ISO 23936-2), but not designed for
transport of pure or blended H, or H, carriers, like MeOH or NH,. Even though the solubility
of H, in polymers is low in view of its very low condensability, swelling of 70-80 % has been
reported in elastomer compounds exposed to high pressure H,??, which clearly risks seal
extrusion (Figure 2) and tearing?. Even though massive swelling is often seen, it should
not be forgotten that such changes are often less relevant for H, compared to other gases,
and observed to be reversible (in case no explosive decompression or tearing damages
have occurred).

Figure 2: O-ring extrusion due to H, swelling. Adapted from Balasooriya, 2022.

Pristine O-ring Swollen O-ring
) t ) ‘

On depressurisation, this absorbed H, can then cause rapid gas decompression (RGD)
damage, in which gas absorbed under pressure (in polymer free volume or in pre-existing
pores) expands to tear the elastomer. For example, it has been reported that elastomeric
seals can contain 3 % voids, often <40 pm, which may act as inflation points®. Pre-existing
defects may act as nucleation sites for decompression damage, also known as blister
fracture, which were measured in EPDM by Yamabe and Nishimura using atomic force
microscopy?*. Alternatively, gas under pressure can create new pores under depressuriza-
tion by nucleating at defect sites such as at polymer-filler interfaces. The degree of inflation
of bubbles within the polymer has been reported in literature, allowing a prediction of
damage based on polymer properties and depressurisation parameters?®. The toughness
of the polymer will influence the effect of this damage; less tough polymers (for example,
polymers below their glass transition temperature, or elastomers with high shear mod-
ulus, high crosslink densities or which have become more brittle due to aging effects?®
or embrittlement by plasticizer extraction/blooming’) are more likely to tear or fracture.
In addition, the volumetric swelling caused by H, absorption has been shown to enable
phase separation of unbound additives (e.g. plasticizers). This phase separation can cause
local changes in mechanical properties, further reducing tear resistance. This has for ex-
ample been shown to occur for EPDM under high pressure hydrogen cycling?’. Regarding
thermoplastic materials, such RGD damages have also been evidenced experimentally,
the severity of the phenomenon depending on material properties (strength and transport
properties) as well as environmental conditions (pressure delta, decompression speed,
number of cycles, simultaneous mechanical loading)?®2°. Experiments have supported the
establishment of models able to predict the probability of the occurrence of RGD dam-
ages®®. Since thermoplastics are often used when structural properties are needed, the
major damage risk is at the interface between materials, due to cyclic (de-)pressurizations,
and rapid expansion mismatches with the non-polymer counterparts. In the case of fibre
reinforced thermoplastics, fibre-matrix and ply interface damage reduces load transfer
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Figure 3: Diffusion of H, through a polymer-metal multimaterial structure
(pipe wall).
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efficiency, lowering the mechanical properties and enhance leak path creation®'. Graphite
has long been studied for fuel-cell applications® but the influence of hydrogen exposition
on graphite-based fibre-reinforced polymers has hardly been investigated up to now. In
the case of multi-material structures comprising metals and thermoplastics (e.g. poly-
mer-metal laminates in combined power/hydrogen transport umbilicals, or coated metal
structures) interfacial delamination may lead to shortcuts through the polymer, increasing
overall leakage. Since the diffusion of gases through metals is slower than through most
polymers or polymer-based composites, high pressure gas accumulation at defects at the
polymer-metal interface (e.g. due to manufacturing defects or progressive damage) are a
particularly complex scenario to understand, but are a key part of failure modes of these
structures (Figure 3). In the long term, the effects of H, on polymers and muilti-material
structures with polymers have not been comprehensively determined; further research is
needed to investigate progressive failure modes.

With the development of H, as an energy vector, its delivery and transport from the pro-
duction site to the end user remains an issue. Hydrogen blending in natural gas networks
is gaining momentum as a strategy to decarbonize energy systems. This approach in-
volves mixing hydrogen, typically up to 20% by volume, into existing natural gas pipelines,
leveraging current infrastructure to reduce carbon emissions. In other cases the blending
with up to 60 vol.% H, (H2NG) is investigated. For example, the EU-funded THyGA pro-
ject® “Testing Hydrogen for Gas Applications” investigated the impact of blends of natural
gas and hydrogen on end use applications, specifically in the domestic and industrial
sectors. The key challenge to overcome for the existing pipeline network is the higher
H, permeation through existing polymer infrastructures used for natural gas distribution.
As the amount of hydrogen injected into the natural gas grid increases, the elastomeric
materials used in fittings and gaskets may be challenged to withstand H, permeation.
As a result, sealing difficulties may occur at fittings that are effective with natural gas but

93



O

94

Hydrogen Europe
Research

not in the presence of hydrogen. Also, due to its higher solubility, the co-existence of
high pressure (>150 bar) CH, could cause significant swelling, affecting the polymer free
volume and so reducing the barrier properties. Klopffer et. al. investigated the permeation
of pure hydrogen and mixtures with natural gas (20% of CH, and 80% of H,) in pipeline
materials®®. In this work the permeability of both hydrogen and methane has been found
independent of gas composition, which makes direct comparison possible in spite of the
various experimental conditions. Also, within the FP6 project NATURALHY®® (Preparing
for the hydrogen economy by using the existing natural gas system as a catalyst), key
issues of blending hydrogen into the natural gas pipeline networks were investigated.
With respect to H, permeation through PE, an increase in gas loss with hydrogen content
was seen, partially as expected because of the higher H, permeation rate compared to
CH,. No clear change in either the hydrogen or methane permeability was observed as
function of gas composition. The EU-funded HIGGS project® also aimed to identify and
bridge knowledge gaps on the impact of high amounts of H, on the high-pressure gas
infrastructure and its components. To reach its aim, it has mapped technical, legal and
regulatory barriers, helped determining the economic viability of hydrogen injection into the
gas grid, and tested various technical solutions. The tightness and compatibility of different
components and equipment of the existing high-pressure gas grid up to 100% H, was
evaluated. All valves remained tight for the duration of the test, with just minor hydrogen
losses due to hydrogen leakage through the main body of the valves. Finally, no apparent
damage was found on the different parts of the valves, pressure regulator, cartridge filter
and turbine gas meter components after their exposure to hydrogen. According to the
results, the high-pressure natural gas grid would be ready for its repurpose, aiming for the
large-scale transport of 100% hydrogen.
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Challenges

As exemplified in section 1 and 2, the use of polymeric materials in the H, value chain has
knowledge gaps, complicating material selection. An increased understanding of proper-
ties and failure modes will greatly advance material qualification and standardization, which
are both of great industrial importance. One focus is thus to relate short-term accelerated
testing of H,-induced polymer aging to the long-term effects of H, on the polymers and mul-
ti-material structures, setting the basis for the future material qualification. Ongoing research
focuses on multilayer structures and polymer composites to improve barrier properties and
mechanical strength. Long-term durability data is limited, especially for cyclic loading, wear
and aging effects in hydrogen-rich environments. Moreover, the influence of environmental
impurities on their behaviour has to be considered to assess the reliability of their use. The
effect of some parameters such as temperature, material crystallinity or internal stresses is
however little to not documented in the literature. As such parameters can have competitive
positive-detrimental influence on the initiation of RGD-induced damages, such understand-
ing would benefit the establishment of clear guidelines for the test parameters to adopt in
a procedure to assess the compatibility of polymers for hydrogen applications. Accurate
benchmarks need to be developed to study the behaviour of novel components and seals in
operating conditions to strengthen their reliability. As part of these studies, particular attention
must be paid to assembly techniques and as a consequence to heterogeneous interfaces,
focusing on the risks of leakage and maintaining their integrity in a hydrogen environment
subject to external stresses. Using exhaustive databases and instrumented benchmarks,
these experimental works must also be coupled with numerical and mechanistic modelling
studies in order to offer a better understanding of their behaviour in service, to support new
developments and lifetime prediction.

While PFAS (per- and polyfluoroalkyl substances) restriction is under discussion, their use
is critical for the hydrogen sector because of the strict performance requirements that
demand a high level of tightness and limitation of fugitive emissions from sealing devices
and processing equipment. R&D works have to be launched on new PFAS-free material
solutions and sealing design in order to evaluate the gap to be bridged to fulfil the expect-
ed in-service specifications using dedicated characterization equipment and benchmarks.

There is also a need for standardized testing protocols and lifetime prediction models under
realistic hydrogen conditions. Recent international standards and guidelines, such as those
from ISO and ASTM, are beginning to address hydrogen-specific performance criteria for
polymeric components. However, a unified framework for long-term testing and certification
under hydrogen exposure is still under development. Furthermore, the identification of a clear
and reliable accelerated ageing protocols, for instance, will be of great relevance.
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Timeline
and Resources

The short-term focus of research activities is proposed to lay on the establishment of
standardized test-protocols for accelerated material qualification to facilitate rapid deploy-
ment of a variety of polymeric or composite materials in the hydrogen economy. Special
focus in the short-term should be on the development of a test linking short-term test
results to long-term properties under hydrogen atmosphere. Studies should include the
investigation of the effect of gas impurities, cyclic loading, wear and tear and initial material
properties such as material crystallinity and micro-structure, or internal stresses to enable
establishment of comprehensive guidelines.

In the medium-term, focus should be on the qualification of novel sealant materials to
replace existing PFAS-based structures to facilitate the envisioned phase-out of PFAS
materials in industrial production. Concurrently, establishment of accurate benchmarks
for novel components and materials should be developed with particular attention to the
assembly techniques.

Complementary to the efforts in the short- and medium-term, establishment of a shared
database for the effects of hydrogen on polymers facilitates the long-term utilization
of gathered data in numerical and mechanistic studies of new components and their
behaviour in service.
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Rationale for
Advancing Research
in This Area &

Potential Applications

One of the key enablers of societal acceptance of novel technologies such as hydrogen
and related infrastructure is the trust of stakeholders in the research processes as well as
the institutions involved®”. A large-scale rollout of hydrogen infrastructure thus requires the
active involvement and communication to local communities regarding safety and health
risks of planned hydrogen projects. Extensive investigation, assessment and qualification
of long-term stability and safety of employed materials prior to deployment is one of the
factors for strengthening public trust in hydrogen technologies. As polymer products such
as sealings, gaskets, pipes or fibre reinforced tanks are being applied along the whole
hydrogen value chain, research clarifying the effects of hydrogen on polymer products
paves the way for further implementation and societal integration of the European hydro-
gen economy. Enabling a rapid qualification of novel materials for hydrogen applications
by development of a methodology permitting transfer of short-term experimental results
to long-term property predictions shortens the development cycles of new products,
thereby improving competitiveness of industry actors. Furthermore, enabling utilization
of polymer pipes and tanks for the hydrogen economy facilitates a reduction in transport
and installation costs and a subsequent reduction in carbon footprint of the infrastructure
needed for deployment. The transition to a hydrogen-based energy system is a corner-
stone of Europe’s decarbonization strategy. However, the safe, efficient, and cost-effective
transport of hydrogen remains a critical bottleneck. Polymer-based materials, due to their
corrosion resistance, lightweight nature, and cost advantages, are increasingly consid-
ered for use in hydrogen infrastructure. Yet, their long-term behaviour under hydrogen
exposure—especially under high pressure, temperature fluctuations, and cyclic loading—
remains insufficiently understood. Offering a cost-effective alternative to metals, polymers
may contribute to a massification of new hydrogen usages supporting the reduction of the
overall cost of the value chain. Moreover, these developments may support the optimi-
zation of hydrogen infrastructure facilitating the compatibility with existing gas networks,
reducing capital expenditure and accelerating deployment timelines. The development
of advanced materials and testing infrastructure foster innovation, supporting SMEs and
industrial competitiveness in the hydrogen economy, while enhancing reduction of the
risk of leaks and failures, thus ensuring safer energy systems for communities with an
alignment with environmental regulations and reduction of long-term ecological risks as-
sociated with persistent chemicals.
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Abstract

The transition to a hydrogen-based energy system requires safe, efficient, and cost-effective
storage technologies. While gaseous and cryogenic hydrogen storage are technologically
mature, solid-state storage materials are emerging as a promising alternative for low-pres-
sure applications. This paper reviews the current state and future prospects of innovative
materials for hydrogen storage, with a focus on metal hydrides, high-entropy alloys (HEAS),
and metal-organic frameworks (MOFs). Metal hydrides offer high volumetric densities and
improved safety, but their widespread deployment remains limited by high costs, kinetics,
and thermal management challenges. HEAs show potential for exceeding conventional
hydrogen-to-metal ratios, yet scale-up and phase stability remain barriers. MOFs provide
tunable pore structures and high surface areas, enabling rapid physisorption, though their
reliance on cryogenic conditions and complex synthesis limits applicability. The paper high-
lights life cycle assessment considerations, recycling opportunities, and the role of circular
economy approaches in reducing environmental and economic burdens. A research time-
line is proposed, outlining pathways from material optimisation and pilot demonstrations to
potential niche commercialisation over the next decade. Finally, we discuss the strategic
rationale for advancing solid-state hydrogen storage, underlining its contributions to sustain-
ability, energy security, and industrial innovation.
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Introduction

Decarbonising the energy sector is a major challenge in the climate crisis. A hydro-
gen-based economy is seen as a key solution, with significant socio-economic impacts.
To support adoption, research not only addresses technical challenges in production,
storage, and transport, but also social acceptance. While gaseous and liquid hydrogen
storage are well studied, solid-state storage is gaining attention as a promising alternative.

Solid-phase hydrogen storage relies on the ability of certain materials to absorb or bind
hydrogen through chemical or physical processes. Materials that can be used for this
purpose generally include simple Metal Hydrides [1], High Entropy metal Alloys (HEA) [2],
as well as porous materials like Metal-organic frameworks (MOFs) [3] and carbon-based
materials, considering the latest studies carried out on carbonaceous matrix materials
with insertion of metal catalysts [4]. Among the main advantages of solid-phase hydrogen
storage is that they can achieve significantly higher volumetric energy densities (up to
150 kg/m?) [5] than the gaseous (40 kg/m® at 15 °C) or liquid form (70 kg/m® at — 253 °C
and 1 bar) [6], reducing the need for large reservoirs; they show increased safety as they
are less susceptible to accidental leakage and the possibility of explosion compared to
the gaseous form, making them safer for use in transport applications; hydrogen can
be stored under less extreme conditions (e.g., lower pressure), simplifying the necessary
infrastructure; solid-state storage systems can be cycled several times, improving system
efficiency; lower environmental impact compared to energy-demanding gas compression
at high pressure (i.e. 700 bar) or liquid phase at low temperature (i.e. -256 °C) [7]. Despite
its potential, solid-phase hydrogen storage still presents some technological challenges:
many hydride materials require high T to absorb or release hydrogen, increasing energy
costs limiting their applicability; life cycles and stability: since some materials may degrade
during repeated hydrogen loading and unloading cycles, it is necessary to improve the
durability and strength of the materials; the speed at which hydrogen can be absorbed or
released is another limiting factor, especially in applications that require a rapid response,
such as fuel cell vehicles; some of the most promising materials, such as metal hydrides,
are still too expensive.

This paper aims to discuss the current state, advances, and limitations in solid-phase
hydrogen storage. We highlighted the most remarkable achievements and constraints
for different types of materials (i.e., metal hydrides, MOFs, and metal alloys) and the key
aspects that still need to be improved, suggesting a timeline for developing and deploying
solid-state hydrogen storage technology.
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Metal Hydrides -
Current State of
Research

Some metals and alloys can reversibly absorb significant amounts of hydrogen, typically
by charging with atomic hydrogen supplied from an electrolyser. Their thermodynamic
behaviour is described by Pressure-Composition Isotherm (PCl) curves. At a given tem-
perature, hydrogen first dissolves at low concentrations to form a solid solution with the
metal or alloy. When hydrogen saturates the first solid solution, the metal hydride forma-
tion starts. Such metal hydride formation occurs at a determined equilibrium pressure at
the given temperature T. In the so-called pressure plateau region, there is an equilibrium
between the hydrogen gas phase, the first solid solution phase, and the hydride phase,
and the pressure stays almost constant. At the time of reaching the saturation state of the
hydride phase, the pressure starts to increase, notably getting the system out of the pla-
teau region where more hydrogen is supplied to the system and a second solid solution,
hydride-hydrogen, is formed. The length of the plateau determines the amount of hydro-
gen that can be stored reversibly with small pressure changes. The equilibrium pressure
strongly depends on T. From the equilibrium pressure and through the van’t Hoff equation,
it is possible to calculate the enthalpy AH and entropy AS changes. The enthalpy AH
provides information on metal and hydrogen bond strength and the entropy AS about the
change from gas molecular to dissolved solid hydrogen (the standard entropy of hydrogen
is approximately 130 J/mo K).

High entropy alloys (HEA), in which five or more elements are mixed in near-equiatom-
ic ratios, offer promising properties as hydrogen storage materials due to their ability to
crystallise into simple bcc cubic structures in the presence of large lattice deformations
resulting from the different sizes of atoms. Metal hydrides (MHx) represent a promising
solution for storing large quantities of hydrogen in a future hydrogen-based energy system.
Solid-phase hydrogen storage requires the design of alloys that allow a very high H/M
ratio. Transition metal hydrides generally have a maximum H/M ratio of 2, and higher ratios
can only be achieved in alloys based on rare earth elements. In this study, Witman et al.
demonstrate, for the first time to the best of our knowledge, that a high entropy alloy of
TiVZrNbHf [8] can absorb much higher amounts of hydrogen than its constituents and
achieve an H/M ratio of 2.5.

The high cost of producing, distributing, and storing green hydrogen remains a major
barrier to its large-scale replacement of fossil energy sources. Expenses stem from raw
materials, specialised equipment, and energy-intensive production processes. In addition,
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some high-performance metal hydrides with desirable properties are inherently complex
and costly to manufacture, further limiting their use in cost-sensitive energy storage and
transport applications. Reducing these costs will require both technological innovation
and economies of scale to unlock the full potential of the metal hydride market. Deposition
is an example of an advanced synthesis technique that allows precise control over the
morphology and properties of materials. Thanks to worldwide government incentives and
an increased emphasis on hydrogen storage research, metal hydride research has surged
in the past decade. This is because certain metals, such as zirconium, vanadium, niobium,
and hafnium, have a high export value. Different metals are combined to create alloys with
properties specifically designed for their intended uses. Compared to pure metal hydrides,
alloyed metal hydrides have greater stability, better kinetics, and higher hydrogen storage
capacity [9].

Recycling metal hydrides presents several environmental, economic, and strategic ad-
vantages. Minimising environmental impact is certainly one of the key factors since metal
hydrides may contain heavy metals or reactive substances that, if not disposed of prop-
erly, can pollute soil and groundwater. Furthermore, reducing mining decreases the need
to extract new metals (such as nickel, cobalt, and rare earth elements), activities that have
significant ecological impacts. Recovering valuable materials would also lead to lower
reservoir production costs, enabling metal hydrides to compete more effectively with other
storage technologies in terms of price and to achieve the technology’s goal of less than
EUR 10 per kg of stored hydrogen. Additionally, while recycling is energy-intensive, it is
often less energy-demanding than producing metals from virgin raw materials. Recycling
spent metal hydrides also offers considerable strategic advantages by reducing depend-
ence on foreign suppliers from geopoalitically unstable regions. In this way, materials are
transformed from waste into reuse resources, promoting a more sustainable production
and consumption model. Moreover, recent research activities are oriented toward the pro-
duction of metal hydrides starting from scraps instead of pure metals, enabling a reduction
of the costs of the alloys and the environmental burdens and introducing a positive circular
economy strategy [9-11].

The use of metal hydrides for hydrogen storage for transport applications is recognised
as having significant yet unexplored potential. Indeed, the advantages of advanced metal
hydride-based storage systems may outweigh their current disadvantages, especially for
selected applications where weight is not a critical factor (e.g., heavy vehicles, tractors of
various types, and end-use). A reduction in onboard operating pressure can drastically
reduce the complexity and economic cost of the infrastructure, with clear benefits that
could boost the hydrogen economy. Adopting (or procuring) advanced materials may also
lead to a higher density of onboard storage energy, thus enabling hydrogen-powered
vehicles to achieve a better driving range.

Life Cycle Assessment (LCA) is a key tool for evaluating the environmental impact of
materials and technologies throughout their entire life cycle, from extraction to disposal.
Low-pressure hydrogen storage systems rely on metal hydrides, porous materials, and
advanced composites, each with varying environmental impacts and resource availability.
LCA is crucial in evaluating these impacts, considering factors like raw material extraction,
energy consumption, emissions, and end-of-life disposal. In Europe, the availability of key
materials, including magnesium, titanium, and rare earth elements, influences the sustain-
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ability and feasibility of storage technologies. While some critical materials are imported
mainly, increasing recycling rates and developing alternative materials could enhance
resource security and reduce environmental burdens, supporting the EU’s transition to a
sustainable hydrogen economy. From a LCA and environmental protection perspective,
using metal hydrides for hydrogen storage in transport applications offers several potential
benefits. By reducing onboard operating pressures, infrastructure complexity, and energy
requirements could be minimised, leading to lower environmental impacts on energy con-
sumption and emissions. Furthermore, the increased energy density of hydrogen storage
could enable longer driving ranges for hydrogen-powered vehicles, reducing the reliance
on fossil fuels and contributing to decarbonization. However, the environmental impact of
producing, recycling, and disposing of metal hydrides must be considered in the LCA to
assess the full lifecycle sustainability of these technologies. Additionally, the widespread
adoption of hydrogen could significantly reduce emissions from the transport sector, help-
ing mitigate climate change [9], [12].

Despite the advantages in terms of gravimetric storage density and operational safety of
solid-state hydrogen storage solutions and the fact that the current state of the technology
allows for their implementation in certain specific sectors, e.g., use in certain industries,
prototypes of hydrogen vehicles or the military sector, their widespread implementation
as a mass hydrogen storage solution is not yet technically or economically feasible. Some
of these challenges are common for different materials, like the adequate heat manage-
ment during hydrogen sorption/desorption steps that kinetically limit the hydrogen charge/
release operations; the correct balance between gravimetric and volumetric storage den-
sities, although it is dependent on the use of the storage system in a mobile or stationary
application; and the development of environmentally and economically sustainable indus-
trial approaches for their large-scale production. The most relevant factors are reducing
the carbon footprint and environmental impact during manufacturing and minimizing the
critical consumption of raw materials. Also important are the challenges associated with
their recycling and after-life treatment. Finally, despite the extensive efforts in measuring
the thermodynamic and kinetic properties of the materials used as hydrogen sorbents, the
relatively small reproducibility of many scientific measurements of storage capacity and
behaviour of sorbent materials hampers the availability of high-quality data to compare
and select the best materials for their application. This limitation avoids the escalation
of scientific knowledge into standardised technology for solid-state hydrogen storage,
except for specific materials used for some projects or prototypes. Developing and estab-
lishing harmonised measuring techniques, protocols, and reference materials would help
increase the comparability of results from different sources and push up the development
of sorbent-based technology [13].
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Metal-Organic
Frameworks

(MOFs) - Current
State of Research

Metal-organic frameworks, highly porous organic-inorganic hybrid materials formed by
coordination bonding between organic ligands and metal ions/clusters, are extensively
investigated for gas storage, including hydrogen. Hydrogen is stored in MOFs using phys-
ical adsorption of the diatomic molecule, which is different from metal-hydride systems
where hydrogen atoms are chemically bonded to metals or occupy interstitial spaces in
the metallic matrix. The physical mechanism is faster and fully reversible by pressure and
temperature changes due to the lower interaction energy between the physically adsorbed
hydrogen and the solids, also involving a smaller amount of heat during operation. How-
ever, this smaller energy interaction involves a low operating temperature for adsorption,
usually needing cooling agents like liquid nitrogen or similar. Advantages of using MOF
materials compared to other porous materials like carbons of covalent organic frameworks
(COFs) are the presence of controlled and appropriate pore sizes in the range of micropo-
res (< 2 nm), controllable and defined structure-related properties due to their crystallinity,
large surface area per unit of mass and volume for specific MOF structures (gravimetric
and volumetric surface areas), and chemical hybridization (organic and metallic) that in-
creases the interaction energy compared to pure organic or carbonaceous materials, with
additional advantages due to the easily modifiable surface chemistry.

Various strategies have been employed to improve the H, storage capacity of MOFs like
ligand functionalization (e.g. modification with -F, -CF,, -OH, -COOH, -NH,), adjustment
length of the ligand, replacing the original linker with another one, introduction of unsatu-
rated metal sites e.g. Mn(ll), Mg(ll) and Niii), interpenetration of framework with another
MOF structure, or preparation of hybrid materials (combination of MOFs with carbon ma-
terials or metal nanoparticles).

One of the highest H, uptakes was determined for MOF-210 (17.6 wt.% at 77K, 80 bar),
MOF-177 (7.5 wt.% at 77K, 80 bar), NU-100 (9.95 wt.% at 77K, 70 bar) [14].
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Challenges in
MOFs, hydrides
and HEAs

Some specific limitations affect each type of material used for solid-state hydrogen stor-
age. In the case of MOF materials, the most significant limitation is the high cooling energy
consumption due to the weak interaction between hydrogen and the porous structures
involved during the physisorption step. This limitation makes using considerable cooling
agents like liquid nitrogen necessary to maintain the cryogenic operation. Research efforts
have focused on developing structures for increasing the interaction strength, like reducing
the pore size of materials still showing a high surface area and pore volume, modifying
the chemistry of both metallic and organic secondary-building units, or including metallic
nanoparticles to generate preferential sorption sites or promote hybrid physical-/chemi-
cal-sorption mechanisms like hydrogen spillover or hydrides nanoconfinement. Besides,
since MOFs can be constituted by all the metals in the periodic table and hundreds of or-
ganic linkers, their huge chemical and structural variety make selecting the best-perform-
ing structures a big challenge. This task includes screening around 100,000 deposited
MOF structures and designing and synthesizing new or hypothetical structures by rational
approaches, high-throughput experimental or computational screening, and machine
learning [15-16]. Finally, improvements in the sustainability and scalability of the synthesis
of MOFs are necessary due to non-renewable and diverse metallic and organic precursors
and organic solvents used in the specific chemical routes for their synthetic approaches. In
this sense, alternative production methods like precipitation in water, electrodeposition, or
solvent-free mechanochemical syntheses are under study and in industrial development
7.

For metal-hydride systems, the main challenges are related to the gravimetric storage
density due to the high densities of the metallic bulk materials used, the production of
alloys without critical raw materials (CRM), and using scraps to move toward a circular
economy; the heat management of the storage tanks necessary for hydrogen sorption/
desorption that is strictly related to the enhancement of sorption kinetics and thermal
conductivity of the metallic powders or pellets used for H, storage. It is important to note
that the production methods can mainly affect the number of oxides or secondary phases
in the metal hydrides, with a possible significant change in sorption properties. This aspect

119



O

120

Hydrogen Europe
Research

can be critical when alloy production moves from a laboratory scale to an industrial scale
with less clean conditions [18]. Finally, challenges are related to the stability and durability
of the metal alloys that are measured by cycling the powders, usually for a limited number
of cycles. At the same time, the material is expected to be charged/discharged daily for
many years in real application storage systems. As pellets are considered, i.e., metallic
powders dispersed into binders to avoid tank deformation during cycling, the durability
of the polymers used as binders is even more important to consider, as the polymer’s
degradation can lead to pellet cracks [19].

Similar difficulties also limit the use of high-entropy alloys over traditional metal hydrides.
However, they are also limited by the challenges in controlling the hydrogen storage prop-
erties due to their complex composition, the stability of their complex metallic phases,
which could even change during the hydrogenation/dehydrogenation phases and produce
segregation of phases, the lack of a precise understanding of the relationship between
composition and the hydrogen storage properties, due to the known as “cocktail effect”
basically related to the non-linearity of some properties resulting from mixing different
metals, and the difficulties to scale the production of this kind of material further than the
gram-scale generally produced in laboratories [20].
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Timeline and
Resources

Metal Hydrides - Short-Term
Research Priorities

The short-term scenario in 1-3 years will focus on material optimisation, cost reduction,
and pilot-scale testing. For Metal Hydrides, it is expected that:

Material Optimisation:

Continued exploration of lightweight hydrides (e.g., Mg-based alloys) and destabilized
systems (e.g., MgH, + Si) is expected. Computational materials science and Al-driven
screening will accelerate discovery, with 5-10 promising new alloy systems likely enter-
ing lab-scale validation. The focus will shift toward tuning thermodynamics and kinetics
(e.g., through nanostructuring catalysts or composite design). Some systems will reach
high TRL (Technology Readiness Level), with reversible storage capacities approaching
6-7 wt% and absorption/desorption temperatures closer to 150-200°C.

Cost Reduction:

Cost remains a barrier due to rare or expensive alloying elements (e.g., Ti, V). Research
will aim to replace these with earth-abundant alternatives and simplify synthesis (e.g.,
mechanochemical processing). Pilot projects will benefit from economies of scale and
improved manufacturing methods. Target costs for viable systems could drop to <9.3 €/
kWh (hydrogen energy equivalent), nearing competitiveness with compressed or liquefied
H, storage in select use cases (e.g., stationary, off-grid).

Pilot-Scale Testing:

Early-stage pilot demonstrations will begin in controlled environments (e.g., labs or uni-
versity-led industrial partnerships), particularly in stationary storage, backup systems, or
niche mobility (e.g., drones, submarines). At least 2-3 industrial-scale pilots are expected
globally, potentially supported by government hydrogen roadmaps. Emphasis will be on
safety, system integration, and cyclic durability (>1000 cycles), with feedback guiding de-
sign for full-scale commercialisation.
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Metal-Organic Frameworks -
Short-Term Research Priorities

Below is a forecast for the next three years for material optimisation, cost reduction, and
pilot-scale testing of Metal-Organic Frameworks (MOFs) for hydrogen storage based on
current trends and emerging research:

Material Optimisation:

Computational Design & Al Integration: Accelerated discovery using machine learning
and high-throughput simulations will significantly reduce trial-and-error synthesis, iden-
tifying MOFs with optimal surface area, pore size, and binding enthalpies for hydrogen
adsorption.

Enhanced Stability & Recyclability: Efforts will focus on MOFs with improved chemi-
cal and thermal stability under practical operating conditions (e.g., temperature, pressure
cycling).

Hybrid Materials: Developing MOF composites (e.g., MOF-graphene, MOF-MOF hy-
brids) will improve performance metrics such as volumetric hydrogen density and me-
chanical robustness.

Cost Reduction:

Synthesis Scalability: Advances in greener, lower-cost synthesis routes (e.g., mechan-
ochemical synthesis, solvent-free methods) will reduce MOF production costs by 30-50%.

Raw Material Optimization: Using earth-abundant metals (e.g., iron, aluminum) and
simpler organic linkers will replace expensive rare metals (e.g., zirconium), cutting material
input costs.

Recycling & Reusability: Recyclable MOF production processes and regeneration cy-
cles will become central to cost-effective storage systems.

Pilot-Scale Testing:

From Lab to System Prototypes: More MOFs will move from academic research to
TRLs 5-6, undergoing real-world pilot tests in hydrogen-powered vehicles and stationary
storage units.

Integration with Storage Tanks: Demonstrations of MOF-based hydrogen storage in-
tegrated with Type IV composite tanks will test operational feasibility under SAE standards.

Industry Collaboration: Partnerships among research institutions, startups, and au-
tomakers (e.g., Hyundai, Toyota) will yield early-stage demonstration units, targeting
2027-2028 for pre-commercial evaluations.
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Metal Hydrides - Medium-Term
Research Priorities

Below is a concise 3-5-year forecast (2025-2030) focusing on prototype integration, scal-
ability, and real-world testing of metal hydrides for hydrogen storage:

Prototype Integration:

Metal hydride systems will be integrated into niche prototypes, such as backup pow-
er units, portable hydrogen generators, and unmanned vehicles. These prototypes will
emphasise compactness, thermal management, and system-level optimisation with fuel
cells. Expect broader integration into hybrid energy systems, including renewable-based
hydrogen microgrids and small-scale mobile platforms. Designs will move toward modu-
lar, plug-and-play formats, simplifying deployment.

Scalability:

Progress will focus on scaling synthesis processes (e.g., ball milling, reactive sintering) for
stable, cost-effective materials. Pilot lines for tank fabrication will emerge, targeting batch
production for controlled applications. Commercial pre-production may begin for selected
markets (e.g., telecom backup, remote energy). Challenges such as heat exchange effi-
ciency, cycle life consistency, and cost per kWh will continue to be refined as production
scales.

Real-World Testing:

Testing in controlled operational environments will expand — off-grid sites, research cam-
puses, and defence applications. Performance metrics like hydrogen retention, recharge
time, and degradation under cycling will be closely monitored. Field trials in harsh and
variable conditions (e.g., desert, arctic, maritime) will gain traction. Regulatory support and
funding (e.g., EU Green Deal, US DoE H2@Scale) will boost public-private trials. The first
long-term performance datasets will inform certification standards.

Metal Organic Frameworks -
Medium-Term Research Priorities

Here’s a concise 3-5 years forecast (2025-2030) on Prototype Integration, Scalability, and
Real-World Testing of Metal-Organic Frameworks (MOFs) for hydrogen storage:

Prototype Integration:

MOFs with high surface area and volumetric density (e.g., HKUST-1, MOF-5, NU-1501) will
be integrated into prototype storage tanks, oftenin hybrid systems (e.g., MOF + compressed
hydrogen). Challenges such as poor thermal conductivity and mechanical stability will be ad-
dressed through binder composites or pelletization techniques. Early prototypes move from
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lab-scaletankstofull-stacksystems(e.qg.,integratedwithfuelcellsformobility orbackuppower).
Thermal management and cycling stability will be core focus areas, with system-level inte-
gration being tested in controlled demo environments.

Scalability:

Efforts will intensify to scale up MOF synthesis via green, low-cost routes (e.g., water-based
synthesis, mechanochemistry). Supply chain maturity remains low, with production mostly
limited to kilograms per batch.

Commercial-scale synthesis of at least 2-3 industrially relevant MOFs will be demonstrated,
reaching ton-scale output with cost targets <46 €/kg. Adopting continuous flow synthesis
and modular production systems will support scalability and reproducibility.

Real-World Testing:

MOF-based systems will be tested in academic-industry collaborations, primarily in sta-
tionary and small-scale mobile applications (e.g., drones, UAVs). Testing will focus on
durability under humidity, temperature cycling, and mechanical stress. Real-world pilots
in cold-chain logistics, off-grid power, and possibly range extenders for electric vehicles.
At least one full deployment in a commercial setting (e.g., backup hydrogen storage for
telecom towers or data centres) is expected by 2030, depending on policy support and
performance data.

Metal Hydrides - Long-Term
Research Priorities

The following is a forecast for the next 5-10 years on the full commercialisation, industry
adoption, and large-scale storage of metal hydrides for hydrogen storage:

Full Commercialisation:

Metal hydride hydrogen storage is commercialised in niche markets for stationary backup
systems and expected to see more and strategic commercialisation by 2030, primarily in
applications such as:

Stationary backup power systems (e.g., telecom, remote infrastructure); military and aero-
space applications where energy density and safety matter more than cost; Low- to medi-
um-scale hydrogen refuelling stations, especially in regions prioritising solid-state hydrogen
safety. Barriers: High cost of hydride materials (e.g., rare-earth alloys), thermal management
challenges, and relatively slow kinetics compared to compressed gas systems.

Industry Adoption:

Wider industry adoption will remain application-specific, with automotive and heavy trans-
port sectors likely favouring other storage technologies (like high-pressure tanks or liquid
hydrogen) due to weight constraints. Industrial hydrogen users (e.g., semiconductor man-
ufacturing, metal processing) may adopt metal hydrides for on-site storage where space
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and safety are premium; Hydrogen microgrids or renewable-energy-linked storage (e.g.,
solar-to-hydrogen) could leverage hydrides for long-duration, seasonal storage. Outlook:
Moderate adoption driven by safety and reliability rather than cost-efficiency.

Large-Scale Storage:

Proper large-scale hydrogen storage using metal hydrides (e.g., hundreds of kg to tons
of H,) faces significant hurdles: Mass and cost scale poorly compared to underground
or pressurized systems; Thermal management and charging/discharging rates remain a
bottleneck. However, modular storage at the community or facility scale (10-100 kg H,)
could be a viable alternative to high-pressure systems where space and safety outweigh
throughput needs. Within 10 years: Pilots of metal hydride storage modules for hydrogen
hubs and standardised cartridges for off-grid hydrogen storage in specialised sectors.

Metal-Organic Frameworks -
Long-Term Research Priorities

The following is a brief forecast of Metal-Organic Frameworks (MOFs) in hydrogen storage
over the next 5-10 years, with a focus on full commercialisation, industry adoption, and
large-scale storage:

Full Commercialisation:

MOF-based hydrogen storage will remainin the pilot and prototype phase, focusing on mate-
rials optimisation, cost reduction, and system integration. Commercial products using MOFs
will be limited to high-value, niche markets (e.g., aerospace, defense, portable fuel cells).
Commercialisation will expand as synthesis costs drop, stability improves, and performance
targets (e.g., US DOE targets for gravimetric and volumetric storage) are approached or
met. Early adoption in mobility sectors (e.g., drones, heavy-duty vehicles) and backup
power systems are likely.

Industry Adoption:

In the energy and mobility sector, growing interest from hydrogen vehicle manufacturers and
energy companies by 2028-2030 and strategic partnerships with MOF developers for on-
board storage systems will drive adoption; industrial Gas Supply Chain where MOFs could
be adopted for efficient transportation and buffering of hydrogen at ambient or near-ambient
pressures and applications in hydrogen refuelling infrastructure may emerge around 2030.

Large-Scale Storage:

In the near term (5 years), grid-level or massive storage is not yet practical due to current
scalability and cost issues. The focus will remain on modular, intermediate-scale storage
(kg-scale rather than tons). In the long term (10 years), advances in MOF synthesis scal-
ability, cost-efficiency, and thermal management could enable larger-scale storage, and
the use in stationary energy storage systems, especially in off-grid or remote areas, may
emerge late in this period.
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Rationale for
Advancing
Research in This
Area’s Potential
Applications

Solid-state hydrogen storage is a promising alternative to conventional compressed gas
and cryogenic liquid storage, offering sustainability advantages, societal benefits, eco-
nomic potential, and alignment with global energy strategies.

Sustainability

Solid-state hydrogen storage materials, such as metal hydrides, complex hydrides, and
metal-organic frameworks (MOFs), provide a safer and more energy-efficient storage
solution. Unlike high-pressure or cryogenic storage, these materials operate at lower
pressures and moderate temperatures, reducing the energy needed for compression and
liqguefaction. Additionally, certain materials, such as magnesium hydrides, utilise abundant
and recyclable elements, further improving their environmental footprint. The adoption of
solid-state storage supports the hydrogen economy by facilitating green hydrogen storage
from renewable sources.

Societal Benefits

Deploying solid-state hydrogen storage enhances public safety due to its reduced risk of
leaks and explosions compared to high-pressure hydrogen tanks. It also supports clean
energy transitions by enabling reliable hydrogen storage for fuel cell vehicles, residential
energy storage, and backup power systems. Solid-state solutions contribute to energy
security and resilience in urban and rural communities by decentralising hydrogen storage
and reducing infrastructure risks.
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Economic Impact

Solid-state hydrogen storage has the potential to lower costs over time by reducing the
need for high-pressure containment and specialised infrastructure. While initial material
costs can be high, long-term durability and lower maintenance requirements contribute
to overall cost reductions. Additionally, material science and manufacturing advance-
ments are expected to drive down production costs, making solid-state storage more
economically viable for automotive, aerospace, and industrial applications. The sector’s
growth could create jobs in material research, manufacturing, and hydrogen infrastructure
development.

Alignment with Strategic Goals

Governments and international organisations increasingly prioritise hydrogen as a key
component of their energy transition strategies. Solid-state hydrogen storage aligns with
the UN Sustainable Development Goals (SDGs), particularly Goal 7 (Affordable and Clean
Energy) and Goal 13 (Climate Action) [21]. European hydrogen strategies emphasise the
importance of safe, efficient, and scalable hydrogen storage solutions. As global hydrogen
demand rises, solid-state storage can be crucial in achieving decarbonization targets and
energy security goals.

Applications

Solid-state hydrogen storage is applicable in various sectors, including transportation (fuel
cell vehicles, drones, and aircraft), stationary energy storage (grid balancing, residential
power), and portable energy systems (hydrogen-powered devices). Its ability to safely
store and release hydrogen on demand makes it a key enabler of the hydrogen economy.

Solid-state hydrogen storage presents a sustainable, safe, and economically promising
solution for hydrogen storage. Its alignment with global energy strategies and potential
for widespread applications make it vital to achieving a cleaner and more resilient energy
future.
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Abstract

The rupture of high-pressure hydrogen storage tanks in fires is a critical safety concern that
undermines public confidence and restricts wider deployment of hydrogen technologies.
Current safety strategies depend on thermally activated pressure relief devices (TPRDs),
which have their disadvantages that can lead to critical consequences, for example failing to
react in localised or low-intensity fires and creating additional hazards through high-pressure
hydrogen release. This position paper introduces a breakthrough safety concept: explo-
sion-free, self-venting composite tanks that remain safe under any fire scenario. Based
on the microleaks-no-burst (ULNB) principle, these tanks eliminate the need for TPRDs
by releasing hydrogen through distributed microchannels when exposed to fire. Prototype
testing under both realistic and extreme conditions, including impinging hydrogen jet fires
with heat release rates well beyond standard protocols, has validated the concept. Results
confirm that self-venting tanks prevent rupture, blast waves, fireballs, and pressure peaking,
thereby ensuring inherently safer performance across transport and stationary applications.
Key challenges remain in advancing this technology, including composite-liner compatibility,
thermal degradation, hydrogen permeability, sealing reliability and scaling to larger tanks. Ex-
isting test methods lack standardisation and often fail to represent real-world conditions, so
underscoring the need for advanced fire testing protocols. Promising results were achieved
with different fibre-resin composites and liners, however Type V tanks remain at low TRLs.
Further opportunities include the use of thermoplastic materials for circular manufacturing
and recycling. Addressing these gaps through coordinated research will accelerate industrial
adoption, positioning self-venting tanks as a transformative advancement in hydrogen safe-
ty, regulation and sustainability.
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Introduction

Hydrogen incidents can occur at any stage of hydrogen’s production, transportation,
storage or utilisation’. There are known catastrophic incidents with hydrogen tanks, such
as Korean tank rupture?, or incidents of a hydrogen tank rupture on industrial premises
in Austria®, as well as incidents with widely spread around the globe compressed natural
gas composite storage tanks, including rupture caused by smouldering fire*,5,°. These
incidents underpin the public concern on the use of hydrogen technologies. The total
number of hydrogen-powered vehicles, including passenger cars, commercial transport,
and material handling machines 7 is currently about 100,000. In just the first half of 2024,
more than 5,500 fuel cell vehicles were sold worldwide®.

Exclusion of high-pressure hydrogen storage tanks rupture in any fire is crucial for public
acceptance for obvious reasons. Indeed, it would eliminate hazards of devastating blast
waves, fireballs, and projectiles. The problem is of especial concerns for confined spaces
as tunnels, underground parking, hydrogen storage enclosures onboard of road vehicles,
rail transport, aircrafts, and maritime vessels. Hydrogen storage tank rupture in the worst-
case scenario for hydrogen refuelling stations.

Currently, thermally activated pressure relief devices (TPRDs), represent the standard safety
technique to mitigate the probability of compressed hydrogen storage systems (CHSS) rup-
ture in a fire. However, TPRDs have significant unacceptable limitations. It may fail to activate
in localised or low-intensity fires, e.g. smouldering fires®'™°. Releases from TPRDs produce
thermal and pressure effects that pose hazards and associated risks to people, property
and environment ''. In case of a TPRD activation inside an enclosure like a garage, it may
generate overpressures capable of destroying the enclosure by the pressure peaking phe-
nomenon (PPP)'? discovered in 2010 and characteristic exclusively for light gases such as
hydrogen. The way to public acceptance of hydrogen technologies is elimination of what is
precepted as “hydrogen explosions”, including storage tanks rupture in a fire of any intensity.
One option is the breakthrough safety technology of explosion free in any fire self-venting
tanks that does not require TPRD as the whole tank surface is working as a “distributed
TPRD”'®'41%, The technology is based on the microleaks-no-burst (ULNB) concept and is
validated by experiments in several EU projects, e.g. SH2APED, HyTunnel-CS, etc.

The scope of this position paper is to address one of the critical issues of hydrogen safety,
particularly fire and explosion safety of composite hydrogen storage systems, by advocat-
ing for the development of fundamental understanding of the innovative technology, and
manufacturing guidance for adoption of self-venting composite hydrogen storage tanks.
It highlights the limitations of current TPRD technique in preventing hydrogen tank rup-
ture, as well as it formulates requirements to components and material performance and
compatibility for explosion free in any fire self-venting tanks. The position paper defines
fundamental studies and research programme for validation of self-venting tanks. This
research shall aid regulatory updates and involve close academia-industry collaboration to
support the manufacturing of inherently safer self-venting tanks.
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The primary goal is to establish a scientific and regulatory framework for manufacturing
and deploying self-venting hydrogen storage tanks by addressing key challenges. These
include composite and polymer material science, computational modelling of heat and
mass transfer, hydrogen safety, fire interactions with CHSS, and experimental validation of
self-venting tank prototypes under various fire conditions.

By eliminating hazards and risks associated with traditional TPRD failures, self-venting
tanks present a breakthrough in hydrogen storage technology. They provide a more reliable
solution for hydrogen-powered vehicles, infrastructure, and industrial use. Adopting this
technology not only enhances hydrogen storage safety but also supports the decarboni-
sation of transport and energy sectors, reinforcing hydrogen’s role in a sustainable future.

Key research challenges in developing and deploying self-venting tanks include material
selection, understanding thermal degradation, controlling permeability, and designing
advanced fire testing protocols. These protocols must account for real-world condi-
tions to meet the demanding regulatory requirement: “hydrogen storage tanks shall not
rupture in any fire”.
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Current State
of Research

All types of fires, including spill fires, impinging jet fires'® and smouldering fires, can damage
the integrity of onboard hydrogen storage tanks. For example, spill fires can be caused by
natural disasters or industrial accidents, such as pipeline leaks, fires, or vehicle collisions.
The typical specific heat release rate (HRR divided by the source area, A) for a liquid fuel
spill fire is around 1-2 MW/m? 71818 Impinging hydrogen jet fire from nearby storage
tank could reach HRR/A=20 MW/m? 29, These values are much higher than the HRR/A
levels recommended by the UN Global Technical Regulation No.13 (GTR#13)?' or the
R13422 fire testing protocol, which suggest values of 0.3 MW/m? and 0.7 MW/m?2. The
mismatch between the fire intensities in standard test protocols and real fires raises
serious safety concerns. The fire resistance rating (FRR) of composite tanks (the time
to hydrogen tank rupture in a fire) is highly sensitive to the HRR/A. Research?® has
shown that when the HRR/A is reduced, a hydrogen tank’s FRR can increase to tens
of minutes, giving enough time to trigger the TPRD and prevent catastrophic rupture.
However, this does not rule out the possibility of tank rupture under real fire conditions,
where the HRR/A is much higher. The regulated fire test protocol should be revised to
account for a full range of real-world fire scenarios, from low-intensity smouldering and
spill fires to highly intense fires, such as those involving impinging hydrogen jet flames —
a typical incident scenario for CHSS with multiple tanks.

There are known cases of the self-venting behaviour of Type IV tanks. One of such exam-
ples is the leak of the composite tanks for LPG 24 in a fire. Such tanks operating at service
pressures of 10-20 bar use only a small portion of the critical “load-bearing” compos-
ite wall thickness. A similar behaviour was experimentally observed for hydrogen tanks
designed for nominal working pressure (NWP) of 700 bar. These tanks are leaking not
rupturing in a fire at about 50% state of charge®. This behaviour of Type IV tanks was
numerically reproduced and explained in study?®. However, achieving reliable self-venting
performance in fully charged standard (conventional) Type IV tanks remains a significant
challenge. Explosion free (in any fire) self-venting (TPRD-less) tanks are designed using
the innovative microleaks-no-burst (ULNB) concept, which eliminates the need for TPRDs
(though their use is not prohibited) by enabling the tank itself to function as a “distributed
over surface of tank TPRD” with microchannels for pressure discharge after the liner is
melted using the registered invention and know-how.

One of currently used engineering solutions to prevent tank rupture along with TPRD
is the use of intumescent paint. Intumescent paint protection can be rapidly eroded by
high-pressure hydrogen jet fires resulting from impingement of leaks from adjacent storage
SOUrces or pipes.
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Key achievements
and milestones

The design of self-venting (TPRD-less) Type IV hydrogen tanks has been validated through sev-
eral European and UK projects?’. These tanks are designed to prevent explosions during fires
by using a specialised structure. They have a double-composite wall with a hydrogen-perme-
able outer layer and a polymer liner that acts as a barrier. The liner can be made from thermo-
plastic, thermoset, or other suitable polymer materials, depending on compatibility and safety
standards. If the tank is exposed to extreme heat, the polymer liner melts, allowing hydrogen
to escape through microleaks before the outer composite wall loses its strength. These micro-
leaks form naturally through tiny microchannels in the composite material, similar in size to the
reinforcing fibres, i.e. a few microns wide. The self-venting mechanism offers a critical safety
advantage over traditional TPRDs. The size of the flammable envelope, the distance to the
lower flammability limit (LFL), is directly linked to the leak diameter. Because microchannels are
only a few microns wide, the flammable envelope extends just a few centimetres. This ensures
hydrogen disperses rapidly, preventing accumulation in enclosed spaces and requiring only
minimal ventilation. The self-venting tanks are characterised by the following achievements
distinguished from other safety technologies: no blast wave, no fireball, no projectiles, no long
flames, no pressure peaking phenomenon in confines spaces, no flammable cloud formation
in naturally ventilated enclosures, no life/property loss in case of hydrogen tank affected by
any fire. This technology is proposed as a safer alternative for hydrogen storage in road, rail,
aviation, and maritime transport. It is also suitable for hydrogen refuelling stations, marine
vessel storage, and underground infrastructure such as tunnels and car parks.

The first designed and manufactured prototypes have undergone successful fire testing
under conditions exceeding those specified in GTR#13, with HRR/A=1 MW/m?. Figure 1
shows sequential snapshots from one of the first fire tests on a self-venting tank prototype.
The images capture key stages of the process: localised fire initiation, flame appearance, the
onset of an engulfing fire, and the final stage with residual resin combustion. Notably, by the
end of the process, the hydrogen pressure drops to 1 bar absolute, and there is no visible
increase in flame size at the start of hydrogen release through microleaks or afterward.

Figure 1. Self-venting NWP=700 bar tank prototype in localised and engulfing fire
portions of HRR/A=1 MW/m? intensity 2.

Fire test started First isolated flame  (pressure drops)  Engulfing fire starts H2-resin combustion
Os 3 min 10minis 10 min4s 18 min10s
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Experiments were carried out on double-composite overwraps using different fibre-resin
materials under realistic fire conditions. Glass and basalt fibres were tested as alternatives
to carbon fibre and they offered similar safety performance with lower cost. In all cases,
the tanks released hydrogen safely until the pressure dropped to atmospheric level.

Protecting public and first responders is a priority. Firefighting strategies may include
moving the vehicle away from the fire (simulated in tests by shutting down the burner) or
applying water to suppress the flames. Figure 2 demonstrates the technology validation
under fire conditions in case of fire suppression by water jets. Hydrogen release from
the tank continued safely even after the fire was extinguished and the sprinkler system
suppressed the flames. This demonstrates an advantage over TPRD-based systems, as
firefighters can respond as in any conventional fire without the need to cool a TPRD to
prevent its activation.

Figure 2. Self-venting tank prototype in a fire with flame extinction 2.

Burner fuel supply stopped, resin is still burning 05:49 Water sprinkler started 05:55
=,
o

Extinction continues, resin is still burning 06:30 Seconds after sprinkler stopped, 13:35
combustion is slightly visible (on video)
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The key achievement was validating the technology under extreme, yet realistic, CHSS
conditions of an impinging hydrogen jet fire from a nearby 700-bar tank (see Figure 3).
The experiment showed that the outer composite layers of basalt fibre were eroded by
the high-momentum hydrogen jet fire. Intumescent paint could not withstand this intensity
and would be destroyed within seconds, failing to protect the tank. A TPRD would also be
ineffective In such a scenario, if the jet impacted the tank away from its location.

Self-venting tank prototype under extreme impinging jet fire of highest
ever intensity of HRR/A=19.5 MW/m? from a 700-bar storage tank: left — during
fire test, right — aftermath of the prototype composite of tank test *°.

The findings confirm that this breakthrough safety technology gives a step-change in pro-
tection for people, property and the environment. To enable its adoption, standard fire test
protocols must be updated to cover the full range of scenarios, from low-intensity smoul-
dering and spill fires to high-intensity hydrogen jet fires affecting adjacent tanks in a CHSS.
This safety advancement plays a crucial role in increasing public acceptance of hydrogen.

Notable projects:

@ UKRI, EPSRC. UK National Clean Maritime Research Hub (MaRes) (EP/Y024605/1).

@ Horizon 2020. H2020-JTI-FCH-2020-1. SH2APED: Storage of hydrogen: alternative
pressure enclosure development. GA No.101007182.

@ H2020, FCH2JU (now Clean Hydrogen Partnership): HyResponder “European Hydro-
gen Train the Trainer Programme for Responders” (875089).

@ nnovate UK. Clean Maritime Demonstration Competition Round 1 (CMDC1): “North-
ern Ireland Green Seas” (10009311).

. Interreg Atlantic Area, “HYLANTIC Atlantic Network for Renewable Generation and
Supply of Hydrogen to promote High Energy Efficiency” (EAPA_204/2016).
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@ H2020, FCH2JU. “HyTunnel-CS: PNR for safety of hydrogen driven vehicles and trans-
port through tunnels and similar confined spaces”.

@ Innovate UK. Clean Maritime Demonstration Competition Round 2 (CMDC2): “Hydro-
gen Fuel Cell Range Extender” (10041047).

‘ Invest NI, Centre for Advanced Sustainable Energy (CASE): “Breakthrough safety tech-
nologies for hydrogen vessels from Northern Ireland” (PROJECT/A1135).

‘ Invest NI, Proof of Concept Plus: “Optimisation of explosion-free in fire composite cyl-
inders to industrial requirements” (1703/130130821-1).

@ Invest NI, Proof of Concept 629: “Composite tank prototype for onboard com-
pressed hydrogen storage based on novel Ulster’s leak-no-burst safety technology”
(1703/130130821).

@ EPSRC H2FC SUPERGEN Challenge: “Integrated safety strategies for onboard hydro-
gen storage systems” (EP/K021109/1).

Current safety technologies have shown effectiveness in fire tests, including scenarios
replicating aspects of firefighter interventions and extreme conditions. Prototypes with
different fibre-resin composites and liners performed well, but research gaps remain.
Materials are still at low TRLs, and their performance and compatibility are uncertain, es-
pecially for emerging Type V tanks. Key unknowns include the role of composite porosity,
thermal degradation, flame resistance and polymer-liner adhesion. Issues such as liner
buckling, delamination and hydrogen permeability also require further study. Existing test
methods can give inconsistent results and lack standardisation, but higher pressures and
new materials make current protocols less representative of real conditions. Additional
work is needed on Joule-Thomson cooling effects, seal reliability and scaling to larger
tanks. Addressing these gaps is essential to advance safer composite hydrogen storage
systems.
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Research Challenges

Further research is needed to understand the fundamental physical processes behind this innovative
engineering solution. Validating models for designing self-venting Type V and Type IV tanks across
various fire scenarios, ranging from smouldering and liquid spills to impinging jet fires, is essential.
Testing these tanks in fires of different intensities will build consumer confidence across sectors of
the hydrogen economy. At present, no fire testing protocol covers the full range of scenarios, making
its development one of the priorities. Introduction of self-venting tanks also creates an opportunity
for regulatory updates. Type V tanks, which are less mature than Type IV, do not use a conventional
liner. Instead, the composite wall must act as both the load-bearing structure and the gas barrier.
In practice, they often include a barrier from non-reinforced tape winding, which improves barrier
properties. Without a discrete liner, strain compatibility issues are reduced, improving fatigue perfor-
mance. However, the safe operating pressures of Type V tanks are still under investigation. Factors
including composite layup sequence, fibre architecture, and manufacturing defects remain critical
as they significantly influence burst strength and long-term structural integrity .

The performance of self-venting tanks depends on fibre and composite thermal properties, liner
melting, resin degradation and the flammability of thermoset and thermoplastic materials. As for
Type V polymer-based tanks, the key factors include melting point and heat of fusion. Experimen-
tal and numerical studies are needed to define thermal conductivity requirements and confirm the
ability to withstand fires of varying intensities without failure. The use of flame-retardant additives
should also be assessed. Because hydrogen-liner-composite interactions are complex, close col-
laboration between academia, industry and research institutions is essential. Future work should
focus on thermal stability, degradation, reaction kinetics, pyrolysis and optimised flame-retardan-
cy strategies to advance self-venting tank technology.

Another challenge is the adhesion and structural integrity of liners or inner barriers. In fully
thermoplastic structures, cohesive bonding is essential, requiring the liner to form a “true
weld” with the reinforced structure. When bonding a thermoplastic liner to a thermoset rein-
forcement, adhesive bonding is needed — an area that requires further investigation.

The permeability of materials is crucial for safety. Micro-voids and defects in the liner can in-
crease hydrogen permeation . Long-term hydrogen exposure may lead to degradation and
embrittlement. Permeation measurements must be conducted on a representative sample from
a cylinder, with dimensions tailored for compatibility with bench tests. Ensuring the experimental
setup minimises or prevents hydrogen leaks is essential for accurate permeation measurements.

Seals in hydrogen storage systems, particularly elastomeric types, can swell under high-pressure
hydrogen. This volumetric expansion weakens their structural integrity and increases the risk of
extrusion, tearing, failure and leakage. Swelling also alters barrier properties, potentially raising
hydrogen permeation. Seal and connection design must therefore meet strict requirements for du-
rability, environmental resistance, vibration, acceleration, refuelling safety and fire safety. Validation
should combine extensive experimental testing with computational modelling using validated tools.

TRL vary from low for Type V tanks to TRL 4-6 for Type IV tanks by the end of the project.

The proposed timeline is medium-term 3-5 years. The suggested estimate of the funding is
oM EUR.
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Rationale for
Advancing Research

in This Area &
Potential Applications

Explosion-free, self-venting hydrogen storage tanks in fires would mark a major step towards
public acceptance and sustainability. The use of thermoplastic materials can enable a circular
approach to hydrogen tank manufacturing, making production and recycling more efficient.
Given the expected increase in hydrogen storage demand, research must prioritise environ-
mentally friendly and cost-effective solutions, covering manufacturing, end-of-life manage-
ment, and material reuse.

A holistic approach is essential for advancing circular storage systems. While polymers offer
recyclability benefits, carbon fibre, being critical for lightweight applications, poses sustain-
ability challenges due to its high CO, footprint and limited recyclability. Current carbon fibre
composite overwrapped tanks struggle to align with circular economy principles, highlighting
the need for innovation in materials and design. A growing demand from sectors such as
aerospace and wind energy * is driving both price increases and material shortages 24,%.
The fundamental studies aim to investigate the use of alternative fibres for at least the partial
replacement of carbon fibres.

This project will strengthen Europe’s leadership by enabling breakthrough hydrogen safety
technology. It offers unprecedented safety and cost reduction, positioning Europe ahead
of competitors. Building a strong technological base, skilled workforce, and manufacturing
capability will drive global demand and market adoption.

The scientific impact of this research and its alignment with the technology advancement goals
of EC® and CHP*" is indisputable. The team of inventors and researchers working on different
projects devoted to the self-venting tanks has demonstrated significant contributions through
internationally leading research in hydrogen safety and advanced materials engineering. Key
findings have been, and will continue to be, policy influential, which is in line with the goals of
Hydrogen Europe Research: “providing evidence-based research”...“to inform European and
national policies related to hydrogen development” %8, The outcomes of the project will impact
existing Regulations, Codes and Standards (RCS), including UN ECE GTR#13 (Phase 3), IMO,
ISO/TC197, CEN/CLC/JTCS, etc.
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Overview of applications

The research will strongly affect safety through the entire range of hydrogen systems and
infrastructure. The inherently safer storage systems will be available for hydrogen storage
onboard of passenger cars, heavy-duty vehicles, rail, maritime and aviation systems, as
well as stationary applications such as hydrogen refuelling stations, domestic storage, etc.
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Abstract

The paper investigates the integration of hydrogen as a decarbonization strategy in the
European glass and ceramics manufacturing sectors. The primary goal is to analyze the
potential, current initiatives, and future opportunities for green H2 adoption, with a focus
on reducing sector-specific carbon emissions and supporting the transition to net-zero by
2050. The methodology involves a review of pilot projects, and technological advancements
across various sub-sectors, including glass, ceramics, bricks, sanitaryware, and cement,
highlighting both successful industrial-scale demonstrations and ongoing feasibility studies.
Key insights reveal that H2 can significantly mitigate CO2 emissions, particularly in ener-
gy-intensive processes where fossil fuels dominate. Notable pilot projects demonstrate the
technical viability of H2 combustion in glass furnaces and ceramic kilns, with some achieving
substantial emission reductions and maintaining product quality. However, the study iden-
tifies critical challenges: high capital and operational costs, limited H2 supply, the need for
technological adaptation, and concerns regarding product quality and safety. The paper
concludes that while H2 presents a promising pathway for decarbonization, its widespread
adoption will require sustained innovation, policy support, and investment to overcome eco-
nomic, technical, and regulatory barriers and to ensure the sector’s alignment with Europe’s
carbon neutrality targets.
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Introduction

Hydrogen, particularly when produced from renewable sources, is increasingly regarded
as a sustainable and eco-friendly energy carrier. Its integration into industrial processes,
especially in the manufacturing of glass and ceramics, is attracting significant attention
due to escalating environmental concerns and the global drive towards net-zero emis-
sions. In addition, adopting green H2 in industrial processes offers substantial image
benefits for companies, particularly as consumer preferences evolve. By 2050, the
primary buyers will be today’s younger generation, who are developing a strong envi-
ronmental consciousness and are likely to favour products with minimal environmental
impact. Companies that can demonstrate a genuine commitment to sustainability by
integrating green H2 will be able to distinguish their products as truly green, enhancing
brand reputation and consumer trust. This differentiation is expected to translate into
increased market share and customer loyalty, as eco-friendly credentials become a
decisive purchasing factor. Another significant advantage for companies using H2 is
reduced exposure to fluctuations in fuel prices, which are often driven by volatile interna-
tional markets. By decreasing reliance on imported fossil fuels, businesses can achieve
greater price stability and predictability in their operational costs. This resilience not
only safeguards profit margins but also facilitates long-term strategic planning, making
companies less vulnerable to geopolitical tensions and supply chain disruptions. Further
advantages include compliance with tightening environmental regulations, access to
green financing, and improved stakeholder relations. Early adoption of H2 technologies
also positions companies as industry leaders, fostering innovation and opening new
market opportunities as the global economy transitions towards decarbonisation.
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Current State of
Research

The European ceramics sector currently emits approximately 19 million tonnes of CO2
annually. While this represents a substantial reduction of over 45% since the industry’s
peak in 2000, it still accounts for about 1% of total European industrial emissions. The
primary sources of these emissions include: the combustion of fuels for drying and
heating, CO2 released from mineralogical changes in raw materials (e.g., calcination of
CaCQ3), indirect emissions from electricity generation (cogeneration), and emissions
from internal and external logistics. In some highly productive areas, with unfavorable
meteorological conditions, slow air exchange due to climatic conditions can lead to legal
limits for pollutant emissions being exceeded, posing serious health risks. In response,
the European ceramics industry has established ambitious targets to significantly reduce
its emissions by 2050, with the ultimate goal of achieving carbon neutrality. The pro-
posed strategy encompasses various approaches, including: reducing process-related
emissions, driving innovation to improve manufacturing efficiency, implementing CO2
capture technologies (CCS/CCU), exploring additional carbon removal techniques, and,
crucially, utilising green H2 as a fuel. A promising pathway for emission reduction in-
volves using it and waste carbon dioxide from glass and ceramic production to produce
synthetic fuels, such as methane. This approach allows many producers to maintain
their existing technology, including highly sensitive and efficient thermal machines like
spray-dryers and kilns, while significantly lowering net CO2 emissions by converting
captured CO2 into methane through a methanation process with green H2 [1].

2.1 Hydrogen project
examples

Green H2 has been identified as a key means of mitigating CO2 emissions in the ener-
gy-intensive glass and ceramic manufacturing industry, where over 70% of energy cur-
rently comes from fossil fuels like natural gas [2-3]. Numerous projects are demonstrating
the application and potential of H2 across various sectors. The following tables present
some examples of applications.

167



2.1.1 Glass production.

H2Glass
https://h2-glass.eu/

SCHOTT
https://www.schott.com/en-gb/
news-and-media/media-releases/2024/
schott-produces-optical-glass-with-100-
percent-hydrogen

Pilkington
https://www.pilkington.com/en-gb/uk/
news-insights/latest/pilkington-uk-plans-to-
scale-low-carbon-glass-production-under-
pioneering-hydrogen-plans

H2 project (H2) by Saverglss
https://www.saverglass.com/en/csr/
actions/hydrogen-project
Hrastnik1860

https://hrastnik1860.com/wp-content/
uploads/5.12.23_Hydrogen-bottle-press-
release.pdf

DIVINA

https://www.spevetro.it/divina-project-
research-on-hydrogen-natural-gas-mixed-
combustion/?lang=en

HyGlass

https://www.energy4climate.nrw/en/
topics/best-practice/hyglass

Ardagh Glass Packaging-Europe
(AGP-Europe)
https://www.ardaghgroup.com/2024/
ardagh-pioneers-onsite-hydrogen-energy/

Hynet
https://assets.publishing.service.gov.uk/
government/uploads/system/uploads/
attachment_data/file/1119899/phase_3_
hynet_industrial_fuel_switching.pdf

COSiMa Saint-Gobain

https://assets.publishing.service.gov.uk/
government/uploads/system/uploads/
attachment_data/file/1119899/phase_3_
hynet_industrial_fuel_switching.pdf

H2GLASS is driven by 23 strong partners from 8 European
countries representing research and industry institutions,
major manufacturers from the glass industry. The objectives of
the project are different.

— Develop the technology stack that will enable 100% H2
combustion in the glass industry.

— Validate H2GLASS technology through application in
industrial context.

— Prove economic and environmental viability of H2GLASS
solutions compared to fossil fuels.

— Develop IT architecture for automatic control and
management and more efficient industrial processes.

— Raise public understanding on H2 technology as a solution
for decarbonising industrial processes.

Transfer technology to other EU energy-intensive industries.

After successfully testing glass production with 100% H2

on a laboratory scale, the group Schott has completed the
industrial-scale application. For three days, the glass expert
melted optical glass in a furnace using the new technology for
the first time. Schott reports successful trials of using 35% H2
for industrial-scale glass production.

Pilkington United Kingdom Limited, intends to use green H2
at its site and scale its production of low carbon glass from
2027, under pioneering new plans. The project would enable
the company to eliminate 15,000 tonnes/y of carbon from its
direct emissions.

Saverglass reported successful trials at its hybrid furnace. The
project team carried out tests on H2 injection at three different
rates: 10%, 20% and 30%.

In 2023, it reached the significant milestone of using more
than 60% of H2 for their combustion needs during glass
bottle production. This has led to a reduction of over 30%
in CO2 emissions.

Research on H2 — Natural Gas mixed combustion

By replacing natural gas with H2 in the melting process,
a reduction in CO2 emissions of around 3.3 million tonnes
could be achieved across Germany as a whole.

Ardagh Glass Packaging-Europe announced that it is now
producing green H2 for glass melting via an electrolyser at its
facility in Limmared, Sweden. Since testing of the electrolyser
began in October 2024, the furnace has successfully
combusted 109,000m3 of H2 produced on site, saving

70 tonnes of CO2.

Hydrogen Firing in a Glass Furnace

Saint-Gobain announced the launch of the COSiMa project,
which aims to investigate the feasibility of using H2 for glass
production.
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2.1.2 Ceramic Tile Production.

Project name

H2 FACTORY®

https://www.irisceramicagroup.com/
en/media/iris-ceramica-group-and-
edison-next-for-h2-factory-the-first-
ceramics-plant-powered-by-green-
hydrogen-produced-on-site/

Revigrés
https://ceramicworldweb.com/en/
news/revigres-adopts-new-100-green-
complete-production-line

SITI B&T

https://gruppobt.com/en/hydrogen-
kilns-within-three-years-siti-bt-
research-looking-towards-the-energy-
transition/

Sacmi

https://sacmi.com/en-US/ceramics/
news/19660/The-first-tile-fired-in-a-
100-hydrogen-kiln-lt-s-from-SACMI

Iris Ceramica Group and Edison Next will develop a production
facility that will run on green H2, produced on-site using a cutting-
edge custom-designed system. Technical ceramic slabs (3.2 m x
1.6 m x 12 mm thick x sustainability) were produced by using a
blend of H2.

This ceramic tile manufacturer will build a complete production
line for 100% green porcelain tiles, consisting of a 7-level
horizontal dryer, a TITANIUM®H2 oven using H2.

Siti B&T manufactures a kiln for firing ceramic tiles that initiates a
process of gradually replacing traditional methane with a H2-
based gas blend. This innovation aims to further reduce the use
of fossil fuels and atmospheric emissions.

Sacmi produces a 100% hydrogen kiln.

2.1.3 Bricks and Roof Tiles Production.

Project name

HyBrick™

https://www.mbhplc.co.uk/
sustainability/hybrick/

Forterra

https://www.forterra.co.uk/paving-the-
highway-to-hydrogen/

Michelmersh has announced plans to conduct a feasibility study
to replace natural gas with H2 in the brick-making process. The
programme is part of the £1 billion Net Zero Innovation Portfolio
(NZIP) which aims to provide funding for low-carbon technologies
to decrease the costs of decarbonisation.

They have completed the first phase of H2 testing at the
Measham brickworks in North West Leicestershire. They
experimented with 20% H2 mixtures across the whole range of
bricks.
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2.1.4 Sanitaryware Production.

Lucideon Lucideon UK claims it has completed 100% H2 firing of
https://www.iom3.org/resource/ sanitaryware. The test took more than 13 hours at 1,200°C.
ceramics-fired-solely-by-hydrogen.html

SACMI-Riedhammer SACMI-Riedhammer kiln is the first H2-ready solution on
https://www.sacmi.it/en-US/ceramics/ the market: the standard machine can run on a H2-gas mix

news/16208/Tailor-made-versatility-and- ~ containing up to 20%.
sustainability-SACMI-RH-drives-the-
evolution-of-sanitaryware-tunnel-kilns

2.1.5 Tableware Production.

BHS tabletop AG The company has succeeded in firing porcelain exclusively with

https://tablewareinternational.com/ hydrogen.
bhs-tabletop-ag-fires-porcelain-using-
hydrogen-for-the-first-time/

2.1.6 Cement and Refractory.

Heidelberg Cement Hanson UK The pilot test used a mix of 100% climate-neutral fuels including
https://www.heidelbergmaterials.com/ H2 for commercial-scale cement manufacture. The proportion
en/pr-01-10-2021 of fuels in the cement kiln’s main burner was gradually

increased to a wholly net zero mix made up of tanker-delivered
H2 as well as biomass components and glycerine, generated as
by-products of other industries

Cemex Ventures The H2 produced by HiiROC (thermal plasma electrolysis) is
https://www.h2-view.com/story/cemex- used as an alternative energy source to fuel clinker production
to-install-plasma-based-hydrogen- processes.

production-tech-at-uk-cement-

plant/2117887.article/

Tarmac High-quality lime has been manufactured in the UK using H2

https://www.agg-net.com/news/uk-lime- @S @ fuel alternative to natural gas. The project builds on the

kiln-in-world-first-net-zero-hydrogen-trial company’s wider long-term sustainability programme and
corporate commitment to deliver net zero by 2050 and cut CO,
by 45% per tonne of product by 2030.
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i) Advantages and Drivers

The push for H2 stems from its potential as a sustainable and eco-friendly energy car-
rier, crucial for achieving net-zero emissions targets. Its integration is a core strategy for
industries, such as the European ceramics sector, to reach carbon neutrality by 2050,
significantly contributing to global decarbonisation efforts. Green H2 can substantially mit-
igate CO2 emissions in energy-intensive processes and offers a pathway to lower net CO2
emissions. The desire to reduce pollutant emissions and improve public health in high-pro-
duction areas further drives its adoption. Economically, green H2 offers a competitive
advantage by enabling the production of environmentally friendly products that appeal
to an increasingly eco-conscious market. Furthermore, its development within Europe is
seen as a way to drive GDP growth and prosperity, creating new industries and jobs.

ii) Challenges and Barriers

Despite the promising outlook, the integration of H2 into industrial production processes
faces several significant “challenges and barriers”.

Economic and Infrastructure Hurdles

For H2 to offer environmental benefits, it must be produced from low-emission sources
of climate-altering gases. However, the substantial capital investment and operational ex-
penses required for production plants result in higher costs compared to traditional fuels.
Building and storing a H2 production facility makes the overall production process more
complex. Furthermore, current production capacity is insufficient to meet even a fraction of
the potential demand from energy-intensive industries, highlighting the need for significant
scaling up of infrastructure.

Technical and Operational Complexities

Implementing H2 requires the recruitment of specialised personnel to operate facilities, as
well as comprehensive training for all staff to ensure proficiency in responding to emer-
gencies like leaks and explosions. Prior to its widespread implementation, a thorough
examination of the impact of utilising H2 as a fuel on the final characteristics of products is
imperative. It's essential to maintain the quality and properties of goods currently produced,
as directly replacing methane with H2 could compromise the remarkable energy efficiency
and product quality achieved by highly sensitive thermal machines like spray-dryers and
kiins. The development of all the necessary technologies for introducing H2 into various
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production processes is also crucial. While some projects demonstrate high technological
maturity (TRL 7-9), others are in early stages of development (TRL 1-4), indicating varying
levels of readiness across different applications. Current H2 production capacity is insuf-
ficient to meet even a fraction of the potential demand from energy-intensive industries.
Prior to its implementation, a thorough examination of the impact of utilising H2 as a fuel
on the final characteristics of products is imperative. [4-5]

Social and Regulatory Obstacles

The widespread adoption of H2 faces significant social and regulatory obstacles. Public
concerns about its safety and the risks associated with its use are prevalent. Miscon-
ceptions about H2’s flammability and storage can slow acceptance, making education
and transparent communication essential. Additionally, the lack of harmonised interna-
tional standards for production, transport, and usage creates uncertainty for businesses
and investors, hindering global market development. Addressing these issues requires
coordinated efforts between governments, industry, and communities to build trust and
establish clear, universally accepted regulations.



The Role of Low-Carbon Hydrogen in Decarbonizing Glass and Ceramic Manufacturing in Europe
Position Paper

175



A 1T T

—iay
man

-~ it
i e g

v




The Role of Low-Carbon Hydrogen in Decarbonizing Glass and Ceramic Manufacturing in Europe
Position Paper

Timeline and
Resources

The existing information does not permit defining specific timeframes for addressing all
the challenges of H2 integration in the glass and ceramics industries. Nevertheless, the
European ceramics industry has set ambitious targets to significantly reduce its emis-
sions by 2050 and achieve carbon neutrality. The presence of many projects, some of
which are at an advanced stage, suggests that a significant number of plants could be
operational in the long term. Much depends on EU and industrial policies to promote
the ecological transition. In order to achieve net-zero emissions by 2050, there needs to
be sustained, incremental innovation across decarbonisation technologies. This trajecto-
ry requires a long-term commitment to development and implementation that is aligned
with globally recognised climate goals. Decarbonisation depends on continuous, phased
technological and infrastructural advancements. Initiatives must prioritise scalable solu-
tions that evolve alongside policy frameworks and market readiness to ensure measurable
progress towards mid-century targets. It remains complex to quantify the exact funding
requirements for emerging technologies. Projects supported in some countries amount to
€1.2 billion. This figure serves as a benchmark, not a definitive sum, reflecting the scale of
the resources required to overcome technical and commercial barriers. Significant public
and private investments are already accelerating low-carbon innovation. Crucially, public
financing acts as a financial multiplier, reducing project risk and mobilising private capital
on a large scale. This synergy must be expanded strategically to bridge funding gaps and
drive widespread adoption.
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Rationale for
Advancing
Research in This
Area & Potential
Applications

Green H2 offers a multifaceted solution for the ceramics and glass industries, addressing
key sustainability issues, societal benefits, economic impacts and strategic goals.

Sustainability and environmental benefits:

As a sustainable and eco-friendly energy carrier, it is essential for achieving net-zero emis-
sions targets. Integrating it is a core strategy for the European ceramics industry to reach
carbon neutrality by 2050, and it will make a significant contribution to global decarboni-
sation efforts. Green H2 can substantially mitigate CO, emissions in energy-intensive pro-
cesses, providing a pathway to lower net emissions by converting waste carbon dioxide
into synthetic fuels.

Societal benefits

Reducing pollutant emissions is particularly important in areas with high production rates,
where slow air exchange can cause legal limits for pollutants to be exceeded, leading to
serious health consequences for residents. Cleaner air directly improves public health and
quality of life. Furthermore, investing in H2 technologies can foster innovation and create
new jobs in the research, development and manufacturing sectors.

Economic impacts

Adopting green H2 provides a significant competitive advantage. It enables the production
of environmentally friendly products that appeal to an increasingly eco-conscious consum-
er base. Ceramic products are also inherently energy-efficient in use (e.g. bricks, refracto-
ries and double/triple glazing). Certifying products made with green H2 could significantly
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enhance a brand’s image, appealing particularly to wealthy, environmentally conscious
customers who may be willing to pay more, opening up new premium market segments.
Furthermore, developing H2 technologies in Europe will boost GDP and prosperity, creat-
ing new industries and strengthening the continent’s competitive position.

Alignment with strategic goals

The drive to integrate green H, aligns directly with ambitious global decarbonisation goals
and the carbon neutrality targets set by major industries. This strategic alignment demon-
strates a commitment to future-proofing the industry and meeting international climate
obligations. It also enhances energy security by diversifying energy sources and reducing
reliance on volatile fossil fuel markets.

Potential Applications.

Hydrogen can be applied as a fuel directly or as a component in mixed fuels for various
high-temperature industrial processes within glass and ceramic production:

Glass Production: H2 can be used in furnaces for melting primary ingredients and recycled
glass at temperatures typically ranging from 1,500-1,700°C.

Ceramic and Concrete Production: It is suitable for firing in kilns across various ceramic
sub-sectors, including:

Glass 1500-1700°C
Tiles 1050-1230°C
Bricks and roof tiles 950-1100°C
Sanitaryware and tableware 1000-1400°C
Cement clinker and ceramic refractories 1450-1500°C

Synthetic Fuel Production. Green H2 can be combined with waste carbon dioxide from
glass and ceramic production to create synthetic fuels such as methane, methanol, or
dimethyl ether. This innovative approach allows manufacturers to significantly reduce
their carbon footprint without requiring major modifications to existing key equipment like
spray-dryers and kilns [6-8].
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Abstract

Structurally stable ceramic membranes are pivotal for advancing hydrogen technologies,
enabling efficient energy conversion, separation, and chemical processing under demanding
conditions. Despite their superior thermal, chemical, and mechanical resilience, the large-
scale deployment of ceramic membranes remains constrained by significant manufacturing
and mechanical stability challenges. Key limitations include defect formation during shaping
and sintering, multi-layer co-sintering issues, porosity control across multiple length scales,
and brittleness under thermal and mechanical loads. This position paper analyzes these
challenges, emphasizing the critical interplay between material composition, microstructure,
macro-geometry, and processing strategies. We highlight emerging solutions, including
multi-phase ceramic composites, high-entropy oxides, graded and hierarchical porous
structures, advanced macro-geometries, and hybrid manufacturing approaches integrat-
ing additive manufacturing with conventional techniques. Furthermore, the integration of
multi-scale modeling and Al-driven material design offers a pathway to accelerate the dis-
covery of high-performance, durable membranes while optimizing fabrication protocols. By
addressing both material and process innovations, this work provides strategic guidance
for developing next-generation ceramic membranes tailored for hydrogen applications, sup-
porting durable, efficient, and scalable hydrogen technologies.
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Introduction

The development of structurally stable membranes is crucial for advancing hydrogen technologies
in Europe, enabling efficient energy conversion, separation, and chemical processing. Ceramic
membranes stand out for their thermal and chemical stability, tailored selectivity, and efficient
transport properties (permeability, ionic or mixed ionic-electronic conductivity), making them ideal
for electrochemical applications and increasingly relevant in selected pressure-driven processes.
Their enhanced structural integrity - and, in some cases, engineered multiscale porosity ranging
from nano- to micro- and mesopores - further supports advanced functionality across diverse hy-
drogen-related applications, including production, purification, energy conversion, and storage. In
fuel and electrolysis cells, as well as catalytic reactors and separation systems, structurally stable
membranes with tailored gas-tightness or controlled porosity improve performance and extend
longevity, benefiting stationary and mobile power generation and enhancing hydrogen or chem-
icals production efficiency. Pore architecture enables selective hydrogen extraction, improves
reforming yields, and contributes to energy savings and process sustainability. Integrated into
industrial systems and energy storage platforms like power-to-gas, ceramic membranes support
grid stability and promote the widespread adoption of hydrogen as a clean energy carrier.

Despite their advantages, the large-scale deployment of ceramic membranes is constrained by
significant manufacturing and mechanical stability challenges, which directly impact their reliability,
efficiency, and cost-effectiveness. Achieving structurally stable membranes remains a key chal-
lenge in next-generation hydrogen technologies. Manufacturing processes like shaping, casting,
additive manufacturing, sintering, and co-sintering often introduce defects, porosity variations
across scales, and residual stresses, leading to mechanical failure and compromising gas-tight-
ness, ionic conductivity, and durability. Additionally, ceramic membranes are prone to cracking,
delamination, and thermal expansion mismatches, especially under thermal cycling, mechanical
loads, and steam exposure, limiting their real-world applicability in hydrogen systems.

This position paper aims to analyze the key challenges in manufacturing structurally stable
ceramic membranes for hydrogen applications, focusing on both material and process limita-
tions. It presents an overview of ceramic membrane materials, highlights key manufacturing
and mechanical stability challenges, and underscores the pivotal role of multiscale porosity in
enabling high-performance operation. The exclusive focus on ceramic membranes is warrant-
ed by their exceptional thermal, chemical, and mechanical robustness, which renders them
uniquely suitable for high-temperature and harsh-environment conditions. By contrast, alterna-
tive membrane types - such as polymeric or AgPd membranes - are already well established,
with mature manufacturing routes and proven performance in low-temperature applications.
Including such membranes would unnecessarily broaden the scope and dilute the technical
depth dedicated to ceramics. The paper emphasizes the need for innovative solutions and
reinforcement strategies, including new material compositions, optimized porous architec-
tures, advanced macro-geometries, etc., to improve membrane durability and performance.
By addressing these aspects, it provides expert insights to accelerate innovation, shape re-
search priorities, and offer strategic recommendations for EU research initiatives, fostering
multidisciplinary collaboration and stronger industry-research partnerships.
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Overview of Ceramic
Membrane Materials
for Hydrogen
Applications

Membrane material selection is a critical determinant of performance, durability, and manu-
facturability in hydrogen technologies - and is ultimately dictated by the specific application.
Selecting the appropriate material ensures high efficiency, long-term stability, and scalable
production, making it central to next-generation hydrogen systems'2. Ceramic membranes
are typically based on ionic conductors (oxygen-ion, proton, co-ionic)®, mixed ionic-electron-
ic conductors?, or porous ceramic structures®, each offering distinct transport or separation
properties suited to specific operational demands.

® Oxygen ion conductors (e.g., Yttria-Stabilized Zirconia (YSZ), Gadolinia-Doped Ceria (GDC))
enable oxygen ion transport at elevated to high temperatures (=700 °C for YSZ; =550 °C
for GDC) and are widely used in solid oxide fuel and electrolysis cells (SOFCs/SOELS).

® Proton-conducting ceramics (e.g., Y-substituted BaZrO4/BaCeO; (BZCY), Las.sWO;,
(LWQ)) enable proton transport at intermediate to elevated temperatures (400-650°C),
making them suitable for protonic ceramic fuel and electrolysis cells (PCFCs/PCCELSs),
electrochemical membrane reactors, hydrogen pumps.

@ Co-ionic conductors (e.g., BaCeq.57r4.5Y0..03-6 perovskites, Ba;Nb,MoO,y-based per-
ovskite-related oxides) enable simultaneous oxygen ion and proton conduction, offering
unique advantages for membrane reactors and electrochemical devices operating in
mixed gas environments or under steam (reforming, co-electrolysis, chemical looping).

@ Mixed ionic-electronic conductors (MIECS) (e.g., perovskite-based materials such as
LSCF (Lag.sSrg.4C0g.0F€0.603-6), BSCF (Bag.5Sr4.5C00.5F€0.005-0), LWO) combine elec-
tronic conductivity and oxygen-ion or proton conductivity, making them ideal for pres-
sure-driven oxygen or hydrogen separation processes and membrane reactors.

‘ Porous ceramic membranes (e.g., alumina, silica, titania) offer high surface area, tun-
able porosity, and excellent thermal and chemical resistance, making them suitable
for demanding applications. They are widely employed in hydrogen purification and as
membrane reactors for processes such as steam methane reforming (SMR), ammonia
decomposition, and the water—gas shift (WGS) reaction. In addition, advanced materials
like graphene and ceramic—graphene composites are increasingly explored to enhance
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permeability and selectivity. Functional layers (e.g., palladium-based or proton-con-
ductive coatings) further enable selective transport and catalytic conversion, support-
ing hybrid concepts that integrate separation and reaction in a single step.

Material properties such as thermal stability, mechanical integrity, electrical conductivity,
hydrogen flux, chemical resistance etc., vary significantly across ceramic membrane class-
es, directly influencing their suitability for specific hydrogen applications. As outlined in Ta-
ble 1, key limitations, including challenging processability, moderate mechanical strength,
and low reproducibility, continue to hinder the development and large-scale deployment
of structurally stable membranes.

Table 1. Comparative overview of major types of ceramic membranes, including
graphene-based porous membranes, relevant to hydrogen applications, empha-
sizing performance trade-offs and key fabrication challenges affecting structural
stability, scalability, and industrial deployment.

Membrane | Stability Conductivity Key

X applications
Type Therm. | Chem. Process- Reproduci- | Scala-
ability bility bility

Oxygenion H MtoH H MtoH (0*) Good H H SOFCs,

conductors SOECs,
Membrane
reactors

Proton M M M MtoH (H*) Challenging LtoM LtoM PCFCs,

conductors PCCELs,
Membrane
rectors,
Hydrogen
separation,
purification,
Sensors,
pumps,
Hydrogen
recovery

Co-ionic MtoH M M Mto H (0%, Challenging Under Emerging Membrane
conductors H*) develop- reforming,
ment co-electrolysis,
chemical
looping

MIECs M LtoM M H (0%, e) Moderateto M M Membrane
Good reactors,
M (H*, e) oxygen/
hydrogen
separation

Porous MtoH MtoH H Not Excellent H H Hydrogen
applicable purification,
(e.g., M,H, H,H, (VHin (Challenging, (L,H,M,M (LtoM, separation,
based on M, M M, H) plane, E, good but  to H) H, M, M (nhano)-filtration,
graphene, toH) H, Lto brittle at high to H) pervaporation,
alumina, M, M) T, good) catalytic
silica, membrane
titania) reactors,
sensing

VH: very high; H: high; M: moderate; L: low.
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The specified material-related limitations, alongside critical raw material dependency and
complex manufacturing requirements, underscore the urgent need for innovation in mem-
brane design and processing. The following chapter examines these challenges in detall,
with a focus on structural optimization, scalable fabrication methods, and sustainable
material strategies to enable next-generation hydrogen membrane technologies. Future
progress will depend on optimizing material compositions, tailoring microstructures, and
advancing fabrication techniques to enhance both performance and scalability in industrial
hydrogen applications.
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Current Challenges
In Manufacturing:
Formulation, Shaping
and Processing

Manufacturing structurally stable ceramic membranes is hindered by a set of intercon-
nected challenges spanning formulation, shaping, and processing. A critical difficulty lies
in controlling porosity across multiple length scales, which is essential for enabling
gas transport, mechanical integrity, and functional performance. The widespread use of
pore-forming agents adds complexity and introduces risks such as swelling, gas entrap-
ment, and residual impurities, all of which compromise membrane performance. In par-
allel, defect formation during thermal treatment (drying, sintering), such as warping,
delamination, or cracking, commonly results from poor green strength and inhomogene-
ous shrinkage, while many advanced functional ceramics exhibit limited formability or
poor phase compatibility, further complicating their shaping. Conventional methods like
tape casting and extrusion struggle with achieving geometric precision and scalability
for complex architectures. Additive manufacturing (AM) offers a promising route
for fabricating membranes with integrated porous-dense domains and tailored geome-
tries, but it remains immature for thin, functional ceramics. Key limitations include
low resolution, slow build rates, and limited material compatibility, while high costs and
lack of standardization in post-processing continue to hinder industrial adoption. Moreo-
ver, the absence of robust hybrid workflows that combine the scalability of conventional
techniques with AM’s design flexibility, alongside unresolved reproducibility issues, further
delays scale-up. Beyond these, additional shaping-related issues further constrain
progress. Rheological control of ceramic slurries or pastes is critical during casting
and printing; poor dispersion, viscosity instability, or particle sedimentation can lead to
film inhomogeneity, edge defects, and local stress accumulation. Likewise, in multilayer
membrane architectures, ensuring interlayer compatibility during green processing
(i.e., in the unsintered state) is essential to prevent delamination, interfacial stress, or
mechanical failure prior to sintering. In addition to the previously outlined issues, further
formulation and shaping-related challenges continue to constrain the reliable production
of ceramic membranes. An improperly optimized particle size distribution can result in
poor packing density and local inhomogeneities in the green body, undermining both
mechanical stability and porosity control. In additive manufacturing, the formulation of
printable ceramic inks or pastes remains a bottleneck; achieving the required rheological
properties without compromising extrusion stability, layer adhesion, or feature resolution
is a complex task. Moreover, during tape casting or direct deposition, interaction with
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carrier substrates frequently causes film tearing, wrinkling, or edge defects upon re-
lease, particularly in ultra-thin or large-area membranes. Environmental factors such as
ambient humidity and temperature also exert a strong influence on slurry behavior, drying
kinetics, and green body uniformity, requiring tightly controlled processing conditions to
avoid variability and defect formation. Sintering is a crucial step in ceramic membrane
fabrication, playing a key role in achieving dense, defect-free structures with the necessary
mechanical strength, optimized ionic conductivity, and gas-tightness. Through high-tem-
perature treatment, sintering enables particle bonding and densification, reducing porosity
and enhancing structural integrity. However, improper sintering can lead to excessive or
uncontrolled grain growth, microcracking, or residual stress accumulation, severely com-
promising membrane performance. Achieving optimal sintering conditions requires pre-
cise control of temperature, heating profile, and atmosphere to balance densification and
mechanical stability. Too low a temperature results in insufficient densification, leading
to poor mechanical strength and high permeability, while excessively high temperatures
can cause over-sintering, grain growth, or phase decomposition, ultimately reducing ther-
mal and chemical stability. Furthermore, different ceramic compositions exhibit varying
sintering kinetics, making it challenging to define a universal sintering protocol applicable
to all materials used in hydrogen-related applications. An even greater challenge arises
in co-sintering, which is required for multi-layered ceramic membranes that combine
functional layers with different compositions, microstructures, and properties. Integrating
several ceramic layers requires precise control over shrinkage rates, thermal expansion
mismatches, interface stability, and sintering compatibility. If these factors are not carefully
managed, co-sintering can lead to delamination, interfacial defects, segregation of unde-
sired secondary phases, or residual stress-induced cracking, reducing both mechanical
stability and functionality. To overcome these challenges, advancements in sintering aids,
optimized thermal profiles, and alternative densification methods such as electric field-as-
sisted sintering, cold (aka hydrothermal) sintering and light-assisted (e.g., laser) sintering
are being explored. These techniques offer improved densification, phase content and
grain size control, reduced sintering times, and enhanced interfacial bonding, providing
promising solutions for manufacturing robust, high-performance ceramic membranes
for hydrogen applications. Digital approaches (e.g., finite element modeling, phase-field
simulations, machine learning) simulating the evolution of properties during the sintering
process, alongside a systematic set of experiments for validation, would further accelerate
developments in the field.

Beyond the control of the material’s composition and structure, the manufacturing pro-
cess itself also requires improvements. Processing of ceramics is in general a laborious,
multi-step, time- and energy-intensive process, and thus rather inefficient and costly. New
sintering technologies hold great promise to boost the efficiency of these manufactur-
ing processes, while offering additional process parameter space for better tuning of the
membranes’ performance. The majority of these technologies is, however, still requiring
research and development.
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These combined challenges underscore the need for integrated solutions that
bridge material formulation, advanced shaping strategies, precise process con-
trol, and digital approaches, laying the groundwork for scalable, high-perfor-
mance ceramic membranes for hydrogen technologies.

To accelerate progress, it is crucial to merge the established expertise of traditional shap-
ing techniques, such as tape casting and extrusion, known for their scalability and relia-
bility, with the design flexibility and geometric precision offered by additive manufacturing
and emerging sintering techniques. This integrative approach enables the co-fabrication
of complex architectures, graded porosity, and multi-functional membrane structures,
offering a more effective pathway toward scalable, cost-efficient production tailored to
next-generation hydrogen applications.
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Current Challenges in
Mechanical Stability
of Manufactured
Membranes

Ceramics are intrinsically brittle, a characteristic that often limits their structural applica-
tions unless specific toughening mechanisms are intentionally incorporated. One such
case relevant for ceramic membranes is yttria-stabilized zirconia (YSZ), which can achieve
enhanced toughness at intermediate Y-doping levels (partially stabilized zirconia). Howev-
er, most ceramics used in membrane technologies remain highly susceptible to cracking.
The complex geometries and demanding operating conditions of ceramic membranes
expose them to mechanical failure during both fabrication and service.

During processing, critical steps such as drying, binder and pore former removal, and
especially sintering can introduce cracks, voids, and delamination. These defects typically
arise from mismatches in shrinkage rates across the different layers of the membrane
structure, leading to localized stress concentrations at their interfaces. In operation, addi-
tional challenges include mismatches in thermal expansion coefficients and the accumula-
tion of thermomechanical fatigue, which can lead to cracking and delamination.

Such vulnerabilities significantly limit the operational lifespan and reliability of ceramic
membranes, preventing them from reaching their full potential in terms of durability and
service temperatures. To address these limitations, robust mechanical characterization
methods are essential. However, testing the thermomechanical stability of ultrathin, brittle
membranes presents its own set of challenges. In situ testing techniques that capture be-
havior across multiple length scales are especially valuable, as they help identify the critical
scale at which failure originates and propagates. Tools such as digital image correlation
and high-temperature in situ mechanical testing, combined with advanced simulations
that account for fracture, are also instrumental.

There is a general need for a comprehensive redesign of ceramic membranes for hydrogen
applications, addressing both macroscale geometry and mesoscale (microstructural fea-
tures at the 1-100 pm scale) architecture (microstructural features at the 1-100 pm scale)
architecture to reduce stress concentrations. At the same time, there is a growing demand
for standardized, reliable, and accessible mechanical testing protocols to guide material
development and ensure performance consistency.
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Call for New
Compositions,
Porous Structures,
Macro-Geometries
and Manufacturing
Strategies

To overcome the structural and mechanical limitations of ceramic membranes in hydrogen
applications, advancements in material composition, porosity engineering, and geometric
design are essential. Novel material compositions, optimized porous structures, and in-
novative macro-geometries can significantly enhance mechanical stability, durability, and
overall membrane performance. New and hybrid manufacturing techniques also need to be
envisioned to enable the realization of such innovative material concepts. Furthermore, mul-
ti-scale modeling and Al-driven material design present new opportunities for accelerating
the development of high-performance membranes tailored to specific operational conditions.

5.1 Novel Material
Compositions for Enhanced
Structural Stability

Current ceramic membranes suffer from fracture susceptibility, thermal expansion mis-
matches, and chemical degradation, particularly under cyclic thermal and mechanical
loads. The development of multi-phase ceramic composites, such as perovskite-based
proton conductors reinforced with high-strength oxides (e.g., BaZrOs-ZnO or BCZY-Al,O4
composites), can enhance mechanical resilience. Similarly, graded materials with transition
layers between different phases can help reduce stress concentrations and improve overall
durability. Alternatively, engineering the interfaces between the membrane layers has high
potential to minimize structural stability issues. Further reinforcement strategies, including
fiber- or whisker-reinforced ceramics, nanostructured composites, or glass—ceramic hy-
brids, could provide additional toughness and thermal shock resistance.
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Moreover, doping strategies can be optimized to balance ionic conductivity and me-
chanical strength. For example, rare-earth doping in zirconates and cerates enhances
both proton mobility and chemical stability, reducing degradation in CO,- and H,O-rich
environments. The integration of high-entropy oxides (HEOs) is another promising ave-
nue, as these materials offer superior phase stability, reduced grain growth, and tunable
ionic conduction properties. In addition, multi-cation perovskites, fluorite-type oxides, and
defect-engineered solid solutions represent attractive design directions for combining
chemical robustness with enhanced transport performance.

5.2 Porous Structures for
Improved Mechanical Integrity

Porous architectures play a crucial role in balancing mechanical strength and functional
performance, especially in composite and multi-layered membranes. Tailoring porosity
at multiple scales - nano, micro, and meso - can help mitigate thermal stress buildup,
enhance gas diffusion, and prevent mechanical failure. Tunable multiscale porosity can
offer fine control over gas permeability, transport properties, stress distributions, fracture
behavior, and thermal expansion mismatches.

New processing techniques, such as freeze casting (ice templating), colloidal assembly,
scaffold 3D-printing, and sacrificial templating, enable precise control over pore size distri-
bution and connectivity, showing great potential to improve both mechanical stability and
performance in hydrogen applications.

5.3 Innovative Macro-
Geometries for Performance
Stability

Beyond material composition and porosity, macro-structural design plays a key role in
improving mechanical resilience and operational stability. Traditional flat-sheet membranes
often suffer from stress concentration and structural fragility, whereas engineered geome-
tries can better accommodate thermal and mechanical stresses.

@ Honeycomb structures distribute mechanical loads more evenly, reducing stress points
and improving durability.

@ Tubular configurations enhance thermal shock resistance and scalability for large-scale
applications.

@® Non-flat (wavy or roughened) interfaces prevent stress concentrations and promote
interlocking.
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® Layered architectures with graded porosity optimize both gas diffusion and structural
support, enhancing long-term performance.

AM and advanced ceramic shaping techniques allow the fabrication of complex geome-
tries, offering new possibilities for multi-functional membrane designs tailored for specific
hydrogen applications.

5.4 New and Hybrid
Manufacturing Methods

New and hybrid manufacturing methods hold great promise to overcome the limitations
of casting and production of membranes with a discrete number of layers, with limited
control over their nano- and microstructures.

AM enables the fabrication of novel meso- and micro-scale geometries that enhance
structural integrity, optimize gas permeability, and improve material efficiency. A wide array
of AM technigues is now being explored for ceramic processing. These include material
jetting, known for its high resolution and versatility albeit slower speed; binder jetting,
which offers scalability and broad material compatibility despite lower resolution; and ma-
terial extrusion or direct writing, which provide cost-effective and flexible solutions with
moderate precision. Vat photopolymerization, although still immature for many ceramic
compositions, can deliver very high resolution.

In parallel, advanced nano- and micromanufacturing methods such as colloidal assembly,
templating, and freeze casting are increasingly used to introduce hierarchical porosity with
great precision. These methods contribute to improved mechanical performance through
the development of geometries that optimize stress distribution, and they even allow the
incorporation of toughening mechanisms.

At the densification stage, innovative sintering technologies that rely on solvents (cold
sintering), electric fields and currents (Field-Assisted Sintering Technique/Spark Plasma
Sintering (FAST/SPS); Ultrarapid-High-temperature Sintering, (UHS), flash sintering), la-
sers (selective laser sintering) or light (photonic sintering, blacklight sintering) provide a
new level of control over structural evolution. By tailoring heating rates and mass transfer
mechanisms, these approaches allow multiscale manipulation of membrane architectures,
preserving the intricate features created during earlier processing stages.

To fully exploit these capabilities, it is essential to adapt and integrate these advanced
manufacturing and sintering techniques into the underutilized ceramic materials required
for specific hydrogen-related functionalities.
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Figure 1. Integrated approach for the fabrication and performance optimization of
ceramic membranes for hydrogen applications. This depiction highlights exam-
ples and does not represent all possible materials, technologies, or final products.
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5.5 The Potential

of Multi-Scale Modeling
and Al-Driven Material
Design

The integration of multi-scale modeling and Al-driven material design can accelerate the
discovery of new compositions and structures while optimizing their manufacturing fea-
sibility. Machine learning algorithms can rapidly analyze large datasets to predict optimal
dopant concentrations, microstructural configurations, and mechanical performance un-
der various conditions. Computational simulations, such as finite element analysis (FEA)
and density functional theory (DFT), can guide design choices before experimental trials,
reducing development time and costs. Multiscale and multiphysics modeling can also
capture the manufacturing processes, and efficiently streamline experiments, allowing the
gaining of new insights in the driving process parameters, and a significant decrease of
time- and energy-intensive experimental campaigns. An integrated approach of those dig-
ital tools with experimental validation and shared collection of measured data on material
properties and resulting performance would aid an acceleration of material development.

By leveraging novel materials, tailored porosity, innovative macro-geometries, and com-
putational design tools, the next generation of ceramic membranes can achieve unprece-
dented structural stability, efficiency, scalability, paving the way for durable and high-per-
formance hydrogen technologies (Fig. 1).
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Conclusions and
Recommendations

To overcome the challenges of ceramic membrane fabrication, novel material composi-
tions, optimized multi-scale porosity, and innovative macro-geometries are essential. These
advancements will enhance the mechanical stability and performance of membranes for
hydrogen technologies.

Material Composition and Structural Design: A critical analysis of the currently used
materials, plus the exploration of multi-phase ceramic composites and high-entropy ox-
ides can provide paths to improve mechanical resilience while maintaining high functional
performance. Engineering the interfaces between layers and employing graded materials
can help mitigate structural instability and thermal expansion mismatches.

AM Potential: The integration of AM with traditional shaping techniques and nano/
micromanufacturing methods can allow for more precise control over membrane ar-
chitecture, enabling the creation of complex geometries and tailored porosity at nano,
micro, and meso-scales.

Improved Co-Sintering Methods: New sintering technologies offer more flexibility and
control in densification processes. These methods can better preserve the intricate fea-
tures introduced by AM and nano/microstructuring techniques, while preventing cracking
and delamination issues during fabrication.

Al and Multi-Scale Modeling: Leveraging Al-driven material design and multi-scale
modeling will accelerate the development of new materials and optimize manufacturing
processes. These tools can predict optimal compositions and processing conditions,
reducing trial-and-error experimentation and speeding up the material development cycle.

Future Research and Collaboration: The successful realization of durable, high-perfor-
mance ceramic membranes for hydrogen applications will require ongoing collaboration
between academia, industry, and policy-makers, for the definition of common relevant
research ambitions and supporting out-of-the-box, fundamental research ideas™. Multi-
disciplinary efforts will be key to addressing the manufacturing and stability challenges that
hinder widespread adoption, while a coordinated, cross-sectoral approach will be vital to
unlock the full potential of ceramic membrane technologies in the hydrogen economy.
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Abstract

Per- and polyfluoroalkyl substances (PFAS) are widely used in hydrogen technologies, par-
ticularly as perfluorosulfonic acid (PFSA) in proton exchange membrane (PEM) fuel cells and
electrolysers, due to their chemical stability, hydrophobicity, and ion-conducting properties.
However, these same properties pose environmental and regulatory challenges, as PFAS
are persistent, bioaccumulative, and potentially toxic. This review provides a comprehen-
sive overview of PFAS in the hydrogen sector, examining degradation pathways, emission
sources across production, use, and end-of-life stages, and the associated environmental
and analytical challenges. Current research highlights the emission of fluoride ions and pol-
ymer fragments during device operation, but substantial knowledge gaps remain regarding
emissions from manufacturing, recycling, and nanoparticle release. Strategies for mitigating
PFAS-related risks, including effluent filtration and alternative fluorine-free membranes and
ionomers, are discussed, alongside the technological, chemical, and operational hurdles
associated with their implementation. By mapping current scientific understanding and out-
standing research needs, this review aims to guide efforts toward environmentally responsi-
ble, sustainable hydrogen technologies while reducing reliance on PFAS.
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Introduction

Per- and polyfluoroalkyl substances (PFAS) are a class of synthetic chemicals valued for
their chemical and thermal stability, hydrophobicity, and resistance to degradation. These
properties make them integral to numerous industrial applications, including hydrogen
technologies, where perfluorosulfonic acid (PFSA)—a PFAS subclass—is widely used in
polymer electrolyte membranes and electrocatalyst layers for proton exchange membrane
(PEM) fuel cells and electrolysers. However, the very same properties that make PFAS
ideal for energy conversion components also raise environmental and regulatory concerns
due to their persistence, bioaccumulation potential, and emerging links to adverse health
and ecological effects.!

In recent years, growing scrutiny over PFAS has triggered regulatory developments and
intensified scientific inquiry into their lifecycle impacts across technologies.? While some
research in the hydrogen sector has focused on degradation pathways and the release
of fluoride and fluorinated organic fragments during device operation, PFAS emissions
also occur at other lifecycle stages, including production, manufacturing, and end-of-life
handling. Furthermore, substantial knowledge gaps remain on the path to fully understand
degradation processes and the development of adequate analytical tools—particularly in
the context of electrolysers, upstream emissions, nanoparticle formation, and long-term
environmental behaviour. Simultaneously, it is imperative to advance research on filtration
technologies aimed at preventing emissions, as well as on the identification and develop-
ment of alternative materials that can replicate the unique functional properties required for
various components within fuel cells and electrolysers.

This paper provides a comprehensive overview of the current state of research on PFAS
in the hydrogen sector. It examines degradation mechanisms and emission profiles, ex-
plores sources of PFAS release across the production—use—disposal chain, reviews the
environmental and analytical challenges, and surveys emerging mitigation and substitution
strategies. By mapping the scientific progress and outstanding research challenges, this
review aims to inform ongoing efforts to manage PFAS-related risks and accelerate the
development of safe, sustainable hydrogen technologies.
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Current State of
Research

Degradation of H2 technologies and link with emissions

Polymer electrolytes in fuel cells and electrolysers are for the most part relying on per-
fluorosulfonic acid (PFSA) in both the membrane and electrocatalyst layers. It is highlight-
ed, however, that the PFSAs implemented in the membrane and in the electrocatalyst
layers have to satisfy different requirements.® PFSAs for membranes must yield a high
proton conductivity (to minimize ohmic drops) and a low gas permeability (to maximize
durability). On the other hand, PFSAs for electrocatalyst layers must exhibit a high gas per-
meability to facilitate mass transport. PFSA consists of a fluorocarbon-based backbone
with perfluoroethereal side chains terminated by sulfonic acid groups and are classified as
polyfluoroalkyl substances (PFAS). The use of PFAS has come under scrutiny due to their
exceptionally high stability.* This stability, however, makes them also almost irreplaceable
in PEM fuel cells and electrolysers.

Despite their remarkable stability, it has been known that the degradation of PFSA leads
to the emission of fluorine containing compounds early on. In fact, the emission of fluoride
ions has been suggested as a metric to monitor fuel cell and electrolyser membrane deg-
radation in 1990 and used as such ever since.® The underlying degradation mechanism
is based on the generation of radicals from hydrogen peroxide, the latter formed either
as a byproduct of the electrode processes or from gas crossover. Depending on the site
of chemical attack as well as general polymer structure, it has been assumed in the past
that the majority of emitted fluorine is in the form of fluoride ions or HF.® However, more
recent data shows that besides fluoride ions, substantial amounts of polymer fragments
are emitted as well.”° A significant amount of data has been collected on fuel cells and,
to some extent, electrolysers operating under conditions that selectively allow for a high
level of crossover and in general favour the generation of radicals. Such conditions are
achieved under the OCV hold tests proposed by the US Department of Energy.'®" While
these degradation pathways only have limited transferability to real applications, where
countermeasures are specifically taken to prevent harmful conditions, similar results have
been replicated under operation.®1?

Throughout literature, a dependency of the emission of fluorinated species as well as
fluoride (and their respective ratios) on time, conditions and materials has been recorded
and it is clear that there are underlying influencing factors that need to be carefully consid-
ered.”®18 For example, it was found that an initial chain cleavage can lead to the formation
of more degradation-susceptible carbonyl end groups, which allow for consecutive chain
unzipping as proposed by Coms et al..b
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While much research has been dedicated to enhancing the understanding of membrane
degradation, it is worth noting that the same or similar compounds are used in the electro-
catalyst layers as well. Such PFSA can undergo degradation, which leads to the emission
of fluorinated species just the same. The proton-exchange membrane, on the other hand,
typically does not only include the proton-conducting ionomer, but also chemical and
mechanical stabilisers, with PTFE being one of them. In addition, layers such as the mi-
croporous layer, the gas diffusion layer or the porous transport layer are commonly treated
with PTFE in order to modulate their hydrophobicity and thus the water management in
a fuel cell or in an electrolyser. Processing aids can also contain fluorine. These perfluori-
nated compounds can degrade as well, contributing to the overall emission of fluorinated
compounds A.

Sources of emissions during the production, usage and recycling

As of today, research into PFAS emissions in the hydrogen industry has primarily focused
on the operation of electrochemical cells—namely fuel cells and electrolysers. These
studies typically examine degradation products released under accelerated aging con-
ditions or stress tests.’®"” However, PFAS contamination has also been detected in the
environment near chemical industry sites, indicating a broader range of emission sources
requiring attention.'®®

The production stage is a critical but underexplored contributor of PFAS emissions. This
includes the synthesis of PFSA-based ionomers, membrane fabrication, electrocatalyst
ink formulation, and the manufacturing of catalyst-coated membranes (CCMs). Mechan-
ical processes such as the fabrication of membrane-electrode assemblies (MEAs) and
the assembly of cell stacks —especially during sealing component integration—can cause
abrasions and an unintentional particle release.

Environmental monitoring has revealed elevated PFAS levels around industrial production
sites, emphasizing that significant emissions may occur during manufacturing and not
only during use.'® These findings call for a more detailed assessment of upstream PFAS
sources in hydrogen technologies.

During operation, PFAS-based materials are subjected to chemical and mechanical stress-
es. The aggressive electrochemical environment found in fuel cells and electrolysers can
lead to degradation, while pressure fluctuations and flow dynamics may gradually release
PFAS into effluent streams.

At end-of-life system disassembly, disposal, or recycling introduces additional risks. Me-

A From conversation notes with lan T. Cousins, Juliane Gllige and Amanda Rensmo, see
also: Dalmijn, Joost; Glige, Juliane; Scheringer, Martin; Cousins, lan T. (2024): Emis-
sion inventory of PFASs and other fluorinated organic substances for the fluoropolymer
production industry in Europe. In Environmental Science: Processes & Impacts 26 (2),
pp. 269-287. DOI: 10.1039/D3EM00426K.
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chanical handling may damage PFAS-containing components, and chemical recycling
could release harmful substances if not properly managed. These aspects remain insuffi-
ciently studied.

Environmental impact of PFAS and analytical techniques for their
detection

The monitoring of fluoride ions — which are detectable by common analytical techniques
such as high-performance liquid chromatography and ion chromatography (HPLC/IC) or
fluoride ion-selective electrodes (F-ISE) — already poses many challenges. The applicable
techniques require substantial volumes of sample, especially if sample preparation (e.g.,
due to a complex matrix) is needed. In addition, such techniques are time-consuming
and equipment-intense, giving neither the possibility for finely time-resolved monitoring of
emissions nor straightforward possibilities for online monitoring.

At the same time, the decomposition of PFSA is known to lead not only to the emission
of fluoride ions, which occur naturally in salt form, but also of the much more concerning
polymer fragments as shown in recent work by Yandrasits et al.,”® who use liquid chroma-
tography and mass spectroscopy (LC-MS), IC as well as combustion ion chromatography
(CIC) to allow for a more holistic understanding of the degradation products. However,
although the detection and identification of some of the fragments obtained upon PFAS
and PFSA degradation is progressing, the heterogeneity and low concentrations of such
fragments under regular operation remains an unsolved challenge for analytical techniques.

PFAS capture and avoiding emissions

Polymers belonging to the perfluorosulfonic acid (PFSA) subclass of PFAS are widely used
as both ion-exchange membranes and electrocatalyst layer ionomers in state-of-the-art
proton exchange membrane fuel cells and electrolysers. In the last decade, the devel-
opment of fluorine-free aromatic hydrocarbon (AH)-type alternatives to PFSAs has been
at the centre of significant research interests. Compared to PFSAs, AHs often involve
trade-offs, notably reduced stability against radical-induced degradation, resulting in a
shorter in-device lifespan. Among AH-type materials, sulfonated polyphenylenes are the
only ones that exhibit a sufficient chemical stability and performance in comparison with
PFSAs.22" However, their use in energy conversion devices remains limited to low TRL.
Given that PFSA cannot be replaced by alternative materials in the short- and middle-term,
it is crucial to focus on understanding and mitigating emissions into natural water bodies
resulting from the chemical-induced degradation of PFSA-based materials.

Various remediation techniques exist, that are based on the separation and/or destruction
of PFAS that are already present in natural waters.?? For low PFAS concentrations, typical
of natural water bodies, concentration-based methods are often more cost-effective due
to the higher energy demand and complex infrastructure (i.e., due to scalability issues)
required for destruction-based approaches. Several high-TRL remediation technologies
that are based on PFAS concentration are currently being developed to effectively remove
PFAS contaminants from various water bodies or landfills, and include: (i) foam fractiona-
tion;2324 (ii) filtration over granular activated carbons;?® and (jii) adoption of ion exchange
resins.?®2” The limited selectivity of these methods often necessitates specific material
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compositions or frequent filter regeneration. Recently, an approach comprising a fluorinat-
ed anion-exchange membrane-based sorbent achieved a removal efficiency of over 98%
for 11 different types of PFAS, demonstrating its potential for advancing to higher TRLs.?®

Alternatives to PFSA-based membranes and ionomers and
implications of alternative technologies on fuel cell technologies

Over the last decades, numerous fluorine-free proton-exchange membranes have been in-
vestigated as alternatives to Nafion for use in fuel cell and electroylser technologies, includ-
ing poly(arylene ether ketones),? poly(arylene ether sulfones),* polyimides,®! poly(arylene
sulfone sulfides),®? and poly(phenylenes).?!

Recent advances in the field of fluorine-free PEMs have led to drastically improved perfor-
mance and durability of these alternative membranes, with recent reports showing compa-
rable results to PFSA. Qelibari et al. employed a sulfonated poly(phenylene sulfone) (sPPS)
membrane in a single-cell proton exchange membrane water electrolyser, demonstrating a
performance of 3.2 A/cm? at 1.8 V and stable operation for 650 hours with a degradation
rate of 80 pV/h.%® Adamski et al. ?' and Yazili et al. ** employed poly(phenylene) and
poly(phenylene sulfone) membranes, respectively, in single-cell PEMFCs, demonstrating a
similar performance in comparison to PFSA. These studies also demonstrate an improved
durability compared with PFSA under accelerated stress tests consisting of an extended
open circuit voltage hold at 90 °C and 30 %RH. A recent study, however, has shown that
this accelerated stress test designed for PFSA-based membranes is not appropriate for
hydrocarbon-based membranes due to the different degradation mechanisms affecting
the latter.®® To definitively prove the durability of non-fluorinated membranes in fuel cell
applications, it is imperative that future studies perform extended “in-situ” drive cycles
under real operating conditions.

While a steady output of high-quality research investigating alternative fluorine-free PEMs
in electrochemical hydrogen technologies has been ongoing since the 1990s, the Clean
Hydrogen Joint Undertaking (CH JU) has recently highlighted this area of research as
a key topic in the impeding uncertainty surrounding the use of PFAS-based materials
in Europe. In 2023, the SUSTAINCELL (101101479) and HIGHLANDER (101101346)
projects kicked off, where part of the activities will be dedicated to the development of
fluorine-free membranes and ionomers. In 2024, the CH JU launched a call dedicated to
the development of non-fluorinated components for fuel cells and electrolysers (HORI-
ZON-JTI-CLEANH2-2024-05-02), where three projects will begin in 2025 : PROMISERS
(101192151), FASTCH2ANGE (101192325), and ECOPEM (101192366).

The recent advances in fluorine-free PEM research have led to the commercialization of a
few different membranes and ionomers, mainly through lonomr Innovations (Canada) and
Toray (Japan). Additionally, lonysis (Germany) is focusing on producing membrane elec-
trode assemblies (MEAs) with PFAS-free materials. Many of the largest European polymer
manufacturers also have ongoing R&D initiatives to develop fluorine-free membranes and
ionomers. Despite the recent flurry of commercial interest in fluorine-free materials, there
are currently no commercially available proton exchange membrane fuel cells or elec-
trolysers which incorporate these alternative materials. This points to the fact that many
challenges remain to be overcome and must be addressed through low TRL research.
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PFAS & Sealing technologies for H, applications

Within the hydrogen value chain, fluoropolymers—such as FKM, FFKM, and PTFE—and
fluorinated elastomers (commonly referred to as fluoroelastomers) are currently employed
in gaskets and sealing components in most electrolyser and fuel cell types. These mate-
rials are also integral to components of hydrogen transport and distribution infrastructure,
including regulator membranes, meters, and valves. Their exceptional properties, including
high thermal and chemical resistance, non-wetting and non-sticking properties, and low
friction coefficients, render them essential for meeting the stringent performance criteria of
hydrogen applications. In particular, their use is critical to ensuring high levels of tightness
and minimizing fugitive emissions from both static and dynamic sealing systems. Ongoing
research has been investigating the behaviour of these polymers under high-pressure
hydrogen environments in both static and dynamic sealing contexts.¢:%"
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Challenges

Degradation of H, technologies and link with emissions

To this day, the combination of limited availability of analytical techniques, low concentra-
tion and heterogeneity of the degradation products make their identification difficult and in
particular limit the possibilities for time-resolved detection and identification as well as online
monitoring beyond the emission of fluoride ions. In addition, there is scientific consensus
that the underlying degradation mechanisms are not fully and sufficiently understood as
the exact interplay between operating conditions and degradation emission products re-
mains unknown. Furthermore, much of the work on the detection and identification of PFSA
degradation products has been conducted based on fuel cells, with far less information
available for electrolysers.

Sources of emissions during the production, usage and recycling

There is a significant knowledge gap regarding the nature, quantity, and environmental
impact of PFAS emissions as well as their relation to fluoride emissions across all lifecycle
stages of hydrogen technologies. While fluoride ions and polymer fragments are known
degradation products in the use phase, much less is understood about emissions during
production and recycling. Particularly concerning are bioavailable compounds for which
data is scarce, despite their potential ecological and toxicological relevance.

Analytical challenges further complicate the issue. Many PFAS compounds occur at trace
levels, within complex matrices, or as nanoparticles—forms that current methods struggle to
detect reliably. This limits our ability to characterize emissions and assess their associated risks.

To address these challenges, future research should focus on closing key knowledge gaps
by generating robust data, enhancing analytical methods, and investigating emission path-
ways and material behaviour. At the same time, mitigation strategies—such as filtration,
material recovery, and cleaner production and recycling processes—must be developed
and validated. The overarching goal is to understand and reduce PFAS-related risks, ena-
bling the environmentally responsible use of hydrogen technologies.

Environmental impact of PFAS and analytical techniques for their
detection

The OECD identified more than 4 700 individual PFAS-related CAS numbers, referring to
compounds in commercial use and often with an unknown impact on the environment
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and human health, but often also with little to no alternative.®-%° To add to the complexity,
there are also limited means to detect these compounds individually, as standards are miss-
ing and non-targeted approaches for detection are time time-consuming. In comparison
studies between the extractable organic fluorine and known, selected fluorinated organic
compounds, in some cases only 10% of species could be identified, highlighting the limit-
ed possibilities in analytics available today.*'> An additional challenge lies in the fact that
emissions are not only in the form of broken-down polymer fragments in liquid or gaseous
phase, but also in the form of highly bioavailable nanoparticles (K. Schreyer, “Conversation
notes Kristin Schreyer and Jorg Feldmann (University of Graz).” 2024). Currently, there are
no techniques able to detect these particles and their potential emission from fuel cells and
electrolysers is unexplored.

PFAS capture and avoiding emissions

PFAS capture is challenging due to several factors summarized below.*® The high stability
of carbon-fluorine bonds makes PFAS highly resistant to destruction-based approaches
and poses challenges for long-term waste management in methods that focus on PFAS
concentration. PFAS include thousands of compounds with varying chain lengths and
chemical structure (e.g., functional groups), complicating the development of uniform
removal strategies. PFAS are often present at extremely low concentrations, i.e., ppt
levels, requiring highly efficient removal technologies complemented by highly sensitive
analytical techniques for detection. Standard water treatment methods (e.g., coagulation
and flocculation) are ineffective at these concentrations. Most high-TRL approaches face
challenges with capture efficiency, as PFAS compounds of different chain lengths exhibit
significantly different mobility and adsorption behaviour. Moreover, the presence of other
inorganic or organic contaminants aggravates the selectivity issue and necessitates fre-
quent adsorbent regeneration (or replacement), resulting in increased operational costs.
PFAS-selective sorbents show a high selectivity; however, they contain fluorinated constit-
uents, which are necessary for halogen-bonding interactions with the target compounds.
Moreover, evolving regulations make it difficult to select optimal long-term solutions, re-
quiring constant adaptation of existing technologies.

Effluent filtration of energy conversion devices may address several of the challenges out-
lined above: it enables targeted removal of PFAS directly at the source, before its discharge
into the environment and its subsequent dilution. Moreover, the effluent typically contains
higher concentrations of target contaminants and lower concentrations of background
contaminants compared to natural waters, making the removal process more effective
and selective.

The use of PFAS-selective sorbents in effluent filtration provides a more targeted and
efficient approach for PFAS removal, demonstrating promising potential as a long-term
solution for PFAS remediation.** However, challenges related to filter durability, cost, and
the management of concentrated PFAS waste must be addressed to advance the TRL of
this approach. The latter issue might be alleviated for instance by combining filtration with
already existing high TRL destruction-based approaches.
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Alternatives to PFSA-based membranes and ionomers

One of the main considerations for the development of non-fluorinated ionomers is that
the sulfonic acid groups tethered to a hydrocarbon backbone do not exhibit the same su-
per-acidity of those tethered to a perfluorinated backbone. Consequently, non-fluorinated
ionomers require a much higher density of sulfonic acid groups (i.e., higher ion exchange
capacities — IECs) to achieve similar proton conductivities as PFSA ionomers. The high
density of sulfonic acid groups, however, also leads to increased water absorption by
the membrane and electrocatalyst layer ionomers, resulting in excessive swelling and a
reduced mechanical stability. The lack of proven stability has been a major challenge in
the area of non-fluorinated ionomer development. Additionally, the incorporation of flu-
orine-free ionomer binders in the electrocatalyst layer is a significant challenge due to
unmitigated swelling, low gas permeability, potential electrocatalyst poisoning/deactiva-
tion through interactions with the phenyl groups, and the potential for electrochemical
oxidation of phenyl groups at elevated potentials in electrolyser applications.

These new materials will also require re-thinking some of the approaches to fuel cell and
electrolyser state-of-health monitoring, as well as degradation mitigation strategies.

PFAS & Sealing technologies for H, applications

Despite the progresses made so far significant research gaps remain, particularly con-
cerning the development of per- and polyfluoroalkyl substances (PFAS)-free alternatives.
Further research and development are needed to design and evaluate new sealing mate-
rials and configurations that can meet or exceed current in-service performance specifica-
tions. This includes the establishment of dedicated characterization methods and testing
platforms to accurately assess material behaviour under operational conditions. Prioritizing
the development of sustainable, high-performance alternatives to PFAS-based materials
is essential to ensure safety, reliability, and environmental compliance in both static and
dynamic hydrogen sealing applications.
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Timeline and
Resources

Degradation of H, technologies and link with emissions

Research regarding the better linkage between material selection, operating conditions
and the emission of fluorinated species is already underway. However, due to the com-
plexity of the topic and the multitude of influencing factors, it is evident that it will not be
possible to answer the linked research questions in the short term. With growing means
for analysis, identification and quantification of fluorinated species, the mechanistic under-
standing of the underlying degradation mechanisms is expected to improve. Furthermore,
the in-depth understanding of the harmful conditions is also expected to accelerate the
integration of novel, non-fluorinated ionomers.

Sources of emissions during the production, usage and recycling

Establishing a comprehensive understanding of PFAS emissions across the entire life-
cycle of hydrogen technologies is a long-term objective. This effort is challenged by the
complexity and cost of sampling and analytical techniques, particularly when dealing with
trace concentrations and diverse PFAS compounds. However, certain aspects require
immediate attention: in particular, emissions from systems during operation should be
assessed as soon as possible. Early monitoring capabilities would allow for the identifica-
tion of critical emission pathways and enable retrofitting or mitigation measures in existing
systems where necessary.

In the short to medium term, focused studies on emissions during recycling and disman-
tling processes are also essential. These areas remain underexplored but are increasingly
relevant as more systems approach end-of-life. Without proper understanding and con-
trols, there is a risk that such systems could contribute to significant environmental harm.

Environmental impact and analytical techniques

It is evident that the development of analytical techniques and reliable test procedures is
mandatory in order to fully understand the emission pathways and the potential environ-
mental risks. This is a concern that reaches far beyond hydrogen technologies, but also
impacts them directly. A close exchange between different fields and the early validation
of novel analytical techniques for their suitability for hydrogen technologies is crucial for a
fast adoption.
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PFAS capture and avoiding emissions

There is a significant increase in the use of proton exchange membrane (PEM) electrolys-
ers and fuel cells, driven by the global shift towards clean energy, hydrogen production
and use. In the absence of high-TRL alternative materials to PFSA-type polymers, their
capture needs to be addressed in the medium term. Low-TRL solutions already exist that
can be further developed.

Alternatives to PFSA-based membranes and ionomers

With the recent support of the CH JU, at least five European projects focused on the
development of fluorine-free membranes and ionomers will be complete before 2030, po-
tentially providing promising materials demonstrated up to TRL 4. Any materials developed
within this period, however, must undergo an extensive qualification and demonstration
period in operational fuel cell and electrolyser stacks run in realistic conditions. Concerted
efforts between industry and research partners will be required to bring low TRL research
developments through to market-ready solutions in a timely manner. In parallel, it is imper-
ative that low TRL research continues to be funded to ensure innovation does not remain
stagnant in favour of only upscaling the most promising state-of-of-the-art solutions.
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Abstract

The integration of non-conventional and advanced sustainable manufacturing technologies
into the production of fuel cells and electrolytic cells represents a paradigm shift towards
enhanced efficiency, reduced costs, and greater environmental compatibility. This paper
explores the current state of research, key challenges, and future directions in this rapidly
evolving field, emphasizing the transformative potential of additive manufacturing and other
innovative techniques. By examining the strategic, economic, environmental, and societal
implications, this analysis aims to provide a comprehensive rationale for advancing research
and development in this area, aligning with broader EU policy frameworks and sustainable
energy goals.
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Introduction

This position paper evaluates novel manufacturing approaches to increase the efficiency
and sustainability of fuel cells and electrolyzers. A primary goal is to identify advanced
production methods that reduce costs while maintaining high component quality at large
scale [1]. For example, high-throughput techniques (e.g., additive manufacturing and roll-
to-roll fabrication) can improve process efficiency, yield, and cut material waste, thereby
lowering manufacturing costs. These innovations are essential because conventional
manufacturing may struggle to maintain quality as production volumes rise.

The scope of this paper includes both additive and non-additive non-conventional manufac-
turing technologies, examining their technical potential, economic and environmental benefits,
and readiness for industrial deployment. The analysis also considers policy actions that can ac-
celerate their adoption, especially in alignment with European energy and industrial strategies.

Moreover, the paper emphasizes the strategic importance of developing cutting-edge
fuel cell and electrolyzer production capabilities within the EU [2]. By advancing domestic
manufacturing, the EU can reduce dependence on foreign suppliers and create high-tech
jobs, thereby supporting economic growth. This aligns with broader EU policies (such as
the Net-Zero Industry Act) that aim to strengthen industrial competitiveness and energy
resilience. In sum, advancing advanced manufacturing in the hydrogen sector will accelerate
decarbonization and reinforce the EU’s leadership in renewable energy technologies. Fuel
cells and electrolysers are foundational technologies in the hydrogen economy. Table 1 and
2 summarise the main technologies used for the manufacture of fuel and electrolytic cells.

Table 1: Fuel Cell Technologies

(PEMFC proton exchange membrane fuel cell; AEMFC alkaline anion- exchange membrane
fuel cell; SOFC solid oxide fuel cell; PCFC protonic ceramic fuel cell; PAFC phosphoric acid
fuel cell; MCFC molten carbonate fuel cell)

I S I I

PEMFC 60-80 Low-T, Pt-based, compact, mobile use
AEMFC 40-80 OH' H2, NH; Low-cost, non-noble, early-stage
SOFC 600-900 o* H,, CO, CH, High-T, fuel-flexible, stationary/CHP
PCFC 400-600 H* H,, NH; Mid-T, ceramic proton conductor
PAFC 150-220 H* H,, reformate Legacy tech, reliable but bulky

MCFC 600-700 CO,= H,, CH,, CO Large-scale CHP, corrosive electrolyte

Table 2: Electrolyser Technologies

AEL alkaline electrolyzer; PEMEL proton exchange membrane electrolyzer; AEMEL alka-
line anion- exchange membrane; SOEC solid oxide electrolyzer cell

e O T L

60-90 Ni, Co Mature, low-cost, lower H, purity
PEMEL 50-80 H* Pt, Ir High-purity H,, compact, costly
AEMEL 40-70 OH" Ni, Co, Mn  Low-cost potential, emerging
SOEC 600-850 0% Ni, LSM Highest efficiency, uses heat, complex system
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Current state of
research

A variety of traditional manufacturing techniques are currently employed in the produc-
tion of fuel cell and electrolyzer components. These include spray coating, tape casting,
screen printing, hot pressing, die coating, and slot die coating. These methods are widely
adopted due to their maturity, relative simplicity, and availability of industrial equipment [1].
However, despite their established nature, they present significant challenges in terms of
scalability, cost, material efficiency, and environmental impact, especially when applied to
high-throughput and precision-demanding applications.

2.1 Challenges and
Limitations

Traditional manufacturing processes often struggle with scaling to large production volumes,
which can lead to increased costs and compromised efficiency. Many of these methods
rely on subtractive or batch processes, resulting in substantial material waste —particularly
critical when using high-cost or rare materials. Achieving uniformity and structural integrity
is also difficult with multi-step processes, especially when assembling multilayered com-
ponents such as MEAs (membrane electrode assemblies) or complete cells.

Catalyst Layers: are typically deposited by spraying catalyst ink onto a gas diffusion
layer (GDL) or directly onto the membrane. This method faces multiple challenges:
i) Cost: The catalyst layer accounts for a major share of total fuel cell costs due to the
use of noble metals like platinum; the MEA can contribute up to 60% of the total cost
[1]; i) Efficiency: Spraying often results in inhomogeneous distribution and low catalyst
utilization. Structure optimization, particularly of the catalyst layer, is essential to increase
the utilization ratio of Pt [3]; iii) Environmental Impact: Solvent-based inks and the en-
ergy-intensive nature of the process contribute to environmental concerns. MEA: criti-
cal components in PEMFCs, are usually fabricated through hot-pressing, using either a
catalyst-coated membrane (CCM) or catalyst-coated substrate (CCS) configuration [1].
Key limitations include: i) Cost: MEAs remain one of the most expensive components
in stack [1]; i) Process Sensitivity: The hot-pressing process requires tight control over
time, temperature, and pressure; i) Non-homogeneity: Non-continuous deposition can
lead to layer delamination, inhomogeneity, and performance variability [4]. Bipolar Plates:
essential for electrical conduction and gas separation, are often produced by machining
graphite or corrosion-resistant metals. Limitations include: i) Machinability and Cost:
Graphite is fragile and hard to machine, while metals like Ti, Nb, and Au are durable but
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expensive; i) Durability: Even stainless steel may corrode under anode-side conditions,
releasing contaminants that reduce system performance.

2.2 General Limitations
of Traditional Methods

Traditional manufacturing has broader drawbacks: i) High Cost: Expensive materials (plati-
num catalysts, specialized membranes) [1] and energy-intensive processes drive up Costs;
i) Scalability: Many conventional techniques are difficult to scale up for high-volume pro-
duction; iii) Material Waste: These processes often generate significant waste of costly
materials [5]; iv) Environmental risks: Hazardous chemicals (e.g. NiO in solide oxide cells
(SOCs) or Ni(OH), in AEM and high energy use contribute to environmental impact [5].
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Research
challenges:

3.1 Background:
Non-Conventional and
Advanced Sustainable
Manufacturing Technologies

While non-conventional manufacturing techniques have shown promising results in lab-
scale applications, several technical and implementation challenges must be addressed
to enable industrial adoption [1]. To address these limitations, several EU-funded initiatives
have explored next-generation manufacturing processes for fuel cell and electrolyzer com-
ponents. Projects such as MAMA-MEA, VOLUMETRIQ, GAIA, have demonstrated suc-
cessful scaling of digital fabrication techniques, novel material formulations, and automated
MEA production with improved vyield and reduced cost. For example, the MAMA-MEA
project focused on scalable inkjet-based deposition for catalyst layers, while GAIA explored
continuous-line production compatible with Clean Hydrogen JU targets. These emerging
processes—especially additive manufacturing (AM), roll-to-roll coating, and digital slurry
deposition—have demonstrated improved material efficiency and design flexibility. However,
most techniques remain at Technology Readiness Level (TRL) 3-4, meaning they are cur-
rently validated in laboratory settings but require significant optimization and upscaling for
full industrial deployment. Meeting Clean Hydrogen JU’s 2030 Key Performance Indicators
(KPIs)—including high throughput (100,000-500,000 m? yr™"), reproducibility above 95%,
and scrap rates below 5% —will necessitate a coordinated effort to bring these methods
to TRL 7-9 [6]. In this context, non-conventional manufacturing technologies are not only
a promising alternative but also a strategic necessity for the hydrogen economy. Their de-
velopment is key to lowering system costs, reducing environmental impact, and ensuring
Europe’s technological sovereignty.
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3.2 Additive Manufacturing

Additive manufacturing enables the production of fuel cell and electrolyzer components
with tailored geometries, improved catalyst utilization, and reduced material waste (see Ta-
ble 2 [7]). Yet, open challenges include: i) Microstructural control: especially in ceramics,
achieving defect-free sintering and desired porosity remains difficult, ii) Standardization:
there is a lack of standardized inks, pastes, and process parameters for functional fuel cell
layers, iii) Scale-up: most AM techniques are limited in throughput and consistency; few
are currently suited for roll-to-roll or automated high-volume lines.

Table 2: Summary of Additive Manufacturing Methods Employed for Fuel Cell
Component Production

Inkjet Printing Droplet-based digital deposition PEM, SOCs [4]

Material Extrusion Thermoplastic filament printing PEM, SOCs [8]

Vat Photopolymerization  Laser-curing of photopolymers PEM, SOCs [9]

Slurry-Based Printing Layered ceramic/metal slurries SOCs [10]

Powder Bed Fusion Laser melting/sintering of powders AEM, PEM, [11]
SOCs

Binder Jetting Liquid binder deposition + sintering Full units [12]

3.3 Other Non-Conventional
Techniques

Beyond additive manufacturing, innovative non-additive techniques are gaining attention
for their potential in fuel cell and electrolyser fabrication. Methods such as ultrasonic spray,
electrospray, electrospinning, centrifugal casting, and electrodeposition offer unique
capabilities for fabricating thin films, structured layers, and functional coatings. These
approaches could be further explored for integration into roll-to-roll or continuous-line
manufacturing systems, enabling scalable high-throughput production while maintaining
material precision and performance.



Non-Conventional and Advanced Sustainable Manufacturing Technologies for Fuel and Electrolytic Cells
A Policy Perspective

253






Non-Conventional and Advanced Sustainable Manufacturing Technologies for Fuel and Electrolytic Cells
A Policy Perspective

Timeline and
Resources

The industrial adoption of non-conventional manufacturing technologies for fuel cells and
electrolyzers requires a phased roadmap addressing TRL progression, process integra-
tion, supply chain, and regulatory alignment.

Short Term (1-3 years)

. Raise TRL from 3-4 to 56 via pilot-scale demonstrations;

‘ Optimize AM and hybrid processes (e.g., inkjet, binder jetting);

@ Standardize printable materials and introduce initial in-line metrology;

. Launch industrial-academic consortia on key components.
Estimated funding: €15-20M per topic, with public-private co-financing and early
infrastructure investment.

Medium Term (3-5 years)

. Integrate non-conventional methods into continuous lines (e.g., roll-to-roll + AM);
@ \alidate under industrial conditions with automation and process control;

@ Conduct LCA and recyclability studies;

. Strengthen EU supply chains for materials and precursors.
Estimated funding: €30-50M per program, covering demo-scale lines, skills devel-
opment, and digital monitoring.

Long Term (5-10 years)
. Deploy TRL 8-9 manufacturing platforms meeting Clean Hydrogen JU KPlIs;
@ Scale to commercial gigafactories for MEAs and SOCs;

Establish regional manufacturing hubs and align with global standards.
Estimated funding: >€100M (public + private), including CAPEX, regulatory support, and
alignment with EU funding programs.
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Rationale for
Advancing
Research in This
Area & Potential
Applications

The shift toward non-conventional and advanced sustainable manufacturing technologies
for fuel cells and electrolyzers is not only technically justified but strategically essential for
achieving the EU’s climate and industrial policy goals. Advancing research in this field ad-
dresses several intertwined imperatives: economic competitiveness, sustainability, energy
security, and industrial leadership.

5.1 Strategic and Economic
Rationale

The European Union’s ambition to become a global leader in hydrogen technologies
requires not only innovation in device design, but also scalable, cost-effective, and envi-
ronmentally sustainable production processes. Traditional manufacturing methods are no
longer sufficient to meet the projected deployment volumes, cost targets, and flexibility
needs of emerging hydrogen markets.

Non-conventional approaches—such as additive manufacturing (AM), inkjet printing, roll-
to-roll coating, and hybrid deposition—enable: i) Reduced dependency on scarce mate-
rials, such as platinum and iridium, through more efficient catalyst utilization and optimized
layer architectures [5]; i) Lower production costs, via automation, digital process control,
and high-throughput fabrication [3]; iii) Adaptability for different volumes and formats,
supporting diverse fuel cell and electrolyzer configurations; iv)

Enhanced European manufacturing sovereignty, through localized, modular, and digital
production strategies aligned with the Net-Zero Industry Act and REPowerEU.
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These innovations will support job creation (up to one million hydrogen-related jobs by
2030) and build competitive advantage in the clean tech manufacturing sector.

5.2 Environmental and
Societal Impact

Non-conventional manufacturing techniques significantly improve the environmental per-
formance of hydrogen technologies, making them more attractive for large-scale deploy-
ment and public procurement. Key benefits include: i) Minimized material waste via pre-
cise deposition (e.g., inkjet, slurry printing, binder jetting) and near-net-shape production
[7]; i) Reduced energy consumption, especially compared to legacy solvent-based or
high-temperature processes; i) Smaller carbon footprint, enabled by leaner manufactur-
ing, fewer process steps, and potential integration with circular economy practices. These
factors contribute to improved lifecycle performance and help meet EU decarbonization
targets, especially when coupled with green hydrogen production.

5.3 Application Potential

Non-conventional manufacturing methods unlock design flexibility and production agili-
ty across a wide spectrum of applications, including: Transport: PEMFCs and AEMFCs
for hydrogen-powered vehicles (cars, trucks, buses, trains); Stationary power and heat:
SOFC-based combined heat and power (CHP) systems for residential, commercial, and
industrial use; Industrial decarbonization: SOECs for high-efficiency hydrogen and e-fuel
production from renewable heat; Portable systems: Compact PEM units for off-grid, mili-
tary, or backup power; Chemical and fertilizer production: High-temperature electrolysis
enabling green ammonia and synthetic fuels. The deployment of non-conventional tech-
niques supports rapid prototyping, customized geometries, and high-durability compo-
nents—tailored to specific sectoral needs.

5.4 Alignment with EU Policy
Frameworks

The advancement of non-conventional manufacturing technologies directly supports the
objectives of several key EU initiatives: i) The Clean Hydrogen JU SRIA, especially targets
for manufacturability, recyclability, and TRL progression; i) The Green Deal and Fit for
55, which require clean technology scale-up and emissions reductions across sectors; iii)
The Net-Zero Industry Act, which prioritizes the establishment of European clean-tech
manufacturing capacity; iv) The Circular Economy Action Plan, advocating for resource
efficiency, waste minimization, and design for reuse/recycling. In conclusion, investment
in this field is not only a technological necessity but a strategic imperative. Advancing
non-conventional manufacturing will accelerate hydrogen deployment, enhance European
industrial competitiveness, and deliver tangible societal and environmental benefits.
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Conclusion and
Recommenda-
tions

Non-conventional and advanced manufacturing technologies offer transformative potential
for the production of fuel cells and electrolyzers by reducing costs, improving performance,
and enhancing sustainability. However, their widespread adoption requires overcoming
implementation challenges, such as supply chain risks, safety standards, and infrastruc-
ture gaps; through collaborative efforts among industry, academia, and policy-makers. To
accelerate deployment, we recommend the following: i) Cost reduction: Minimize the use
of critical raw materials (e.g., platinum, iridium) and scale advanced, efficient manufacturing
methods; ii) Performance and durability: Target higher power density, improved efficiency,
and long-term reliability [7] to ensure commercial viability; iii) Sustainability: Reduce waste,
emissions, and energy use by adopting circular economy practices and recycling strategies;
iv) Technological advancement: Support integration of additive manufacturing, automa-
tion, and high-throughput techniques such as inkjet printing and roll-to-roll coating [4], [7];
v) Infrastructure investment: Focus on developing durable, lightweight components for
hydrogen storage and distribution; vi) Collaboration and funding: Promote public-pri-
vate partnerships and transnational R&D projects, supported by targeted funding and
subsidies; vii) International standards: Establish and align standards to ensure safety,
interoperability, and regulatory clarity; vii) Regulatory clarity: Streamline legislation to
boost investor confidence and enable predictable market conditions; ix) Demand-side
policies: Introduce mandates (e.g., minimum green hydrogen shares) to foster long-term
market stability and investment.

Through coordinated action along these strategic lines, a resilient, efficient, and clean
hydrogen economy can be achieved.
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Abstract

The decarbonisation of the maritime sector requires a transition to hydrogen as a clean
fuel, yet the absence of a comprehensive regulatory framework remains a major barrier.
The International Code of Safety for Ships Using Gases or Other Low-Flashpoint Fuels
(IGF Code), originally developed for liquefied natural gas, provides only limited “alternative
design” provisions for hydrogen that are insufficient to address its specific hazards. Key
risks, including high flammability, rapid dispersion, embrittlement effects and boil-off from
cryogenic storage, need hydrogen-specific safety principles, including new paradigms
and new engineering solutions, in some instances. The IGF Code requires revision of its
goals and provisions to cover hydrogen’s buoyancy, storage enclosures, redundancy
systems and fuel cell applications. This position paper identifies the critical knowledge
gaps and technological bottlenecks that hinder the development of scientifically based
regulations, codes, and standards (RCS) for hydrogen-fuelled vessels. Fundamental
research is urgently required to advance ventilation strategies, safe storage concepts,
fire and explosion prevention, and inherently safer technologies such as self-venting
tanks. Additional challenges include bunkering protocols, under-deck storage safety,
double-walled piping integrity, and zero boil-off solutions for liquid hydrogen. The efforts
by classification societies (DNV, LR, ABS) and EU projects (e-SHyIPS, HyShip, FLAG-
SHIPS and more) represent important milestones, yet they are still fragmented and not
fully prepared for global adoption. Absence of a common shared understanding of the
alternative design process among stakeholders, can possibly force each project team to
“repeat baseline safety assessments” and increase costs and slow a regulatory approval.
A coordinated international research programme is needed to underpin the development
of hydrogen provisions within the IGF Code, elevate key technologies to TRL 4-6, and
support the safe, efficient, and cost-effective deployment of hydrogen in maritime ap-
plications. Achieving this will strengthen public trust, accelerate decarbonisation, and
ensure Europe’s leadership in clean maritime transport.
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Introduction

Fundamental research is essential to support pre-normative work that shapes international
regulations, codes, and standards (RCS) in fast-evolving industries. In the maritime sector,
current safety RCS lag behind industrial needs. The IGF Code permits “alternative design”
for hydrogen, which requires equivalent functional safety, but this is a concept rather than
practical guidance. Significant knowledge gaps and technological bottlenecks in hydro-
gen safety engineering must be addressed before effective adoption. The lack of hydro-
gen-specific provisions in the IGF Code hinders both safety and the wider deployment of
hydrogen-powered vessels, despite urgent decarbonisation demands.

This topic highlights the importance of fundamental research that should underpin the
development by RCS of the International Maritime Organization (IMO)'. To enable the safe
and efficient adoption of hydrogen as a maritime fuel, a dedicated regulatory framework
tailored to hydrogen-specific hazards and associated risks, and breakthrough safety tech-
nologies and innovative engineering solutions are urgently required.

This position paper aims to inform decision-makers and funders about the critical chal-
lenges in deploying inherently safer maritime applications, due to the gap in regulatory
coverage under the IGF Code for hydrogen. The scope of the paper is to highlight the need
to close existing knowledge gaps and technological bottlenecks through fundamental re-
search. The IGF Code, designed for LNG, must be revised to address hydrogen-specific
risks. Key hazards include high flammability, permeability, embrittlement, and buoyancy,
which demand improved ventilation, leak prevention, and safety zones. Provisions are
also needed for fuel cells, redundancy systems, storage, and fuel quality, drawing on
land-based standards. Fire suppression, explosion prevention and emergency shutdown
protocols must be adapted to hydrogen’s unique properties. There is a need for a com-
prehensive update of the IGF Code to integrate hydrogen-specific design, operational,
and safety standards?.

[tis essential to meet all stakeholders’ expectations for the safety of hydrogen-fuelled ships,
to build public trust and support the deployment of hydrogen technologies in the mari-
time sector. There is no thorough, shared understanding among stakeholders, including
hydrogen-powered vessel designers, about the scope of the alternative design approval
process. This makes regulatory approval difficult and demands significant investment as
each time a new project team must “.a new project team could undertake redundant
development, without added value”. Behind these difficulties are numerous knowledge
gaps, e.g. on design of ventilation systems, hydrogen storage enclosures, use of other
hydrogen systems under deck, etc. Fragmenting safety research across different projects
to save costs has proven ineffective. To address this, the full spectrum of stakeholders
should be brought together.

Several critical research gaps must be addressed for the safe deployment of hydrogen
technologies in maritime applications. Firstly, ventilation systems with complex duct
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geometries need a dedicated investigation. An improper design can lead to hazardous
accumulation of hydrogen, in the event of a release. Further research is also required to
identify and qualify materials for hydrogen technologies, such as those used in fuel cells,
that are suitable for harsh maritime environments.

Secondly, safety gaps include the need for strategies to manage emergency hydrogen
releases and better understanding of jet fire and unignited release behaviour. Research
must address thermal and pressure effects from delayed ignition and the deflagra-
tion-to-detonation transition (DDT) in non-uniform hydrogen-air mixtures, with thresholds
defined for shipboard scenarios. Storage enclosures must be protected against incidental
jet fires, and the risk of tank rupture in any fire must be eliminated. This is now achiev-
able with self-venting tank technology, validated across fire intensities from spill fires to
extreme impinging jet flames.

Lastly, systemic and operational challenges increase due to the existence of hydrogen
systems using compressed gaseous hydrogen (CGH2) and liquid hydrogen (LH2). This
includes the need for comprehensive safety provisions covering both shore-based and
offshore operations, such as bunkering procedures, ship-to-shore interfaces and debun-
kering procedures.
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Current State of
Research

Due to the lack of detailed hydrogen safety guidelines from the IMO, classification societies
have independently established regulatory frameworks for hydrogen storage on vessels.
Particularly, Lloyd’s Register (LR) introduced the first set of classification rules for hydro-
gen fuel in 20238, outlining specific technical and safety requirements for ships utilising
hydrogen as a fuel source. The regulations serve to bridge the existing gap in the IMO’s
current IGF Code. Also, Det Norske Veritas (DNV) published the first set of classification
rules for hydrogen fuel in July 2024%. The Maritime Technologies Forum report® examines
the viability of hydrogen as a zero-emission fuel in alignment with the IMO’s strategy for
the reduction of GHG emissions from ships by 2050. The report highlights the limited
operational experience within the maritime sector regarding hydrogen as both cargo and
fuel, while also recognising the increased safety risks associated with its application as a
fuel compared to LNG. The IMO has been developing guidelines for the safe design of hy-
drogen-fuelled ships, with the guidelines to be presented by Sub-Committee on Carriage
of Cargoes and Containers (CCC) 8. The publication of guidelines is targeted for 20257 and
the Interim Guidelines for the Safety of Ships Using Ammonia as Fuel developed by the
CCC Sub-Committee, were issued by the IMO &, marking a regulatory milestone providing
goal-based, non-mandatory provisions (aligned with the IGF Code and SOLAS) to support
the uptake of ammonia-fuelled ships.

More provisions to IGF Code related to hydrogen are also targeted to be introduced by
the correspondence group in 2025. However, more joint efforts at the international level
are required, including researchers and experts who specialise professionally in hydrogen
safety. A Comité Européen de Normalisation (CEN) workshop Agreement (CWA) was
achieved in 2024 on developing guidelines for integrating hydrogen propulsion systems
based on fuel cells into passenger ships from the early design stages®. These recommen-
dations aim to assist in risk assessments by utilising existing standards and are based on
findings from the EU e-SHyIPS project '°. The project developed guidelines for integrating
hydrogen technologies into maritime passenger transport. It involved vessel redesigns
to assess the feasibility of gaseous and liquid hydrogen propulsion, supported by hy-
drostatic/hydrodynamic analyses and CFD simulations of gas dispersion and explosion
scenarios. Experimental work validated fuel cell components through inclination, materi-
als and corrosion testing. The project also proposed bunkering strategies, conducted risk
assessments, and identified gaps in the IGF Code, leading to preliminary recommenda-
tions for regulatory adaptation.

Unlike the IGF Code, the American Bureau of Shipping (ABS) Guide for Fuel Cell Power
Systems for Marine and Offshore Applications' explicitly addresses hydrogen, yet its
provisions largely reference the IGF Code. The DNV Handbook'? includes hydrogen stor-
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age onboard. CGH2 at 70 MPa is more technologically mature but has a lower energy
density compared to LH2, requiring larger storage volumes. LH2 offers a higher energy
density, making it more suitable for long-haul applications. However, its liquefaction
process is energy-intensive, it requires advanced insulation to minimise boil-off losses
(which can be as high as 1~5% per day'®), and it poses additional safety concerns
related to extremely low temperatures.

Proper, scientifically based guidelines for ventilation systems and inherently safer technolo-
gies are crucial to prevent the accumulation of flammable hydrogen-air clouds. The safety
principles for hydrogen fuel supply systems are outlined in the published DNV class rules
for the use of hydrogen as fuel onboard ships'*. These rules emphasise that ventilation of
hazardous enclosed spaces should not serve as the primary safety barrier. Instead, the
primary objective should be the prevention of a flammable atmosphere, thereby mitigating
the risk of fire or explosion at its source. This can be achieved through the implementation
of inerting or vacuum-insulated containment strategies, depending on whether the system
utilises compressed gaseous or liquefied hydrogen.

Hydrogen ventilation is one of the most critical safety challenges in in maritime applications.
Ventilation systems that are not properly designed may cause ignition and catastrophic
explosions. A Risk-based approach is being adopted to tackle this, e.g. the ongoing re-
vision of DNV’s Handbook for Hydrogen Fuelled Vessels, which applies computational
fluid dynamics (CFD) analyses and quantitative risk assessment (QRA) to develop design
criteria for ventilation and fire safety. Contemporary multiphase CFD tools now allow sim-
ulations of ventilation interacting with fire suppression or unignited releases, however, they
demand experimental validation on realistic vessel configurations. Full-scale experiments,
e.g. those carried out by DNV'™, are important to establish detonation thresholds and
support the development and refinement of the models. Such experiments also inform the
integration of storage systems with leak and explosion assessments to ensure that there
is no further incident escalation. Results can provide the scientific basis for regulatory
approval.

To eliminate hazards and associated risks of compressed hydrogen storage systems
(CHSS) rupture and potential catastrophic consequences, the innovative solution, such as
explosion free in any fire self-venting tanks'®'”'8, can be used. These innovative solutions
can remove previously applied expensive measures such as blast wave panels and explo-
sion-proof enclosures.

Due to its cryogenic nature, LH2 storage requires maintaining extremely low temperatures
to minimise boil-off losses. Ongoing research has identified several engineering approach-
es to manage boil-off'®2921  such as improved insulation and pressure control techniques.
One promising concept is helium refrigeration for reducing losses through advanced ther-
mal control. However, these approaches require further validation in maritime conditions.

Hydrogen bunkering research, including full-system simulations of hydrogen refuelling sta-
tions (HRS) for CGH2%? and LH22% should address transparent and inherently safer bunker-
ing protocols. The protocols must address the regulated limits for bunkering parameters
and develop recommendations on reduction of temperature non-uniformity for CGH2%*. The
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currently developed and validated modelling tools enable the design of detailed bunkering
protocols, considering onboard storage conditions (residual pressure, hydrogen tempera-
ture, tank properties), bunkering system components (piping, valves, precooling, dispens-
ers), and onshore storage parameters (pressure, volume, number of tanks).

Key achievements and
milestones

As described above, the IMO is advancing safety guidelines for the use of hydrogen as a
marine fuel. However, numerous knowledge gaps and technological bottlenecks remain,
these should first be addressed through fundamental research to formulate new norms
and guidelines. Nonetheless, the maritime industry has achieved meaningful milestones in
the use of hydrogen technologies, demonstrating its commitment to zero-emission solu-
tions. Norway introduced the MF Hydra?®, the world’s first liquid hydrogen-powered ferry,
classed by DNV. Equipped with two 200 kW fuel cells, it demonstrates the possibility of
hydrogen propulsion in maritime transport; and there are more known cases of developed
maritime transport powered by hydrogen. By 2024, the Antwerp/Flanders Port Training
Center provided maritime education to more than 20000 trainees covering topics such
as green hydrogen applications?. This effort shows the role of knowledge sharing in en-
hancing hydrogen. In parallel, Japan launched HydroBingo 27, which a hydrogen-powered
passenger ferry with similar technological advancements and reinforcing global journey to-
ward hydrogen adoption in maritime transport. In 2025 HD Korea Shipbuilding & Offshore
obtained Approval in Principle from DNV for its pioneering vacuum-insulated large-capaci-
ty LH, tank technology?®. This is an advancement on resolving the difficulties of expanding
hydrogen storage for maritime applications, their safety and efficiency.

The tangible ongoing work contributing to development of technical requirements to
the ship design, safe hydrogen handling and the use of hydrogen as fuel for power
generation on board ships, is reflected in the rules and guidelines introduced by clas-
sification societies (LR, Bureau Veritas®® etc). DNV has been proactive in establishing
frameworks for the safe implementation of hydrogen in maritime applications. In 2021,
DNV published the “Handbook for Hydrogen-fuelled Vessels,” which offers a roadmap
towards safe hydrogen operations using fuel cells. This handbook details how to navigate
the complex requirements for design and construction and covers critical aspects of
safety and risk mitigation, engineering details for CHSS, and implementation phases for
maritime applications. However, it does not provide specific guidance for the onboard
storage of CGH2, cryo-compressed hydrogen (CcH2), or LH2. Current DNV ventilation
regulations do not account for the pressure peaking phenomenon (PPP), a critical safety
phenomenon characteristic only of hydrogen®°, but describe this from gas inerting point
of view, whereby the procedure needs to be designed using CFD. There is a lack of un-
derstanding around the hazards and associated risks related to explosions (deflagrations,
detonations, storage tank rupture). For example, the standard by National Fire Protection
Association, NFPA 2, referenced in DNV Handbook, only considers hydrogen jet flames
and does not assess explosion hazards and risks.
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There are also recommendations®' for IGF Code, whereby it should be expanded to ex-
plicitly address hydrogen safety, with new chapters covering storage, energy conversion,
and safety protocols. Ship-specific risk assessments must be developed, incorporating
lessons from land-based hydrogen regulations. CFD simulations should be used to assess
ventilation, gas dispersion, and explosion risks. Collaboration between maritime authorities,
classification societies, and industry stakeholders is essential to establish comprehensive
international guidelines. Implementing these measures will ensure the safe adoption of
hydrogen in shipping, supporting global decarbonisation goals.

The development of self-venting tanks represents a key milestone in advancing inherent-
ly safer hydrogen storage in maritime transport and infrastructure. Such innovative tanks
indeed are a breakthrough in fire safety by preventing storage rupture during exposure to
fires. Their design can eliminate the main causes of catastrophic consequences, e.g. blast
waves, projectiles or long flames triggered by a thermally activated pressure relief device
(TPRD), while still allowing for hydrogen release under extreme conditions. This represents a
paradigm shift in risk mitigation for hydrogen storage systems, both onboard and onshore.

Hydrogen leakage, dispersion and possible accumulation in enclosures pose very serious
challenges for the design of effective ventilation systems. These can be intensified by
dynamic marine conditions, including vessel motion and external weather effects that can
influence hydrogen flow and potentially ventilation performance. Understanding the be-
haviour of hydrogen under these conditions requires advanced CFD modelling to design
practical engineering solutions, especially when it comes to enclosures or during releases
from vent stacks. Under-deck storage configurations need proper, robust ventilation inte-
gration to prevent hazardous accumulation and reduce the risk of ignition. The IGF Code
and IGC Code specify a minimum of 30 air changes per hour (ACH), but this value is not
based on scenario-specific consequence modelling. The further research is needed to
determine optimal ACH values for a range of realistic hydrogen release rates and system
configurations. The configuration and grouping of vent ducts and stacks must be opti-
mised through fundamental studies and simulation-based design. The work on inherently
safer CGH2 storage for maritime applications should include material-focused studies to
confirm long-term integrity, performance under varying marine conditions and integration
with ship specific ventilation and containment systems. Advancing this technology to a
higher TRL requires coordinated experimental and numerical investigations well aligned
with real-world maritime applications. To achieve long-term safety and operational effi-
ciency, further fundamental research is required into zero boil-off technologies for LH2
storage, where helium refrigeration is a leading candidate. This research must address
technical feasibility, integration into vessel systems and performance under variable marine
conditions. Bunkering operations have additional challenges that require development of
inherently safer and standardised protocols. These efforts across conceptual design, nu-
merical simulation and experimental validation are important to elevate the technologies to
higher TRLs and support their wider adoption in maritime applications.
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Notable projects:

@® rFcH2 JU. e-SHyIPS: Ecosystemic knowledge in Standards for Hydrogen Implementa-
tion on Passenger Ship (101007226) 2.

@® FCH2 JU. HyShip: Demonstrating Liquid Hydrogen for The Maritime Sector
(101007205).

@ FCH2 JU. FLAGSHIPS (826215) .

@ FCH2 JU. MARANDA: Marine Application of a New Fuel Cell Powertrain Validated in
Demanding Arctic Conditions. (735717) %4,

@ FCH2 JU. H2PORTS: Implementing Fuel Cells and Hydrogen Technologies in Ports.
(826246) *.

@ Horizon 2020. HySeas Il (769417) %,

® Interreg Atlantic Area. HYLANTIC Atlantic Network for Renewable Generation and
Supply of Hydrogen to promote High Energy Efficiency (EAPA_204/2016) .

@ Innovate UK. Clean Maritime Demonstration Competition Round 1 (CMDC1): “North-
ern Ireland Green Seas” (10009311).

@ Innovate UK. Clean Maritime Demonstration Competition Round 2 (CMDC2): “Hydro-
gen Fuel Cell Range Extender” (10041047).

@ UKRI, EPSRC. UK National Clean Maritime Research Hub (MaRes) (EP/Y024605/1) %.
. Norwegian Research Council. H2Maritime: H2Maritime Project.
@ U.S. EERE. MarFC: Maritime Hydrogen Fuel Cell Project .

@ California Air Resources Board. LCTI: Zero-Emission Hydrogen Ferry Demonstration 4°.
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Research Challenges

One of the key challenges is the design of ventilation systems for scenarios from perme-
ation and allowed standard leak rates for connections to more challenging to tackle inci-
dents with loss of containment, particularly in the context of under-deck storage and fuel
piping. The fundamental research should investigate different scenarios of hydrogen leaks/
release. This includes but is not limited to: releases inside, below-deck, where hydrogen
can be trapped in “pockets”; transition to vent stack, outside releases from masts/ducts,
and dispersion, including the cases when a marine vessel experiences heave or pitching
and rolling. The latter could be challenging due to vessel motions, potentially leading to a
flammable concentration entering the ventilation system or adjacent compartments with
ignition sources. The weather conditions, e.g. wind gusts, could affect the ventilation effi-
ciency and hydrogen dispersion.

Hydrogen releases from piping or pressure relief devices can ignite via electrostatic dis-
charge, causing jet fires and explosion hazards. In confined or poorly ventilated spaces,
ignition may lead to deflagration or even DDT, depending on enclosure size, pressure, and
ventilation. Understanding these dynamics is crucial for effective mitigation. Numerical
simulations can assess ventilation and fire suppression but require validation through full-
scale testing. However, large-scale hydrogen explosion experiments are limited due to
potential destruction. Combining full-scale experiments with modelling improves predictive
accuracy, particularly for ventilation-fire suppression interactions, enhancing mitigation
strategies and hydrogen safety.

For CGH2 tanks placed in compartments beneath the deck, an alternative safety meas-
ure involves inerting the entire hold space surrounding the CHSS. This approach could
effectively suppress reactive conditions, thereby mitigating potential hazards. Funda-
mental studies would help understand hydrogen combustion in low-oxygen atmosphere
that would underpin development inert gas filling strategies and formulate quantitative
recommendations.

The design of large-scale LH2 storage tanks remains a work in progress, necessitating
improved insulation and safer transfer systems. Both CGH2 and LH2 systems demand
double-walled piping and robust venting systems to detect a leak and mitigate pressure
build-up and accidental leaks. The design of the piping plays an important role in the
safety of the entire system. A detailed study of combustion dynamics within double-walled
piping systems is essential for provision of this piping integrity. Establishing the minimum
structural strength required for the outer tubing to maintain gas-tight integrity and explor-
ing strategies to contain explosion propagation within vent stacks are necessary. Under-
standing the conditions under which deflagration transitions to detonation is crucial for
determining appropriate design pressures for secondary containment barriers.

One of the primary safety concerns associated with LH2 storage tanks is hydrogen boil-
off. While leakage can be negligible due to the necessity of maintaining a vacuum within
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the double-walled tank structure, boil-off hydrogen can escape through the valve system.
Mitigating or eliminating boil-off is essential not only to enhance cost-effectiveness, oper-
ational efficiency, and the vessel sailing range but also to address safety risks, particularly
in confined storage environments such as under-deck compartments. There should be a
design that could decrease heat flux from the surroundings, hence fundamental research
on achieving a zero boil off must be undertaken. This could involve the use of a helium
refrigeration, which should be studied numerically and validated experimentally.

The bunkering of onboard storage systems presents significant economic and safety chal-
lenges. The future research should tackle hydrogen temperature non-uniformity and novel
approaches to pressure ramps that could underpin establishing standardised protocols
that enhance the intrinsic safety and operational efficiency of the bunkering process while
optimising time efficiency.

This position paper elucidates and stresses the need to undertake fundamental research,
one of the objectives of which is identification and critical analyse of knowledge, technology,
and regulatory gaps, including limitations of ventilation, bunkering, handling unignited and
ignited releases in confined spaces and safety of under-deck hydrogen storage, preven-
tion and mitigation of pressure and thermal effects in unscheduled conditions. The future
research should also aim to support a standardised risk analysis framework to underpin
the design and approval of novel solutions. Such framework would serve as a robust de-
cision-support tool, demonstrating that proposed solutions comply with risk acceptance
criteria in the current regulatory and operational context before the establishment of more
standardised alternatives.

Activities are expected to achieve TRL between 4 and 6 by the end of research.

The proposed timeline for this topic is medium-term 3 years. The suggested estimate of
the funding is €5M.
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Rationale for

Advancing Research
in This Area &
Potential Applications

Whilst maritime shipping is critical to the European economy and one of the most en-
ergy-efficient forms of transport, it is also a significant and growing contributor to at-
mospheric greenhouse gases. The ambition of this research is in line with the European
Green Deal*' including “Fit to 55” package*?, which aim to address the barriers to de-
carbonisation of the maritime sector. The research will strengthen Europe’s leadership in
decarbonising waterborne transport and stimulate its transition to green energy through
elaborated decision-making procedures for the selection of an appropriate alternative fuel
for a particular maritime application.

The research will aid to address key technical and economic barriers to decarbonisation in
the shipping sector by improving the safety, feasibility, and public acceptance of hydrogen
as a maritime fuel. It will enhance understanding of hydrogen behaviour, mitigating per-
ceived hazards and promoting broader social acceptance of hydrogen powered maritime
sector. Inherently safer hydrogen technologies will not only reduce pollutants such as NOx
but also establish new markets for hydrogen-compatible construction materials and ma-
terial testing, supported by potential amendments to maritime RCS.

The research outcomes will strengthen the European economy and its leadership in the
area. This advancement would position Europe ahead of competitors by achieving an
unprecedented level of safety and cost reduction. Establishing a robust technological
foundation, a skilled workforce, and the capability to manufacture competitive commercial
products would drive global demand and market adoption. The potential for the impact
of this research is non-doubtful, as it aligns with the European industrial strategy, namely
supporting clean hydrogen*® and ambitions of CHP*4. The key findings will be influential in
shaping policy, aligning with the objectives of HER*. The findings of a low-TRL research
will extend beyond maritime applications, with potential spill-over benefits for other hy-
drogen-powered heavy-duty transport sectors. By addressing fundamental challenges,
this work will contribute to the broader adoption of hydrogen as a clean energy solution
in transport and beyond.
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Overview of applications

This research will support the decarbonisation of maritime-related industries dependent
on hydrogen storage, particularly maritime applications such as hydrogen-powered mari-
time vessels and transport applications (e.g. cargo ships, bulk carriers, ferries, passenger
vessels, tugboats etc.) and port equipment (e.g. hydrogen fuel cell forklifts, terminal trac-
tors, yard trucks etc.). Additionally, it will benefit stationary applications such as HRS for
maritime vessels and onshore power supply systems.
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Introduction

The REPowerEU Strategy set out the aim of producing 10 million tonnes of renewable
hydrogen and importing 10 million tonnes of the same by 2030. By 2050, renewable
hydrogen is to cover around 10% of the EU’s energy needs, significantly decarbonis-
ing energy-intensive industrial processes and the transport sector. Thus, renewable and
low-carbon hydrogen stands as a key component in the EU’s strategy within the ener-
gy transition, net-zero, and sustainable development.” Beyond that, hydrogen must be
produced, stored, transported and distributed via efficient and sustainable technologies,
minimising or even omitting critical and strategic raw materials as well as environmentally
harmful substances while respecting strict safety rules. As solutions for this are either not
sufficiently developed or do not exist at all, production, transport, storage and usage
need intensified research and development.2

Already in 2021, the European Research Area (ERA) policy agenda identified Research
and Technology Infrastructures (RTIs) as being crucial elements of European Re-
search and Innovation (R&l) ecosystems, providing essential platforms for bridging the gap
between research and market applications.® This position is promoted by the European
Association of Research and Technology Organisations (EARTO) in its recommendations
for the implementation of an EU strategy on technology infrastructures.* In September
2024, the EC published two reports on (i) a detailed analysis of European, national and
regional initiatives, strategies and programmes addressing investments in Technology In-
frastructures,® and (i) mapping of the existing landscape of Technology Infrastructures in
clean and renewable energy technologies.®

The significance of RTls has been repeatedly underscored in strategic documents such
as the Draghi report’ (‘increased funding and stronger coordination is required to develop
world-leading research and technological infrastructures’), the Letta report® (‘a key pillar
of the fifth freedom is the empowerment of our research infrastructures’) and the Heitor
report® (‘Research and Technology infrastructures should be prioritised throughout Europe
in order to foster the European RD&I ecosystem, attract and retain researchers’). Most re-
cently, the EC Communication on ‘A Competitiveness Compass for the EU’ from January
2025 establishes competitiveness as one the EU’s overarching principles for action, so
that tomorrow’s technologies, services and clean products are invented, manufactured
and marketed in the EU. The availability of support and investment for R&l is a key issue
holding back the growth of tech start-ups and particularly for early-stage technologies
that have game-changing potential. In this context, access to research and technology
infrastructures for innovative companies is a key element.®

299






Research and Technology Infrastructures
Position Paper

Research

and Technology
Infrastructures:
Context and Status

The European Union needs to develop a robust ecosystem of infrastructures supporting
research, innovation and technology development that enable businesses to advance, scale
and commercialise their innovations efficiently. Research Infrastructures (RIs) and Technology
Infrastructures (Tls) are essential in this ecosystem, offering advanced facilities and expertise.

Rls and Tls complement each other with Rls focusing, but not exclusively so, on fun-
damental and applied research and Tls on technology development, testing, scale-up and
deployment. Additionally, companies can invest in and build industrial infrastructures
as part of their operations, which are understood as facilities developed typically with a fo-
cus on a specific product, technology or production process within an individual company,
such as industrial demonstrators.™ Thus, the capacities and services provided by Rls and
Tis, on one hand, and industrial infrastructures and demonstrators, on the other hand,
are complementary to each other by covering different steps needed for the scale up of
technologies towards industrial processes and manufacturing.

2.1 Research Infrastructures

Research Infrastructures (Rls) are facilities that provide resources and services for research
communities to foster innovation and achieve excellence in their fields. They include the
associated human resources, major equipment or sets of instruments, knowledge-related
facilities such as collections, archives or scientific data infrastructures, computing sys-
tems, and communication networks. They can be ‘single sited’, ‘virtual’ or ‘distributed’,
are usually open to external users and, where relevant, may be used beyond research, for
example for education or public services.?
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2.2 Technology
Infrastructures

Following the updated definition provided by the Expert Group on Technology Infrastruc-
tures (EGTI), Technology Infrastructures (Tls) are:™

‘(...) facilities, equipment, capabilities and resources required to develop, test, upscale
and validate technology. They enable and accelerate technological innovations towards
societal/market adoption, fostering industrial competitiveness. They provide a wide range
of capacities and services from pre-competitive applied research services, through
demonstration and validation of technology, up to small-scale production. They include,
amongst others, test beds, demonstration and testing facilities, pilot lines or living labs,
usually embedded within non-profit research and technology organisations, universities
active in technology fields or technology centres, which are open to private and public
users. They can be public, semi-public or privately owned, physical or digital. *

Examples of Tls range from facilities to develop electrolyser stacks to biogas plants, clean-
room facilities for chip production to test areas for automated shipping or road traffic safety
solutions, from wind tunnels to testbeds for multi-functional nano-composites, or from
multi-material 3D printing to thermo-plastics and industrial robotics. Regarding hydrogen,
there are, amongst others, currently two Open Innovations Test Beds (OITBs) active :
CleanHyPro™ and H2Shift’®. In addition, Tls related to hydrogen are hosted by several
RTOs in Europe and strategically analysed by the RITIFI’® project.
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Rls, Tls and industrial
Infrastructures in the
hydrogen innovation
ecosystem

In 2024, the EC launched an online survey addressed to diverse enterprise types and in-
dustrial ecosystems such as SMEs, very small enterprises and large companies, amongst
others, from the key sectors of mobility, health, aerospace and defence, digital, energy,
electronics, agri-food, and construction. While the majority of enterprises participating in
the survey (80%) declared that they use Tls, 90% of the enterprises active in the area
of electrolysers and fuel cells considered not to have adequate Tls to support
their technology development plans. Moreover, the related share of companies in the
areas of micro/nano electronics and photonics (71%) and carbon capture and storage
(70%), which are both closely linked to hydrogen, came in second and third, respectively.
The mentioned reasons for why the offer of Tl services is not sufficient were — most im-
portantly — that there are simply not enough Tls, and — secondly — that access to Tls
are too complicated for industrial users, and — thirdly — that they are inconveniently
located, wherein missing relevance for industrial needs or missing state-of-the-art were
comparably important reasons.™”

According to the enterprises, making existing Tls more visible by offering (better)
insights into their services, as well as active dissemination of up-to-date infor-
mation, would be the most important elements to increase their usage of Tls. In this
context, related inventories or roadmapping exercises to date include the mapping of the
existing landscape of Tls in clean and renewable energy technologies by the EC'8, as well
as the mapping of hydrogen Rls and Tls through Hydrogen Europe Research .

At the EU Member States level, dedicated support for Tls is currently focusing on fields
such as hydrogen, semiconductors, ICT, advanced materials, and most recently on Al'®,2°,
On the other hand, the EU Hydrogen Strategy mentions ‘pilot lines to test new solutions
or perform early product validation’ as a priority area for collaboration between Member
States and local and regional authorities?', and the proposal for a Critical Raw Materials
Act highlights the need for R&l for a sustainable materials value chain?2.

In 2024, Hydrogen Europe Research published a Research Position Paper ‘For a long-
term perspective impact of European research and industrial sectors’?®, pointing towards
the importance of RTls for ‘fostering innovation and enabling breakthrough technologies,
especially in scaling up manufacturing capacity for hydrogen-related industries’.
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3.1 Accelerating technology
development for the
hydrogen economy

The European Union needs to advance a variety of hydrogen technologies if it wants to
achieve carbon neutrality by 2050, focusing on scaling up renewable and low-carbon
hydrogen production, storage, and distribution. Thus, a wide range of different technolo-
gies, with varying Technology Readiness Levels (TRLs), has to be covered. For example
in the area of renewable hydrogen production, at higher TRLs, one focus is on water
electrolysis using renewable electricity, with a particular emphasis on upscaling electro-
lyser technologies such as Alkaline Electrolysis (AEL), Anion/Proton Exchange Membrane
Electrolysis (AEMEL/PEMEL), and Solid Oxide Electrolysis (SOEL) and Protonic Ceramic
Electrolysis (PCEL). Beyond water electrolysis, many technologies such as direct so-
lar-driven or biological processes are still at lower TRLs requiring substantial R&l efforts
to achieve commercial readiness. On the other hand, scaling up production capacity,
improving cost competitiveness, and establishing robust distribution infrastructure are
key areas requiring coordinated efforts. As such, besides the need for policy action
to improve the accessibility of RTIs, user(technology)-focused services and ca-
pabilities are necessary to improve the applicability of RTls and facilitate their
collaboration with users.

Based on a thorough literature review?* of experience rates® of low-carbon technologies,
a technology typology has been developed that explains systematic differences in tech-
nologies’ experience rates by distinguishing these technologies based on (i) their design
complexity and (i) the extent to which they need to be customised. Accordingly, energy
technologies are grouped into three types (‘Type 1/ 2/ 3’), which have significant implica-
tions, such as, for example, the way the individual technologies and their costs develop,
respectively, and therefore require different roles of national and international innovation
and deployment policies.

Based on such ‘Type 1/ 2/ 3 technologies’, Doyle et al. developed an approach to
map renewable hydrogen production plants towards a combination of these technology
types (see figure 1)%5, building on the fact that a renewable or low-carbon hydrogen
production plant essentially combines the (theoretical) simplicity and scalability of a
mass-produced technology (electrolysers) with the complexity and customisation of
an industrial-scale system. This approach may therefore act as a guideline for
the (strategic) planning and coordinated establishment of hydrogen-related
research, technology and even industrial infrastructures, and to improve their
accessibility and applicability.
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Figure 1: Green hydrogen production plant as a combination of Type 1, 2, and 3

technologies?.
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Adapted from Ramboll, “Achieving affordable green hydrogen production plants”, 2023.

Type 1 technologies: Standardised components

Type 1 technologies such as (i) electrolyser or fuel cell stacks, (i) components of mul-
tipurpose Hydrogen Refuelling Station (HRS) systems, or (i) pipeline components, are
comparably “simple” and mass-producible, and expanding production capacity will most
likely lead to cheaper products.

Studies?,?° by policymakers, trade associations and industry often assign learning curves
from the solar PV industry to predict the potential cost decline of electrolysers and ulti-
mately the cost of renewable hydrogen based on the scaling of manufacturing. A recent
academic study®® compared forecasted and actual learning rates across solar PV, Li-ion
batteries, and PEM electrolysers, and concluded that each of these technologies had
demonstrated cost declines in line with Wright’s Law (i.e. costs drop as a power law of
cumulative production). However, the PEM dataset was significantly limited.

Nevertheless, although electrolyser manufacturing capacity doubled in 2023 to reach
25 GW/yr,®" electrolysers CAPEX and levelized costs of renewable hydrogen were rising
due to other macroeconomic trends and seemingly despite those announcements.®? Given
the huge demand for electrolysers in the renewable and low-carbon hydrogen-powered
energy transition, it may still be assumed that stack components exhibit a sustained
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5-20% vyear over year decline for the next decade, depending on stack technology (AEL,
PEMEL, AEMEL, or SOEL).*

This can only be achieved if sufficient public and private investments are stream-
lined into R&l capacities, facilities and services. Related key objectives include (i)
reducing the loading factors of the most expensive/critical minerals, (i) increasing the
efficiency to reduce energy needs and footprint per unit of hydrogen production, and (iii)
improving reliability and lifetime via reducing degradation and poisoning processes.

When it comes to testing and evaluating cells and (short) stacks, there is still a huge
variety of technology concepts, devices (cell assembly, cell area, stacking, etc.) and testing
procedures. Thus, RTIs applying harmonised testing protocols, clear codes, tech-
nical regulations, standards and related Pre-Normative Research are needed to
prevent delays in technology deployment. Harmonisation and certification schemes
for hydrogen technologies and their components are required to guarantee on the quality
of the commercial and novel technologies and components.®* In this context, the STASHH
project®® developed an open standard for heavy-duty fuel-cell modules to kick-start the
use of hydrogen in the heavy-duty mobility sector, which standard has been transformed
into a pre-normative work in the IEC TC105.

Type 2 technologies: Mass-customised systems

Electrolysers or electrolyser systems are more than their stacks, and thus can be referred
to a type-2 technology that relies on a mix of mass-produced products, also called BOS
(‘Balance of System’) components, which are type-1 technologies such as stacks, recti-
fiers, switchgears, gas separators, etc. Electrolyser systems are therefore more complex
and customised than the stack inside. Moreover, the requirements for the BOS compo-
nents, such as the power electronics and water or gas purification systems, may depend
on the region, location, and project design.

Original Equipment Manufacturers (OEMs) usually develop and deliver an electrolyser sys-
tem with the required specifications, whereas the available systems (AEL, PEMEL, AEMEL,
or SOEL) can vary widely regarding BOS components. Especially power electronics such
as transformers and rectifiers have been shown to be the key limiting factor for stack and
system size, currently staying at the 2-5 MW range.®® Thus, accelerated and increased
R&l activities for these components are strongly needed.

In terms of testing and evaluation, such OEM electrolyser systems are more applicable,
since they are mostly containerised and to a certain extend ‘plug-and-play’. Challenges
for Tls often arise from the large system size, necessitating sufficient electrical
connection power, water supply and/or gas storage/usage capabilities. RTIs
should also be able to address the electrical components of electrolyser sys-
tems, especially rectifiers or even fully DC-powered systems.

Moreover, in manufacturing, these type 2 technologies require more than increased produc-
tion volume to unlock significant cost reductions, such as, amongst others, the standardisa-
tion of electrolyser offerings , comprising more integrated and cohesive solutions with better
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integrated and improved BOS components. Beyond that, electrolysers systems for very
large plants are made of several stacks/modules and, thus, the technology-specific stand-
ardisation of such stacks/modules will accelerate and accordingly reduce the costs of the
entire project lifecycle, from design and engineering to procuring the necessary equipment
and building the plant.

Type 3 technologies: Customised components for hydrogen
production plants and end-use

A renewable or low-carbon hydrogen production facility usually contains an electrolyser or
hydrogen production system, the balance of plant (BOP) components as well as multiple
process loops that connect with the outside environment (such as the water, electrical,
heat and gas streams ). These interfaces make the plants highly customised to
their specific location and thus reduce the impact of learning and scale. Moreover,
the produced hydrogen must be supplied into an offtake infrastructure such as storage
of different types (tanks, caverns, pipelines) or power-to-X processes, wherein, amongst
others, the grid interconnection, the water systems, and the gas systems including the gas
transport and storage infrastructure have to be considered.

Many of these factors interact not only with real infrastructure systems (e.g. the grid, the gas
network) but also with a cascading system of national and local laws. So, at the plant level,
technologies are so complex and customised in their design that they require collaboration
across OEMSs, developers, operators, end-users, financiers, regulators, local authorities
and governments to unify the enabling environment for these technologies.

For hydrogen production, this will require the harmonisation of certification for hydrogen
origin and regulatory frameworks for permitting and safety, the definition of interconnection
standards and tariffs, and enhanced industry coordination on R&l, maybe even based on
industrial infrastructures.

3.2 Materials development
and Al Applications

Advanced material development plays a crucial role in hydrogen technology development,
especially in type 1 technologies and e.g. storage, transportation (pipelines) or end-use
technologies. In this context, the first three R&l priorities as defined by the new Co-Pro-
grammed HE partnership ‘Innovative Advanced Materials for Europe’ (IAM4EU) are directly
addressing hydrogen production, conversion and storage.®” Moreover, recent advances in
Al show promise in generating scientific breakthroughs in areas such as materials science
where models can be trained on large datasets of existing examples.®®

In February 2024, the EC published its Communication on ‘Advanced Material for Industri-
al Leadership’, underscoring the need for more accessible Tls and better connec-
tions between existing infrastructures in different Member States.*®
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Implementation
Challenges and
Proposed Actions

@ Fragmentation Across Member States

Evidence shows that the availability of Tls in clean and renewable energy technologies
in the EU is fragmented and geographically imbalanced. There are often no overarching
coordination mechanisms to oversee investments in Tls in Europe and no roadmapping or
long-term investment planning*.

To improve cooperation and overcome fragmentation, the promotion of such infrastruc-
tures can act as vehicles for attracting and growing talent and create deep-tech in-
novation R&l ecosystems within the infrastructures and beyond (e.g. between different
types of infrastructures and/ or companies).

Regarding the hydrogen sector, Hydrogen Europe Research conducted a mapping
of RTls and set up a RI&TI Working Group*' in order to “coordinate a mapping ex-
ercise with a technology-oriented approach at the EU level, building upon national and
institutional initiatives, set up through existing structures and coordinated at the European
level’.#2' A technology-type-focused value-chain approach is promoted in order to
create structured, business-oriented ecosystems near enterprise clusters, and fostering
regional innovation. For this, the partnerships with its private partners, such as Hydrogen
Europe Research, could provide a format for future road-mapping.

@ Regulatory and Funding Issues

To ensure the sustainability of Tls in the long run, support often needs the combination of
public and private funding streams to cover various needs underpinned by relevant skills and
expertise in the planning and creation phase as well as during implementation, upgrade and
decommissioning. These funding streams can range from fully regional public funding to a
multi-level combination of different funding schemes. Tl operators face difficulties finding
instruments to cover their capital investment needs and support the operational
use of Tls for actors with lower financial capacity, such as SMEs. Moreover, outdated
and stringent regulations in high-tech sectors hinder smooth operation and access.

Under Horizon 2020, the EU invested around €1.2 billion in research and TI pro-
jects, while the European Regional Development Fund (ERDF) has provided, during the
2014-2020 programmes, over €16 billion for building or upgrading RTls. Hydrogen Eu-
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rope Research strongly encourages the European Commission to maintain and
consolidate this impetus in the forthcoming financial framework, amongst others
by creating a dedicated EU funding scheme to support large-scale investments
and operational costs of Tls and pool resources at the EU level. In addition, exploit-
ing synergies and joint investments between institutional, regional, national, European and
global funding streams can mobilize further investment in needed TIs, e. g. via the sectoral
acts proposed in the Competitiveness Compass

@® Awareness, Use and Accessibility

Many enterprises lack awareness of the Tl landscape and its benefits, resulting in underuti-
lisation of the Tls and their services. Moreover, SMEs and startups, particularly in less eco-
nomically developed regions, encounter significant barriers to accessing Tl resources. These
barriers include high usage fees, lack of geographical proximity, and insufficient awareness
of available facilities. Finally, ambiguous and diverse access rules discourage engagement
with Tls, wherein concerns about intellectual property (IPR) protection and data security
further deter users, especially those worried about the risk of misappropriation.

Under Horizon 2020, around €21 billion were allocated to research and innovation sup-
port services that foster the exploitation and development of technologies, in particular
by SMEs*:. Hydrogen Europe Research strongly encourages the European Com-
mission to maintain and consolidate this impetus in the forthcoming financial
framework, and to foster SMEs’ access to RTls by enhancing and incentivising
the use of support instruments.

To improve the awareness, each Rl and Tl should provide clear and transparent infor-
mation on the infrastructure, its standardised services, and the support that can be
provided. This would enable enterprises, particularly SMEs, to learn about Tls outside
of their field of expertise and about available funding opportunities. Moreover, these
infrastructures should provide training for SMEs on innovation management, technology
transfer, IPR and data management.

Rils and Tls should be developed and organised on the basis of a technolo-
gy-type-focused value-chain approach, ideally in the form of joint infrastructure
frameworks between different types of infrastructures, to create structured, busi-
ness-oriented ecosystems near enterprise clusters and industry infrastructures,
and fostering regional innovation.

The digitalisation of infrastructures will be enabled by Al, and remote testing and simula-
tion platforms can help to overcome physical barriers and expand access to distributed
facilities as long as they are fully implemented in the communication and access strategy.

@ Market Alignment and Adaptability

Some RIs and Tls service offerings may not fully align with end-user needs, leading to a
gap with market demand, thus lacking clear, industry-aligned business models, resulting
in inefficiencies, fragmented efforts and inadequate services. Related pricing models often
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fail to address SMEs and start-ups financial constraints, creating further access barriers.
This is particularly true in fast evolving technology fields, where rapid technological ad-
vancements require adaptable infrastructures and well-trained staff.

Go-to-market strategies should be developed, prioritising industry engagement to drive
commercialisation and innovation. A business-oriented R&D approach should be cho-
sen that is agile and responds to changing market demands. Seamless collaboration
between technology providers and end-users should be established to improve the
pathways of Rls towards industry. For a forthcoming European coordination body on
Tls, the perspective of industry as Tl users and research community as Tl operators must
be safeguarded. Hydrogen Europe Research strongly encourages the European
Commission to support this by European funding instruments such as the collab-
orative projects in HEU Pillar Il.
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Summary

Renewable and low-carbon hydrogen technologies require the development of Research,
Technology, and Industrial Infrastructures to bridge the gap between research, innovation,
and market adoption, thereby reducing the time-to-market for innovative solutions and
enhancing Europe’s industrial competitiveness.

Yet many companies lack knowledge of the facilities and services they could use to develop,
validate or scale up their technologies, or face barriers in accessing them. Despite growing
demand, existing infrastructures are often insufficient, difficult to access, or poorly aligned
with industrial needs. This limits the ability of enterprises — especially startups and SMEs —
to develop, test, and scale breakthrough technologies.

To accelerate progress, the European Union must build a more connected and respon-
sive ecosystem that supports the full development cycle of hydrogen technologies, from
research to commercial deployment. This includes improving visibility and accessibility
of infrastructures, strengthening collaboration across regions and sectors, and ensuring
regulatory and funding frameworks that are fit for purpose.

By aligning infrastructure investment with R&l and market needs, fostering innovation eco-
systems near enterprise clusters, and simplifying access and support for companies, the
European Union can unlock the full potential of hydrogen technologies. This will not only
drive competitiveness but also contribute meaningfully to the EU’s climate and energy goals.
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