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Abstract

Low-temperature electrolysis technologies, namely alkaline electrolysers and proton-exchange
membrane electrolysers are in the front run for large-scale deployment in industrial electrolysis
applications. Newcomers in the field are anion-exchange membrane electrolysers. All of them still
have knowledge gaps that need to be filled which is addressed in this document by making use of a
30 kW low-temperature electrolysis test bench for examination of stacks.

This report contributes to the European Commission's objective of accelerating the European
hydrogen economy by rapidly scaling up electrolyser deployments to produce green hydrogen from
renewable energy sources. In line with the ambitious targets set by REPowerEU and the European
Union Clean Industrial Deal (COM(2025) 85 final), it is essential to address key knowledge gaps
regarding electrolyser performance, lifespan, and durability, as well as pressing environmental and
safety concerns, in a timely manner.

Specifically, this study examines how to leverage a newly acquired testing facility for Proton
Exchange Membrane Electrolysers to strengthen the Joint Research Centre's support for the
European Union's hydrogen policy agenda and address stack performance and long-term durability
under intermittent real-world renewable power profiles, safety limits at low partial loads, and the
environmental impact of membrane-derived PFAS residues.
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1 Introduction, objective and scope of this document

The production of clean hydrogen (H,) is a top priority on the EU political agenda as a means of
decarbonisation. Electrolysers are fundamental in minimising the carbon footprint of H, production,
as they use water as raw material and can be powered by a renewable energy supply system, such
as photovoltaics or wind turbines. The delegated act on the Renewable Energy Directive (RED) Il (EU
2023/2413) (European Parliament and Council of the European Union, 2023a), namely the
Commission delegated regulation on Green House Gas (GHG) emissions for renewable fuels of non-
biological origin (RFNBO) (EU 2023/1185) (European Commission, 2023) addresses this important
topic. There are numerous unresolved questions that need to be addressed at H, production level,
such as energy consumption, long-term degradation, water quality requirements for electrolysers,
responses to intermittent renewable energy sources (RES), and protocols for operation under
minimal load, all of which are linked to the achievable market cost of renewable H,. While
renewable H; holds great promise as a solution to global energy challenges, its integration into
existing energy systems is facing significant challenges. H; has the potential to be used for
generating electricity via fuel cells, as a feedstock for industry, for fuelling vehicles, and for heating
homes and businesses, as well as serving as an energy storage solution for longer periods,
accommodating seasonal variations in energy generation and demand.

Currently, China is the global leader in electrolyser manufacturing according to the Clean Energy
Technology Observatory (CETO) 2024 ‘Water electrolysis and hydrogen in the European Union’
(Bolard et al., 2024). The European Union (EU) and the United States of America (US) have
ambitious plans to become the global leader in electrolyser manufacturing within a few years and
potentially take a stronger role on the global market. This aligns with the European Commission's
(EC’s) new priority on ‘A new plan for Europe’s sustainable prosperity and competitiveness’. In the
political guidelines 2024 - 2029 (Communication European Commission: von der Leyen, 2024), it is
stressed that the goals of the European Green Deal (European Commission, 2019) remain on
course. In particular, it needs to be ensured that the electrolyser products deployed in Europe are of
high quality, thereby not being undercut by foreign suppliers outside Europe. Therefore, establishing
methods and standards to objectively assess the quality of electrolysers in terms of performance,
safety and environmental impact is crucial to protect the EU market from cheaper but lower-quality
and less efficient electrolysers. This will also support and boost EU producers, facilitating knowledge
retention within the EU. Policy actions like the Net Zero Industry Act (NZIA) and the Hydrogen Bank
Auction (EU 2024/1735) (European Parliament and Council of the European Union, 2024) clearly
target the competitiveness and resilience of this industrial sector. Indirectly, such actions also result
in job growth, as water electrolysers are an emerging technology with significant potential for
development. Maintaining leadership in the development of electrolysers is essential for advancing
decarbonisation efforts and ensuring future security of EU supply.

Given the ambitious targets of the REPowerEU plan for electrolyser deployment, namely to increase
the EU manufacturing capacity tenfold to 17.5 GW per year (European Commission, 2022), it is
crucial to fill knowledge gaps in a timely manner regarding the performance, lifetime and durability
of electrolysers. In addition, it is important to be able to objectively compare different electrolysers,
especially considering that the electrolysis process can be performed with various technologies.
Assuming an average energy consumption of 51 kWh/kg H,, full usage of the installed capacity and



60%-time availability (~ 5250 h) (*), this would result in ~ 1.8 Mt of renewable H, produced on
average per year. These numbers fit well to the publicly available dataset of H, production from the
International Energy Agency (IEA), reporting about 3 Mt assuming full-time availability (8 760 h)
(IEA, 2024). The new EC priorities for renewable H, production set to decarbonise the EU economy
are, among others, a 90% emission-reduction target for 2040, investing in clean energy
infrastructure and technologies as well as activating and extending the aggregated demand
mechanism to go beyond gas and include H, together with Critical Raw Materials (CRM) in the
proposed Clean Industrial Deal (European Commission, 2025). Furthermore, a new chemical industry
package providing clarity on ‘forever chemicals’, per- and polyfluoroalkyl substances (PFAS), should
be put forward within a circular and resilient economy (?).

Taking into account the above-mentioned policy context, this report aims to contribute meeting
these priorities with a customised low-temperature electrolyser test bench installed on the JRC
Petten premises, see Figure 1. The equipment is designed to test up to 30 kW Proton Exchange
Membrane Electrolyser (PEMEL), 30 kW Anion Exchange Membrane Electrolyser (AEMEL) and 30 kW
Alkaline Electrolyser (AEL) stacks with a pressure outlet adjustable up to 30 bar. Further details of a
possible stack to be used can be found in Section 3.1 of this document. Single cell tests for up to
0.5 kW of PEM and AEM electrolysis can also be provided, see Figure 2. An overview of the low-
temperature electrolysis applications concerned in this document is described in a previous JRC
technical report, Sections 2 (Tsotridis and Pilenga, 2021) together with elaboration on technical
terms (°).

The JRC has long lasting expertise in developing testing protocols for low- and high-temperature
electrolysis together with a large working group of experts across Europe under the auspices of the
Clean H; JU. In addition, the investigation of PFAS content in wastewater has recently become an
important sustainability issue for the widespread deployment of electrolysers. The newly acquired
30 kW test bench can help filling such knowledge gaps as it will be possible to take water samples
from all possible water streams to and from the low-temperature electrolyser. The report discusses
assessing low-temperature electrolyser stacks performance and durability with validating
established harmonised testing protocols (Malkow, Pilenga et al., 2018; Malkow and Pilenga, 2023,
2024; Tsotridis and Pilenga, 2021). The implications of using PFAS within the PEMEL technology are
determined with respect to lifetime, performance and water contamination. A major obstacle lies in
the intermittent nature of solar and wind power, which are essential for producing renewable H,.
This intermittency often requires careful alignment with energy demand, making it a complex task
to ensure a reliable and consistent supply of renewable H, while ensuring a durable and reliable
behaviour of the low-temperature electrolyser over the years of operation. Therefore, a real-world
laboratory setup should be tested with low-temperature electrolyser(s) directly connected to RES
and monitored for degradation behaviour over time. A harmonisation approach for determining a
cut-off voltage in scientific literature is presented.

(*) According to the goals of the Strategic Research and Innovation Agenda (SRIA) 2024 for low-temperature
electrolysers of the Clean Hydrogen Joint Undertaking (Clean Hz JU)

(3) https://commission.europa.eu/priorities-2024-2029/competitiveness _en (last accessed: 24/02/2025 at 11:24)

(®) A thorough definition of technical terms in this report can be found in ‘EU harmonised terminology for hydrogen
generated by electrolysis’ (Malkow et al., 2021). The reader is encouraged to consult as well the terminology section
of the supplementary and published reports (Malkow, De Marco et al., 2018; Malkow, Pilenga et al., 2018; Malkow
and Pilenga, 2023, 2024).
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Figure 1: 30 kW test bench for low-temperature electrolysis stack tests in the JRC Petten.
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Figure 2: 0.5 kW test bench for laboratory-scale proton exchange membrane electrolysis tests in the JRC
Petten.
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Source: JRC elaboration, 2025

All proposed test procedures are designed with the focus on pre-normative research, verification
and validation activities, using JRC testing protocols. This also supports standardisation and
harmonisation efforts in Europe for producing clean H, through water electrolysis. It is crucial to
validate the current testing protocols, a role that the ELTEST lab can fulfil, also in collaboration with
external partners. In the case of single cell tests, preferably none-alkaline solutions (pure water)
should be used only with the test bench. Outputs generated from the Electrolysers Testing Facility
(ELTEST) laboratory can help bridge significant gaps, listed below briefly in the introduction and



explained in detail in Section 2. The outputs will improve understanding of what low-temperature
electrolysers can achieve and where low-temperature electrolysers can be most effective in
meeting policy and market needs. This set of experimental setups allows realistic evaluation on
performance, durability and safety of electrolysers, which are critical assets to generate renewable,
clean H; by direct coupling of electrolyser systems to renewable sources.

The discussed experiments of this work programme tackle various, important parameters for the
low-temperature electrolysis technologies. All of them contribute to the levelized cost of hydrogen
(LCOH). Figure 3 provides an illustration of interdependent actions and parameters to be
considered for an optimisation of the LCOH in the example of a dynamically operated PEMEL. The
illustration is representative for all other low-temperature technologies as well. The goal is to lower
the LCOH of green H, to make it cost-competitive for the energy market in Europe. Therefore, all the
parts contributing to the LCOH need to be understood and optimised.

Figure 3: Actions and parameters to be considered for optimised levelized cost of hydrogen given in the
example for dynamic operation of a proton exchange membrane electrolyser.
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The following verbal forms are principally used as follows throughout the report:
e “shall” indicates a requirement
e “should” indicates a recommendation
e “may’ indicates a permission and
e ‘“can” indicates a possibility or a capability

Reference herein to the Systeme International d’Unités (SI) coherent (derived) units include, as
appropriate, metric prefixes of the concerned unit. Decimal fractions are denoted by point. Alongside
Sl units, non-SI units may be used when customary.



2 Background: Knowledge gaps for low-temperature electrolysers

State-of-the-art research on electrolysis with higher technology readiness level (TRL) focuses on the
PEMEL, the AEL and the AEMEL. While the high-temperature Solid Oxide Cell (SOC) technology is
also becoming commercially available, it is not as widely present in industrial applications as low-
temperature technologies. The current market deployment state of AEMELs is comparable to the
SOC technology, it is becoming available but not in large quantities. With the planned large-scale
deployment of commercial systems, research interest is shifting from single cell tests to stack and
system tests of electrolysers, leaving open questions about safety aspects or efficiency under
intermittent power supply of these larger systems. The gaps are grouped in four topics to be
addressed in the next subsections together with possible mitigations: performance comparison,
safety, durability and sustainability.

2.1 Performance comparison

To compare the different low-temperature industrial stack electrolysers in the market, an objective
performance measurement comparison for each technology deployed is necessary. Research
organisations that focus on optimisation can rely on self-designed stacks or systems, which may
not be relevant for industrial purposes due to the high cost of materials and methods used. If the
decision is made to purchase a system instead of fabricating one in-house, this is usually done
from a single manufacturer. To the best knowledge, there is currently no scientific literature that
compares different low-temperature electrolysis industrial stacks. Such a comparison would
facilitate a more informed evaluation of an electrolyser stack / system design approach to achieve
optimal performance, durability, cost-effectiveness and safety across various regions worldwide.
Current issues that are looked at in this report include the composition and thicknesses of
membranes and membrane electrode assemblies (MEAs), hydrogen crossover, and different modes
of operation.

For the PEM in industrial applications, the main dominant membranes are Nafion® and Aquivion®
based, with the latter being frequently used in recent years. Both have been studied for PEM in
electrolysis and fuel cell mode. Comparative studies of these two membranes have been carried out
by Siracusano et al. (2014), Mugtasimova et al. (2018) and Park et al. (2022). While not claiming to
be exhaustive, these studies conclude that Nafion® shows superior performance over Aquivion® for
the operating conditions in electrolysis mode. The studies are almost over a decade old and may
require an update to reflect current developments on larger device scales. For the fuel cell mode,
Ivanchev et al. (2015) and Li et al. (2020) concluded that Aquivion® is better suited. The
identification of further upcoming, commercially viable membranes should be carried out, in which
the dominant membranes or MEAs could be compared. This would enable the identification of
promising market technologies, which could be communicated independently to accelerate decision-
making processes for manufacturing scale-up.

Another investigation of interest is the search for membranes that minimise the probability of H,
crossover which in turn increases efficiency. Several publications have reported different crossover
problems for various membrane thicknesses or types (Siracusano et al., 2023). Opinions in literature
diverge when discussing the relationship between, for example, H, crossover and membrane
thickness. For commercially available membranes, it is known that thicker membranes are less
likely to experience crossover (Briguglio et al., 2019). However, this relationship is not
straightforward, as H. crossover also depends on the operating conditions. For thick membranes, H,
crossover can still increase with higher temperatures or higher differential pressure between the
anode and cathode. Moreover, increased current densities can enhance H, crossover (Trinke et al.,



2017a). Membranes with introduced scavenger particles, such as Ce-Si0,-S0sH (Siracusano et al.,
2023), tend to show less H, crossover and higher performance even with identical membrane
parameters (e.g. thickness). Current membrane producers include AGC (%), Agfa (°), Astom (°),
Chemours (7), Dioxide Materials (&), Fumatech (°), Gore (1), Hydroyal (*!), lonomr (}2), lonysis (*3),
Solvay (**), TailorMem (**) and 3M (*€). This list is not exhaustive but serves as starting point for
possible membranes and MEAs to be tested by a design of experiment (DoE) study connecting
membrane thickness and operating conditions (temperature, pressure) with the technical output
parameter (TOP) H, crossover.

It is recommended to investigate the impact of intermittency on electrolysers when integrated into
the grid and / or directly coupled to renewable energy sources. The electrolysers utilise excess
power generated by renewables that would otherwise need to be stopped to maintain grid
frequency. Different time scenarios exist for intermittency considerations: short-term (seconds to
minutes, caused by sudden changes in weather conditions), mid-term (from days to weeks) and
long-term (from months to years, seasonal changes) (Nguyen et al., 2024). Currently, freely
available power profiles have an hourly data resolution (Gonzalez Aparicio et al.,, 2017) or may be
available at 15-minute intervals. However, this does not reflect real-world conditions when the
electrolyser is directly coupled to a renewable power source. Therefore, data resolution should
preferably be < 1 minute in power profiles.

2.2 Safety

For low-temperature electrolysis technologies, it is known that safety issues can occur in the form
of H, crossover (Afshari et al,, 2021; Dang et al., 2022; Fahr et al., 2024; Schalenbach and Stolten,
2015; Ye et al., 2018) and oxygen (0) crossover (Martin et al.,, 2021; Trinke et al, 2017b). The
higher the H; crossover, the higher the chance of creating an explosive mixture of H; in O, at the
anode which should be avoided. H, crossover occurs more frequently at low partial loads of
electrolysers. For alkaline electrolysers, minimum loads are typically 10 — 40% of their nominal
capacity (Haug et al., 2017). Operating below this range poses a safety risk. An indicator for the risk
level can be given by the measured hydrogen-to-oxygen volume fraction (de Groot et al., 2022).
Industrial manufacturers currently recommend minimum applicable partial loads within this range
for AEL. In the case of PEMEL, industry recommendations vary, with the lowest partial load

(*)  https://agcce.com/applications/membranes/ (last accessed: 11/02/2025 at 17:38)

(®) https://www.aagfa.com/specialty-products/solutions/membranes/separator-membranes-for-alkaline-electrolysis/ (last
accessed: 28/02/2025 at 11:21)

https://www.astom-corp.jp/en/ (last accessed: 28/02/2025 at 11:42)
https://www.chemours.com/en (last accessed: 19/09/2024 at 15:29)
https://dioxidematerials.com/ (last accessed: 15/04/2025 at 15:42)
https://www.fumatech.com/en (last accessed: 19/09/2024 at 15:30)
) https://www.gore.com (last accessed: 11/02/2025 at 17:38)
) https://hydroyal.com/ (last accessed: 19/08/2025 at 15:03)
) https://ionomr.com/ (last accessed: 28/02/2025 at 11:32)
(**) https://www.ionysis.com (last accessed: 19/09/2024 at 15:32)

)

)

)

https://www.solvay.com/en (last accessed: 19/09/2024 at 15:28)
https://tailormem.com/ (last accessed: 15/04/2025 at 12:31)
https://www.3m.com/3M/en_US/membrana-us (last accessed: 19/09/2024 at 15:31)
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applicable ranging from 5 - 10%. The difference between minimum loads for AEL and PEMEL can
be explained by the included MEA for PEMELSs. It gives a stronger support and better separates the
electrodes, thereby minimising the drag of hydrogen to the anode at lower loads which is less
possible in case of AELs.

Along with the safety aspect associated with H, crossover comes the question of how safe the
operation of PEMEL is in the event of a sudden power outage. For this reason, dedicated tests with
power disruption should be conducted while measuring the necessary operational parameters to
ensure a stable and safe environment for the PEMEL. To the best knowledge, no study has been
reported on this topic to date.

Regarding safety standards, only ISO/TR 15916:2015, which covers ‘Basic considerations for the
safety of hydrogen systems’, has been published, and a new version, ISO/AWI TS 15916, is currently
under development, in the preparatory phase (*’). This document discusses the basic properties of
H., as well as its hazards and risks, but does not address how these might evolve in terms of
technology. An update to the ISO 22734 standard, which refers to H, generators, particularly low-
temperature technologies, is forthcoming. Currently, this standard considers H, generators in
general, providing recommendations for related standards, requirements for their operation, and
specified test methods for these requirements. ISO/FDIS 22734-1 reports on general requirements,
test protocols, and safety requirements of H, generators using water electrolysis. A clear safety
standard is essential, as it can serve as a quality measure for the product. In addition to a safety
standard for electrolysers, gas analysis must be performed, and gas sampling should be
standardised and established within a testing protocol. The intended ISO/TS 22734-2, ‘Hydrogen
generators using water electrolysis Part 2: Testing guidance for performing electricity grid service’
has been cancelled but is to be restarted under ISO TC 197 SC 1 WG 4 in 2025. Most existing
standards concern fuel cell applications. There are systems with reversible operation capability, like
the high-temperature SOC (Peters et al,, 2023). This means that no change in materials is required
when switching between fuel cell and electrolysis mode. The associated standard for fuel cells (e.q.
IEC 62282-3-100 for high-temperature applications) might need none to only few adaptations.
However, this is not the case for low-temperature technologies, as they typically require different
catalyst materials for each mode of operation. Consequently, existing standards for fuel cells
cannot be directly applied to electrolysis applications. Currently, the following standards are in
place:

e |EC 62282-2-100: Fuel cell modules - Safety
e |EC 62282-3-100: Stationary fuel cell power systems — Safety

e |EC 62282-4-101.: Fuel cell power systems for electrically powered industrial tracks —
Safety

e |EC 62282-5-100: Portable fuel cell power systems — Safety
e |EC 62282-6-100: Micro fuel cell power systems — Safety

e |EC 62282-6-101: Micro fuel cell power systems — Safety — General requirements

(*) Updates on the new version of ISO/TR 15916:2015 can be found in: https://www.iso.org/standard/89423.html (last
accessed: 05/08/2025 at 9:43)

11


https://www.iso.org/standard/89423.html

These standards are not related to field operation of electrolysers but can be a reference for their
future electrolyser equivalents. In case of low-temperature electrolysis, lessons learnt from the fuel
cell systems can be adapted and further improved when drafting a standard for electrolysers.

2.3 Durability

An aspect related to the performance of the cell is the loading of the membrane with CRMs. Several
studies have been conducted comparing the performance of PEMEL with different orders of
magnitude of Ir loadings. Rozain et al. (2016) tested loadings of the anode between

0.1 - 2.6 mg/cm? Ir0,. Performance was found to improve until a saturation loading of
approximately 0.71 mg/cm? IrO,, beyond which no further improvement could be observed. This
finding is applicable to Nafion 115 with a 0.25 mg/cm? Pt/C loading at 80°C. Furthermore, Sanchez
Batalla, Laube et al. (2024) investigated long-term performance with 3D-printed electrodes and low
catalyst loadings for the anode and cathode sides. Lower loadings of the anode catalyst were found
to noticeably worsen cell performance, even though the decrease in loading was only in the range
of 0.06 mg/cm? from an absolute maximum value of 0.263 mg/cm?. For cathode catalyst loading, a
reduction of approximately 50% in Pt loading did not alter the performance noticeably. An open
question remains regarding what the viable minimum (optimum) cathode catalyst loading is, while
maintaining performance and durability of the PEMEL. Further investigation should focus on the
anode catalyst loading with the same goal to reduce the amount used to a viable minimum.

With the higher research interest in the AEMEL, which combines both positive aspects of AEL (low
costs, long-time experience and noble materials are not required) and PEMEL without the need of
precious metals, comparison measurements for stack or system performance should be carried out.
This also helps to verify the harmonised testing protocols for performance measurements written
by the JRC for the different low-temperature electrolysis applications (see the beginning of Section
3.3). Every performance experiment depends on the specific type of membrane and electrode used,
and their respective thicknesses. Setting up an operating map of low-temperature electrolysis
performance with respect to variations in membrane thickness, dependent on the materials used,
could be useful. This measurement series will take a longer time, unless a test bench with parallel
measurement setups is available. An overview of state-of-the-art commercial AEMEL membranes
helps to sort the test matrix (Henkensmeier et al., 2021): degradation generally scales with the
concentration of OH™ ions which in turn is reached with a not fully humidified membrane.
Furthermore, AEMEL can benefit from measurements done with pure water only, as this might be a
future research goal. This approach avoids the use of alkaline solutions and increases the level of
safety in situations like a leakage of alkaline electrolyte. Although the performance is still low

(0.4 Alcm? @ 1.8 V (Leng et al., 2012) as highest value in the review listed for de-ionized water, still
using Ir0; as anode and Pt black as cathode catalyst), a reference measurement should be taken to
set a benchmark for non-alkaline electrolyte usage in AEMEL as comparison to state-of-the-art
alkaline AEMEL operation.

2.4 Sustainability

Reports have been published highlighting the potential of PFAS in various everyday products to
cause severe environmental and health issues in future (Rahman et al,, 2014; Sharma et al,, 2024).
As PFAS are present in low-temperature electrolyser membranes for durability reasons, which are
generally exposed to water, it is essential to conduct a thorough study on the release of PFAS from
membranes under long-term operation and its impact on performance. Although a complete ban on
PFAS is still being discussed within the EC and the European Parliament (EP), the technology is likely
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to be deployed on a large scale within Europe as part of the ambitious REPowerEU Plan (European
Commission, 2022). Therefore, regardless of the outcome of the political debate, measuring PFAS
release in low-temperature electrolysis technologies is necessary to better assess the
environmental impact of their large-scale deployment. In addition to evaluating PFAS release, metal
ion detection can also be performed. This allows for the identification of whether corrosive reactions
occur on the electrodes’ surrounding materials (e.g. bipolar plates, end plates) or whether
membranes containing scavengers for rapid humidification degrade over time. Furthermore, a
possible correlation between PEMEL performance and PFAS release rate should be investigated.

Another research gap exists for the operating conditions of PEMELs. They require high-grade
purified water to ensure durability for thousands of hours of operation. Few publications have
attempted to investigate the use of non-purified tap or even seawater for the electrolysis process
(Grimmig et al,, 2022; Guo et al,, 2023). These studies focused on small-scale applications and
reported outcomes, such as carbonate formation, which decreased performance when using tap
water instead. In the case of seawater, stable operating conditions were observed for 100 h at an
applied current density of 0.5 A/cm?, although this cannot compare to industrial-scale operations. A
comprehensive overview about existing studies and future scenarios for seawater electrolysis are
given in the report ‘Hydrogen production via seawater electrolysis’ (Serafini et al.,, 2025). It may be
worth monitoring ongoing research projects to determine the extent to which water can be non-
purified while still maintaining stable and durable operating conditions. Progress in this area could
lead to disruptive innovation. There is potential to reduce the initial energy demand for desalination
and purification steps. Recent advancements in China have been reported in the review article from
Wu et al. (2025). The authors claim that natural seawater electrolysis still encounters higher
overpotentials than alkaline natural seawater electrolysis thereby not achieving sufficient industrial-
grade current density for the application. Oxygen evolution reaction selectivity needs improvement
and overall corrosion resistance of the electrode materials needs to be increased. Current seawater
electrolysis cells face scalability limitations and require highly selective catalysts to suppress e.g.
unwanted chlorine reactions. Offshore-wind projects are pivotal for the system-level integration of
direct seawater electrolysis as stability challenges can be addressed such as intermittent
fluctuations, waves, temperature variations and mechanical stresses (Wu et al,, 2025). Recent
results presented during the International Conference on Electrolysis (ICE) in August 2025 at the
poster session revealed in a personal conversation that direct alkaline seawater electrolysis faces
less to no degradation (stable U-j characteristic) with the use of 30 wt.% KOH compared to 1M KOH
as anolyte if plotted against the variation in KCl concentration (0 — 1M). There is still significant
room to investigate for the scale-up and integration of direct (alkaline) seawater electrolysis.

In the meantime, research into the second and third generation of electrolysers is driven forward. It
is important to consider the end-of-life of previous generations of electrolysers. Due to the valuable
CRMs in electrolysers and their scarcity, a recycling strategy is necessary (Bolard et al., 2024). The
recycled materials could be used for new generations of electrolysers. The research question is
whether this would result in similar, better or worse performance for the new generations. This will
be included in the experimental investigation provided that such devices exist on industrial relevant
scale.
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3 Anticipated work programme for the electrolyser testing
equipment

The new test bench will enable the JRC to increase its testing capacities by one order of magnitude,
up to 30 kW from current testing capacity of up to 500 W. This will allow for the testing of
industrial-scale relevant stacks that form parts of even larger system applications for electrolysers.
The core that needs to be understood better is the stack leading eventually to MW-scale systems.
These large-scale systems are modularly set up with a stack forming the integral part. Multiple of
them connected in parallel then allow for MW-scale system installations. Therefore, addressing the
most pressing questions of low-temperature electrolyser stacks is of utmost importance.
Specifically, the current focus within the ELectrolysers and HYdrogen GRid for European greEN deal
(ELHY-GREEN) project is on addressing the new priorities for renewable H, production set by the EC
to decarbonise the EU economy. The new test bench will enable to:

— test various new designs of low-temperature electrolysers

— collect water samples for further analysis of PFAS or metal ion release that may cause
contamination of the water

— apply various harmonised protocols for performance or degradation testing and establish
benchmarks for electrolyser stacks

— continue supporting the Clean H; JU for standardisation and harmonisation measures

— set criteria for safe operation regimes that can also serve as quality requirements for stacks
and system applications (e.g. grid balancing).

The last point extends the discussion to the balance of plant for the performance and safety
measures at system level. It is difficult to simply extrapolate the findings for the system
perspective from insights of the results from electrolyser stack experiments. Nevertheless,
components like a chiller, a water purification system, gas/water separators and pumps are included
in the test bench. Their sizing is nonetheless only adapted to the supply for a 30 kW electrolyser
stack. Safety criteria should be comparable to the system perspective as they depend on threshold
levels that apply to both, stack and system level. For the sizing of balance of plant components, no
further recommendations can be given.

3.1 Validation of the 30 kW test bench

The test bench must be installed on the JRC premises and validated against its technical
specifications. Therefore, a 30 kW PEMEL stack is available for use, with the technical specifications
listed in Table 1. Using their stack, all functionalities of the test bench will be validated. The tests
are organised in three different stages, summarised in Sections 3.1.1-3.1.3. After checking each
of the items listed in Sections 3.1.1-3.1.3, initialisation tests for the stack’s capabilities can
follow, as outlined in Section 3.1.4.

Table 1: Technical data for the 30 kW proton exchange membrane electrolysis stack.

General Information 30 kW PEM electrolyser stack
Number of cells 34

Operating temperature 65°C - 85°C

Stack current 184 A-4045A
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General Information 30 kW PEM electrolyser stack
Stack voltage @ 70°C, 1 bar 5046V -7053V

Stack voltage @ 70°C, 40 bar 5242V -7139V
Connected Load & 70°C, 1 bar 0.93 kW - 28.53 kW
Connected Load & 70°C, 40 bar 0.96 kW - 28.88 kW
Length 0.6m

Width 0.3m

Height 0.29m

Mass ~ 136 kg

Water Supply

Pressure maximum 1.5 bar

Flow rate minimum (BoL) 40 l/min

Flow rate 90 l/min

Temperature difference between input and 5K

output maximum

Quality ISO 3696 type 1
Hydrogen production

H, production maximum 95.86 NI/min = 5.75 Nm3/h
Pressure maximum 44 bar

Quality 100% H,0 saturated
Oxygen production

0, production maximum 47.93 NI/min = 2.88 Nm?3/h
Pressure ambient

Quality 100% H,0 saturated

Source: JRC elaboration, 2024

3.1.1 Safety check functionalities at the test bench
Satisfactory operation of safety chains shutdown is reached in the event of:
— Gas crossover

— System gas leak

— Voltage limit reached

— Pressure limit reached

— Loss of extraction fan operation

— Release of overpressure by safety valve

— Emergency button operation

— Computer disconnection / computer control loss

3.1.2 Mechanical and electrical functionalities at the test bench

The following check-ups refer to the agreed upon technical specification as published in the notice
of tender:

— Water purification system delivers demineralised water with a quality of < 10 puS

— Water purification in the recirculation loop delivers demineralised water with a quality of < 1 pS
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— Sensor read of the conductivity measurement for purified water yield is reasonable (the reading
interval is at least 0.1 pS/cm)

— Sensor read of the pressure measurement is reasonable (1 — 50 bar(g) with + 0.5% F.S.)
— Sensor read of the temperature measurement is reasonable (20 — 100°C with + 0.4°C)
— Sampling points for water extraction are operational and accessible

— Power supply lines for each electrode work appropriately

— Cell voltage monitoring has a + 1 mV accuracy

— Venting / exhaust lines for each electrode work appropriately

— Gas tightness of the system

3.1.3 Operational parameters reached for the planned experimental work
programme

The following check-ups refer to auxiliary devices to the test bench ensuring that the promised
available operating range for possible stress tests of the stacks can be reached, namely:

— Power available to be supplied to the stack can be reached stepless up to the maximum

— Pressure can be built up by the internal circuit of the test bench up to the maximum when
connected to a stack

— Temperature with a chiller unit can be reached within the promised operating range

— Impedance spectra can be recorded while connected to a stack (idle or under load) in the
frequency range 1 mHz - 10 kHz, 0 — 10% of direct current (DC) range with synchronous
simultaneous multichannel DC and electrochemical impedance spectroscopy (EIS) measuring
system

— Hydrogen and oxygen outlet mass flow reader work appropriately

— Hydrogen and oxygen water residual content sensors work appropriately (dew point below 5°C)
— Power meters are working on pump’s supply

— Power meters are working on heater

— Flow and input-output temperature of the pipe in the pipe heat exchangers allow for
calorimetric calculation

— Pressure and temperature in and out from the cell plus the flow measuring system on both
cathodic and anodic side

— Data sampling with 1 Hz and 100 points per second for U-j characteristics

— Operating parameters can be changed once or multiple at a time within reasonable limits
without causing a shutdown or critical state of the system
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3.1.4 |Initialisation tests for the 30 kW Proton Exchange Membrane Electrolyser
stack

The following test protocols should be used for initialising the PEMEL stack while adjustments and
changes in the plan can be made if deemed necessary:

i) 7.3 Performance assessment with the associated test output parameters under
reference and under stressor conditions (Tsotridis and Pilenga, 2021) (p. 79 f.)

ii) 8.4.1 Identification of system power range (Tsotridis and Pilenga, 2021) (p. 104 f.)

iii) 8.4.6 Cold start time to nominal power test protocol (Tsotridis and Pilenga, 2021) (p.
109 f)

iv) 8.4.5 Time at maximum system power (Tsotridis and Pilenga, 2021) (p. 108 f.)

It is essential to establish the correct settings before starting the experiments. For a PEMEL stack,
these settings can be found on p. 42 ff. under Section 5.1, (Tsotridis and Pilenga, 2021). Although
the tests mentioned in Section 8 of the same document refer to experiments of low-temperature
applications, for their suitability for grid balancing support, they can also be considered for
validation purposes. The evaluation of the results should be followed by the recommendations and
considerations given in Section 8.4.8 and Section 8.4.9 of the mentioned technical report.

After the initialisation tests, the stack employed will be used for a Round Robin exercise, detailed in
Section 4.1. There are two possible options for the proposed work programme in this section:

i) after a successful Round Robin exercise, the stack will be returned to the JRC and, if still
of comparable performance, used for the proposed tests

ii) a second stack will be purchased and used in parallel to the Round Robin exercise

The decision between the two options depends on the available budget for consumables. In any
case, a fresh off the shelf stack will be supplied for the Round Robin exercise to secure highly
reliable results.

3.2 Support for standardisation activities

The JRC is involved in several working groups in the International Standard Organisation (ISO) and in
the International Electrotechnical Commission (IEC), which are responsible for issuing internationally
agreed standards. These standards provide technical frameworks for governments, facilitating the
decision-making process for large-scale infrastructural investments and enabling the development
of a high-quality and safe infrastructure. In the long run, they aim at limiting associated
environmental impacts from low-temperature electrolysis applications and support policy goals,
named in Section 1. The JRC’s contribution focuses on supporting the development of standards in
the fields of fuel cell and electrolyser applications, as well as their accompanying infrastructure.
Hereby, the JRC acts on behalf of the EC and represents the EU Member States that are not
members of the respective committee(s). As soon as an I1SO- or IEC-European Norm (EN) standard is
established, they can be used as normative reference in EU legislation. The different committees
are organised into Maintenance Teams (MT), Technical Committees (TC), Service Groups (5G) or
(Joint) Working Groups ((JJWG).

Currently, the JRC is contributing to the following standardisation efforts:
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- IECTC 9 (Electrical equipment and systems for railways)
- |ECTC 105 (Fuel cell technologies)

- IS0 TC 197 (Hydrogen technologies)

IEC TC 105 focuses on fuel cell applications in general, covering a wide range of areas, such as
Combined Heat and Power (CHP) systems, transportation, auxiliary power units, and reverse
operating power systems, which fall under the category of electrolyser application. This
complements the work of 1ISO TC 197, which, among others, deals with hydrogen generators, i.e.
electrolysis applications for producing hydrogen from a given power input.

In particular, the JRC has provided / is currently providing inputs to / contributing to:

IEC TC 9 PT 63341-2 “Railway applications - Rolling stock - Fuel cell systems for propulsion -
Part 2: Hydrogen storage system” develops IEC 63341-2 standard with input by the JRC. This
will become the ISO/IEC standard 19887-2 ‘Gaseous Hydrogen - Fuel system components for
hydrogen fuelled vehicles - Part 2: Rail vehicles’ to be developed by ISO TC 197 SC 1 “Hydrogen
at scale and horizontal energy systems”.

IEC TC 9 JWG 51 “Fuel cell systems for railway applications linked to TC 105” develops IEC
63341-1 with input by the JRC.

IEC TC 105 MT 103 maintains IEC TS 62282-7-1 ‘Single cell test method for Polymer Electrolyte
Fuel Cell (PEFC)’ with input by the JRC.

IEC TC 105 MT 104 maintains IEC 62282-7-2 ‘Single cell/stack test methods for SOFC’ with
input by the JRC. This is of interest because SOC technology is reversibly operable in electrolysis
mode; especially for single cells, no components need to be exchanged for reverse operation.

IEC TC 105 MT 206 maintains IEC 62282-8-101 ‘Energy storage systems using fuel cell
modules in reverse mode — Test procedures for the performance of solid oxide single cells and
stacks, including reversible operation’ with input by the JRC.

IEC TC 105 MT 207 maintains IEC 62282-8-102 ‘Energy storage systems using fuel cell
modules in reverse mode - Test procedures for the performance of single cells and stacks with
proton exchange membrane, including reversible operation’ with input by the JRC.

IEC TC 105 MT 208 maintains IEC 62282-8-201 ‘Energy storage systems using fuel cell
modules in reverse mode — Test procedures for the performance of power-to-power systems’
with input by the JRC.

ISO TC 197 WG 34 develops ISO/FDIS 22734~-1 ‘Hydrogen generators using water electrolysis
Part 1: General requirements, test protocols and safety requirements’ with input by the JRC.

ISO TC 197 SC 1 WG 4 develops I1SO TS 22734-2 ‘Hydrogen generators using water electrolysis
Part 2: Testing guidance for performing electricity grid service’ with input by the JRC.

The last five contributions are particularly important for the further development of electrolysis
technologies as they refer to reversibly operable fuel cell technologies, i.e. operating as
electrolysers.
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3.3 JRC harmonised testing protocols

Over the last decade, the JRC has published several technical reports on hydrogen-related topics,
including:

— “EU harmonised terminology for hydrogen generated by electrolysis” (Malkow et al,, 2021),

— “EU harmonised protocols for testing of low temperature water electrolysers” (Tsotridis and
Pilenga, 2021),

— “EU harmonised testing procedure — determination of water electrolyser energy performance”
(Malkow and Pilenga, 2023),

— “EU harmonised accelerated stress testing protocols for low-temperature water electrolysers”
(Malkow and Pilenga, 2024), and

— “EU harmonised test procedure - EIS for water electrolysis cells” (Malkow, Pilenga et al., 2018).

The current report complements and combines the efforts made by elaborating on a work
programme for the newly acquired testing station for low-temperature electrolysis stacks. Each
testing method mentioned in the following is referred to an existing testing procedures in the above
mentioned harmonised protocols.

3.3.1 Integration of the harmonised testing protocols

The need for common, standardised testing protocols and procedures for assessing the
performance and durability of water electrolysis cells/stacks has been highlighted by the United
States Department of Energy (US DoE), the International Partnership for Hydrogen and Fuel Cells in
the Economy (IPHE) (*8), the Clean H, JU (*°) and was emphasised at the IEA Annex 30 Electrolysis
workshop held in Copenhagen in 2022. Harmonised testing protocols and procedures are already
incorporated into several related international standards associated with fuel cells and
electrolysers, as published by IEC TC 105. Originally, a draft was to be developed by the ISO TC 197
WG 32 (Hydrogen generators using water electrolysis) with the scope of test protocols for
performing electricity grid services. WG 32 was not established and has been taken over by ISO/TS
22734-2 which will, for example, cover grid services. Within ISO TC 197 WG 34 (Hydrogen
generators using water electrolysis test protocols and safety requirements), work on testing
protocols is ongoing and will benefit from the participation of ELHY-GREEN (former ELectrolysis and
FUel Cells for European GReeN DEal (LUCERNE) project) staff.

The Clean H; JU has strongly acknowledged the LUCERNE work on harmonisation protocols and the
JRC's achievements in standardisation. This is highlighted in Figure 4.

(*8) https://www.iphe.net/who-we-are (last accessed: 05/08/2025 at 9:41)

(*%) https://www.clean-hydrogen.europa.eu/knowledge-management/collaboration-jrc-0 en (last accessed: 05/08/2025 at
9:48)
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Figure 4: Slide presented during the European Clean Hydrogen Alliance — Workshop on H; Standardisation, on
12" February 2024.
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Source: JRC elaboration, 2024

A recent scientific paper by Canadian researchers, which utilises the JRC protocols, further
demonstrates the international recognition of our work (McLeod et al., 2024). Nevertheless, the
effort invested has not yet been fully reflected in the frequency of use of these protocols within the
scientific community. Therefore, the JRC should apply the testing protocols, and communicate and
publish the results, preferably through scientific journals. This approach is beneficial in two ways:
first, the JRC can demonstrate the applicability of the testing protocols in practice; second, it
increases potential exploitation of results, since scientists more frequently consult scientific journals
during their own publishing processes, as compared to other publication channels or official
websites. Literature searches are typically conducted using search engines that have a limited
number of journals in their database. The Publications Office of the European Union and other
official EU webpages are often not included in the search scope of these engines, which limits the
scientific scope of the harmonised test protocols within the research community.

3.3.2 Electrolyser test plan: addressing direct coupling of the electrolyser with
intermittent renewable sources and safety aspects

Direct coupling of electrolysers with renewable power sources, such as wind turbines and solar
panels, should be investigated at stack level. The durability of the low-temperature technology can
be assessed with the associated TOP “degradation rate”. One possibility to measure this is offered
by utilising the selected parts of published daily profiles of solar power (Figure 8 and Figure 9 of
Malkow and Pilenga, (2024)) and wind power supply (Figure 10 and Figure 11 of Malkow and
Pilenga, (2024)). The time resolution for these profiles is 15 minutes. The composite profiles for one
year, consisting of the referenced datasets, are displayed again in Figure 5 for illustrative
purposes.
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Figure 5: Composite power output profiles for onshore wind (left) and photovoltaic (right) power profiles over
the course of one year with a starting point on August 5" 2022.
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The term ‘normalised set point’ refers to either the ratio of specified input electric power, current or
voltage to its respective nominal (rated) value specified by the manufacturer as explained in Section
6.8.2 of the referenced report.

Based on Section 6.6 of the Accelerated Stress Test (AST) protocol report (Malkow and Pilenga,
2024), a test plan will be created for the electrolysis stack to be tested under real-world conditions.
The stack to be used for testing real-world application profiles or AST protocol tests is required to
be in a non-degraded state for later comparison purposes. Other elements of the test plan can be
taken from the mentioned report. As real-world data may also involve low loads being applied to
the stack, paragraph (c) of the test plan should be written accordingly by the JRC, and the results
should be analysed to investigate on the efficiency and safety aspects of electrolysers when
operated at minimum power load, but also to give further recommendations in case of difficulties in
these operating regimes.

A second possibility is given by higher-resolution profiles available from solar panel installations on
the JRC Petten premises, which belong to the Smart Grid Interoperability Lab (SGIL) (%), as well as
from solar panel installations on the JRC Ispra premises. Retrieving of the recorded data in Petten
can be adjusted to a variable time resolution, down to 10 seconds. The data recording in the JRC
Ispra site has a resolution of 5 minutes. For comparison purposes, both datasets could be used over
a reasonable time scale for testing, such as a continuous profile for one or two weeks with the
respective resolution of data points. Higher-resolution wind profiles will be provided by the

(?9) https://joint-research-centre.ec.europa.eu/laboratories-z/smart-grid-interoperability-laboratory en (last accessed:
18/11/2024 at 09:20)
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Fraunhofer Institute for Wind Energy Systems (IWES) (2!). For comparison, the already referenced
wind power profiles will be considered.

As mentioned, for alkaline electrolysers, minimum loads are typically 10 — 40% of their nominal
capacity (Haug et al., 2017). Operating below this range poses a safety risk. An indicator for the risk
level can be given by the measured hydrogen-to-oxygen volume fraction (de Groot et al., 2022).
Industrial manufacturers currently recommend minimum applicable partial loads within this range
for AEL. In the case of PEMEL, industry recommendations vary, with the lowest partial load
applicable ranging from 5 - 10%. The difference between minimum loads for AEL and PEMEL can
be explained by the included MEA for PEMELSs. It gives a stronger support and better separates the
electrodes, thereby minimising the drag of hydrogen to the anode at lower loads which is less
possible in case of AELs. On measuring H, in O,: the National Renewable Energy Laboratory (NREL),
in the US, published a document for a H, safety sensor testing protocol (Burgess et al., 2008). The
NREL document describes suitable sensor techniques for hydrogen detection and environmental
interferences that should be considered for sensors detecting H.. Goals for H, in O, or Oz in H;
detection were not formulated in the protocol. A suggestion on how to develop a harmonised
protocol for electrolyser safety testing with respect to H, in O, or vice versa can be established after
a DoE study and the following measurement outcomes. The DoE study should contain sampling
rates, testing times and respective reference operating conditions to establish a protocol. It can be
coupled with Accelerated Stress Test (AST) protocols (see Section 3.3.3) at different minimum
electrolyser operational loads to measure the respective H; in O; or O; in H; ratio. In a reality check,
adjustments to the procedure will be made when deemed to be necessary.

These plans will enable to objectively evaluate different low-temperature electrolyser brands in
terms of related indicators (e.g. the H, in O,-ratio) associated to safety aspects. A real-time
degradation study with actual varying loads applied to the electrolyser could also be conducted to
assess the degree of agreement between results of AST protocols and in real-life. The time required
for such an activity is on the scale of months to one year. A degradation study lasting only a few
weeks may not be useful, as most studies indicate that longer time scales are needed to observe
and detect degradation effects (Mansourkiaei, 2022). The PhD thesis lists studies (Table 6.4) which
show on average 1 260 h test duration (i.e. almost two months). The applied profiles and the time
duration should be representative of a real-world renewable power supply.

3.3.3 Validation of Accelerated Stress Test protocols for low-temperature
electrolysers

AST protocols aim at quantifying degradation of electrolysers over a relatively short period, allowing
an assessment of their durability and lifetime. This is crucial for objectively assessing electrolysers
from different manufacturers and providing traceable and reliable assessments that can support
decision-making on restricting, avoiding or minimizing the import of low-quality electrolysers into
the EU. The validation shall include a comparison step between an AST protocol and Real-World
Degradation (RWD), where the system operates for the indicated number of hours. A few scenarios
are outlined below to explain how this can be achieved in ELTEST.

(?Y) https://www.iwes.fraunhofer.de/en/about-us/focus-topics/hydrogen.html (last accessed 20/01/2025 at 17:23)
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One possibility is to use the profiles presented in Figure 5 and artificially reduce their resolution to
a lower minute resolution by introducing a compression factor:

_ tcompr (s)

= ,0< <1
fcompr torigin (s) fcompr

where feompr denotes the dimensionless compression factor which can be a real-valued number
between O and 1, excluding 0 and 1 themselves, t.ompr is the duration of the compressed operation
profile in seconds and t,igin, denotes the duration of the original operation profile in seconds.
Typical values for f.ompr depend on the availability of the test bench to perform AST experiments. A
value feompr = 0.5 denotes that the operation profile is running twice as fast as originally recorded.

The caveat for accelerated operation profiles is that the distance between two data points may not
accurately reflect a fluctuation, as can be seen in live data recordings from renewable power
sources. This implies that the resulting performance degradation after the end of an AST protocol
might not necessarily be traced back to the operational stress of current density changes as in real-
life. This challenge / problem is described / discussed in a publication on Solid Oxide Fuel Cell (SOFC)
systems (Blum et al., 2020). In here, lifetime operations of these applications are discussed,
including parameter testing. Blum et al. (2020) explored methods and experimental results for using
long-term experiments to assess quality criteria for parameters to be considered in AST protocols
like temperature, materials employed and applied current density. an AST protocol is not provided,
the article / report / document offers a guideline on how to establish useful AST protocols by
comparing RWD with respective parameter variations. This approach does not necessarily replicate
RWD, but it generates a different operation profile that can be closely aligned with RWD. Using
stacks of the same batch from an industrial manufacturer for the AST and the RWD test
programme should, in general, ensure higher comparability. One question that arises is whether
spare parts can be exchanged to restore the stack to its original condition for the next test. This
could only be implemented in future procurements by obtaining, for example, modular stacks with
exchangeable compartments for placing different MEAs. Ideally, multiple MEAs should come from
the same batch of one (several) supplier(s) to be optimally comparable.

A second possibility is to examine actually recorded long-time experimental data. For example, in
the high-temperature field, a world record has been established for the SOFC testing, with a post-
test characterisation of a ‘100 000 hour stack’ that provided deep insights into post-lifetime
changes in future hydrogen application devices (Menzler et al., 2020). Similar studies have been
conducted for SOEC applications, but these have not reached yet the required lifetime operational
hours (Aicart et al.,, 2024). Similar examples for market-ready electrolysis applications PEMEL and
AEL are presented in the following: Scherer et al. (1988) tested ‘Membrel-Water Electrolysis Cells’
with a Nafion membrane for 10 000 hours at 80°C and 1 A/cm?, revealing a degradation of up to
9 pV/h. Mockl et al. (2022) tested low-Iridium-containing PEMEL anodes up to 3 700 hours and
found a four times higher degradation rate (~ 1 pV/h) compared to benchmark cells with catalyst
anodes. Other publications report on long-term degradation tests, but the definition of ‘long-term’ is
not standardised and can refer to experimental run times of up to several hundred hours (Sanchez
Batalla, Bachmann et al., 2024). Only recent publications reflect state-of-the-art technological
advances, but these are typically run for a more limited time which is less than several thousand
hours. As a result, the comparison dataset is small and may not be representative for a general
analysis.

Another alternative is to obtain RWD data from a continuous electrolyser operation in the JRC
premises. As such, direct coupling will be applied in cooperation with the unit C.3 on the JRC Petten
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premises in the SGIL within a successful common “Proof of Concept” project called Hydrogen
Emergency Response Operation (HERQ). The HERO project seeks to demonstrate a hydrogen-based
energy-autonomous solution for a standard household, enabling it to function independently for at
least 72 hours in the event of energy disruptions. ELTEST and SGIL plan to integrate an electrolyser
system solution to its infrastructure, which can run continuously with a dynamic profile operation.
The electrolyser will be directly coupled to existing PV panels and wind turbines attached to the
building of SGIL. From a continuous operation of the future integrated electrolyser, a proper
comparison to the AST protocols shall be obtained. Results for the comparison are expected no
earlier than 2027, due to the ongoing system installation and the needed time scale for operating
the system.

3.3.4 Comparison study for selected stack and cell components

Many European research organisations have been advancing the state-of-the-art. Various types of
novel membranes, Porous Transport Layers (PTLs) or other components have been tested on cell
level for improvements in performance or degradation of the respective type of electrolysis. Due to
its mission, the JRC does not conduct that type of research, but it should make use of the
requirements mentioned on the collaboration between the Clean H, JU and the JRC (%) for using the
harmonised test protocols for comparison experiments. A significant contribution could be a
benchmarking of the state-of-the-art material and component combinations from industrial
applications for the low-temperature electrolysis technologies. The aim would be to apply
harmonised performance curve (Tsotridis and Pilenga, 2021) and EIS measurements (Malkow,
Pilenga et al., 2018) to screen the state-of-the-art industrial components (e.g. MEAs on single-cell
level or stacks) for performance and durability. The results would eventually channel into
repercussions on the scale-up and its meaning for the material usage of the respective low-
temperature technology.

3.4 Analysing the content of PFAS and metal ions in feed and wastewater

As mentioned, the release of PFAS into exhaust water is of concern for the environment and human
health (Bull et al., 2017; Niegowska et al., 2021; Poothong et al., 2020; Rahman et al,, 2014;
Sharma et al,, 2024; Xu et al,, 2021). When PEMEL is deployed at large scale, it is important to know
whether parts of the PFAS membrane material, such as residues or detached side chains, are
released into the water stream. Only a few recent studies have measured the release of PFAS with
a direct coupling to the PEMEL application (Hoglinger et al., 2024). The paper discusses various
methods for PEMEL stack characterisation and presents data for PFAS substances detected in
wastewater. Unfortunately, the technical specifications of the used stack or cell in the experiments
are not provided. Therefore, no deductions from the reported PFAS release data in wastewater can
be made. There is a need to communicate this in a standardised and harmonised way. This is why a
PFAS and metal ion analysis measurement from a 30 kW PEMEL stack is proposed to be done and
shall be disseminated through a peer-reviewed publication journal. The testing protocol may be
structured in 5 steps:

(?2) https://www.clean-hydrogen.europa.eu/knowledge-management/collaboration-jrc-0 en (last accessed: 05/08/2025 at
9:48)
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1. Water sampling at the beginning for reference

Reference water samples shall be taken in advance to have a background measurement of any
contaminants that may already be present in the feed water of the electrolyser. Samples shall
be taken at the inlet and outlet of the electrolyser. This will enable proper referencing of
sampling measurements and quantification of any possible release of PFAS or other metal ions,
even in idling conditions of the electrolyser.

2. Operating conditions defined for the PEMEL stack

An operating map for the PEMEL stack shall be defined, including stressor parameters that
could potentially trigger the release of PFAS into the water stream. The electrolyser can be
operated at different temperatures, ranging from ambient temperature to 80°C. Pressurised
operation can be conducted up to the limits of the electrolyser and/or test bench. Additionally,
the flow rate of the feed water stream can be varied to investigate its influence on the possible
release of PFAS. For reference reasons, a water sample shall be taken at standard conditions
for the PEMEL, allowing for evaluation of any changes for PFAS or metal ions release under
varying operating conditions. These tests will help define critical operating regimes for industry.
Then, further measures can be taken to treat wastewater from an electrolyser before it is
released into the environment.

3. Collection of water samples during operation

In each defined case above, water samples shall be taken at regular time intervals at the inlet
of the electrolyser feed stream and outlet during operation. For better sampling and
referencing, the volume of each water sample shall be fixed according to standard
requirements EN 17892:2024 “Water quality - Determination of selected per- and
polyfluoroalkyl substances in drinking water - Method using liquid chromatography/tandem-
mass spectrometry (LC-MS/MS)” and/or the Commission Notice C/2024/4910 on “Technical
guidelines regarding methods of analysis for monitoring of per- and polyfluoroalkyl substances
(PFAS) in water intended for human consumption” (European Commission, 2024).

4. Accompanying EIS measurement

To further correlate the performance of the electrolyser and the release of PFAS residues and/or
metal ions, it is proposed to take at least one EIS measurement each time a water sample is
collected. EIS measurements shall follow the instructions laid down in Malkow, Pilenga et al.
(2018), especially Section 6. The frequency range of EIS measurements depends on the
underlying process of interest. For proper evaluation of the data, it is recommended to use at
least five orders of magnitude starting with at least 0.1 Hz, better to go even down to 0.01 Hz.
The more orders of magnitude are included, the more likely to obtain a real-valued high-
frequency last data point. By evaluating the respective impedance spectra, at least for the
Ohmic and the polarisation resistance, it is possible to draw conclusions about the degradation
of the electrolyser caused by the possible release of PFAS. Further analysis of the spectrum by
looking at single circuit elements can give insights into the impact of varied operating
parameters on the mechanisms leading to less degradation and better functioning of the
electrolyser stack. Therefore, it is recommended to have enough data points recorded per
decade of frequency: at least 10, but ideally 20 or above. To avoid disturbances from adjacent
cabling, the wired connections shall be twisted, and the recorded frequencies should avoid
measuring directly with an excitation signal at grid frequency. This could be achieved by shifting
the frequency interval to a skewed starting point (e.g. 0.11 Hz) when measuring linearly within a
decade or record frequencies in equal logarithmic distances per decade.
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5. Long-term study / AST study

The water sample analysis can be included in long-term degradation or AST studies for PEMEL.
The only additional requirement for long-term studies is the collection of water samples at the
inlet and outlet of the electrolyser in regular time intervals during the operation phase.
Preferably, the water samples should be taken at various applied current densities during the
long-term study if the AST protocol foresees using various current densities. The time scale
between taking samples can be longer as compared to performance experiments.

All collected water samples will be given to an external analysis laboratory. The contractor or
cooperating institution shall be required to test the samples according to methods discussed in the
JRC technical report ‘Per- and polyfluoroalkyl substances (PFAS) of possible concern in the aquatic
environment’ (Niegowska et al., 2021) and list, if possible, every detected PFAS residue separately.
A market survey shall identify the best testing solution having regard to standard analytical
methods (e.g. ISO 25101:2009), analytical instruments (e.g. high-performance liquid
chromatography-tandem mass spectrometry (HPLC-MS/MS)), limits of detection (LOD), limits of
quantification (LOQ) and respective standard deviations. Comparing with drinking water allows to
quantify the level of pollution and identify the level of filtering/cleaning needed for of recirculated
water in the electrolyser loop.

3.5 Cell activation in Proton Exchange Membrane electrolysis

Each electrolysis system is expected to operate at an optimal point, known as the ‘sweat spot’. To
reach this optimum, a conditioning step, known as cell activation, is necessary before starting actual
operation. However, studying the effect of various activation techniques is challenging, because, for
each experiment, a new, unused membrane is required. Activation cannot be reversed to the best
current understanding. Nevertheless, it is essential to gain insights into how activation should be
properly done for large-scale applications. As a recommendation, a cell activation study should be
conducted at least at the level of PEMEL stacks. A Round Robin exercise might be a viable solution
in this respect, provided that enough partners with identical PEMEL stack procurements can be
identified and invited.

To formally conduct the study, the necessary steps shall be considered for a harmonised approach:

1. Cleaning of the water supplied to the test bench to obtain a resistance value of the
deionised water in the order of 10° MQ.

2. Leak testing the mounted stack. A pressure gradient shall be established between the
electrodes, with a 20% difference between the high- and low-pressured electrode, using
inert gas. It is recommended to apply a higher pressure to the cathode when in electrolysis
mode. After the pressure is established at each electrode, a three- to four-fold pressure
shall be applied to both electrodes, with immediate closure of the valves of the supply line.
By observing the pressure value over 15 minutes, it can be determined whether the stack is
tight or requires additional adjustments. If the latter, step 2. needs to be repeated.

3. Heating up of the stack to the desired operating temperature while increasing the flow rate
of the water supply. This process may take up to one hour, depending on the size of the
stack. Testing shall only continue when the temperature is reached for the anode outlet or
when sufficient temperature elements within the stack show comparable readings (+ 0.5°C).

4. Activation tests should start with a defined control sequence: i) at least one EIS spectrum
shall be taken in the beginning to assess the initial state of the stack; ii) after that at least
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one performance curve shall be recorded under defined reference operating conditions for
PEMEL as given in the JRC technical report ‘EU harmonised protocols for testing of low
temperature water electrolysers’ (Tsotridis and Pilenga, 2021), Section 5.1.

5. A repetitive sequence of pre-defined activation ramps (incl. rectangular, triangular, steady-
state, etc.) is applied to the stack. Different time-scales are reported for the duration of the
entire activation respectively conditioning procedure for small-scale cells. Protocols can
range from seven hours with multiple changes in current density (Wang et al,, 2022), over
approximately one day consisting of two constant current densities (0.2 A/cm? and 1 A/cm?)
for 30 minutes and constant 1.7 V for 15 h at constant 80°C (Lickert et al., 2023) to five
days of conditioning at 1 A/cm? (one day) and 3 A/cm? (four days) (Siracusano et al., 2020).
Studies at the JRC have shown that 50 - 70 h are needed for activating the PEMEL cell (to
be published). It is therefore difficult to deduce general recommendations, as the cell setups
and used Catalyst Coated Membranes (CCMs) mostly differ in the various studies and hence
the optimal conditioning procedure will most likely be different. The repetitive sequences
should ideally last at least 50 h, even better 70 h, as a general recommendation to quite
surely obtain an activated PEMEL cell. The entire range of current densities for the
envisioned testing shall be contained in the ramps. The retention time for each current
density should be balanced in length for dynamic profiles. It is recommended to add EIS
measurements at intermediate steps in a current density ramp during the protocol to obtain
a better insight of the activation processes.

6. After a repetition of the activation sequence(s) of 10% of the total foreseen experimental
campaign time, at least one performance test shall be recorded at normal operating
conditions. This allows for intermediate performance updates of the stack.

7. At the end of the entire testing process, a final performance test and EIS spectra shall be
recorded to assess the activation process of the stack with identified TOPs (e.g. voltage at
selected current density). In total there shall be at least twelve recorded performance
curves available for evaluation.

3.6 Establishing a harmonised cut-off voltage in performance experiments

Researchers have conducted performance experiments with an arbitrary cut-off voltage where,
based on current understanding, it was assumed that the influence of degradation on the
measurement is limited. In general, performance experiments, including current-voltage
characteristics and EIS recordings, have a limited duration which are not expected to introduce
degradation. However, the fact that different cut-off voltages are used, mostly based on experience,
limits the comparability of the obtained results. Mostly, these experiments are done on small scale
systems (single cell level up to short stack).

To establish a harmonised cut-off voltage for performance experiments, two concepts are
particularly important:

Cut-off voltage: the maximum voltage that should be reached within a performance experiment. In
galvanostatic mode of the potentiostat, this means that a certain threshold of the applied current
density shall not be exceeded to remain within the targeted voltage limit. In potentiostatic mode,
the potential itself is controlled and can be set to the desired maximum target value.

Low degradation: degradation is usually measured in terms of a voltage increase within a certain
time period, mostly in units of pV/h or mV/1 000 h. Sometimes, also the unit %j/1 000 h is used,
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which is only reasonable if the open-circuit voltage (OCV), often called as well open-circuit potential
(OCP), is stated for reference purposes. According to the key performance indicators (KPIs) of the
Clean H; JU, a degradation rate of < 0.15%)/1 000 h for PEMEL, < 0.119%)/1 000 h for AEL and

< 0.9%/1 000 h for AEMEL should be targeted by 2024. These target values need to be transformed
into the recommended unit pV/h or mV/1 000 h as soon as an OCV is established. As they are
established for long-term operation, during performance testing, only a maximum of 10% of the
targeted degradation rate should be observed at the maximum current density and its
corresponding maximum cell voltage. This consideration is only valid when the cell is already
activated and brought into a state where continuous operation is useful. For PEMEL, this would e.g.
mean that at an operating current density of 5 A/cm? with corresponding 2.1 V of cell voltage for a
small cell, a degradation rate of 0.0003 pV/h = 0.3 nV/h shall at most be observed during
performance measurements. This is usually below the detection limit of standard devices used in an
electrochemical laboratory. The recommendation is to have a stable, non-changing voltage reading
over the entire measurement time for performance tests without tolerance.

Low degradation cannot be validated immediately during the experiment due to the limited
precision of voltage measurement devices. This will be similar for all electrolysis technologies as
their operating voltages range between 10°V to 10! V. Even at 10?V, the demanded degradation
will be in the order of 10* nV/h which is still below the detection limit of the devices. Therefore,
Scanning Electron Microscope (SEM) measurements comparing the microstructure before and after
the performance experiment of a representative section of the cell could provide an additional
source of information to decide whether degradation has happened. These measurements should
be repeated for at least three experiments, to have a reproducible set of data. Due to the time-
consuming procedure, this number cannot be largely increased from the JRC's institutional
perspective. A similar approach as in Round Robin exercises could be pursued with a set of
interested organisations to distribute time-consuming parts of this experiment.

The main steps to undertake for a harmonisation of the reported cut-off voltage are:

1. To define a reference sample and take at least at two to three representative locations
microstructural images with a suitable type of imaging technique (e.g. SEM, computer
tomography (CT) or other). These locations should ideally be located across the entire
sample. The sample shall not have been operated yet, it might only be activated where the
technology demands to activate parts of the material before entering into operation. Before
starting the experimental series, a DoE study should be set up to limit the total duration of
the campaign. A DoE study statistically encodes in the past observed, or physically logical
correlations in the results of experiments for changes in technical input parameters (TIPs).
In this campaign, the TIPs temperature, flow rate and feed composition are most important.

2. To conduct performance experiments with a voltage reading as stable as possible according
to the procedure laid down in “EU harmonised testing procedure: Determination of water
electrolyser energy performance” (Malkow and Pilenga, 2023) Section 8.1. Several
performance tests need to be recorded to determine the allowed maximum voltage. The
cut-off voltages reported in literature in the last five years serve, per low-temperature
technology, as initial reference for the experiment series. The reported cut-off voltages
found in literature will be sorted from lowest to highest and thus form an initial reference
interval. An additional 5% of the value from the lower and respectively upper value of the
interval shall be subtracted respectively added. The newly formed lower and upper
boundary determines the final test interval for the maximum applicable voltages in the
experimental series.
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3. To select at least five cut-off voltages including the lowest and highest identified value in
the identified reference interval from step 2 for the experimental series. For each selected
cut-off voltage in the defined interval in 2. to be tested, a new sample shall be taken to
capture the effect of each different applied voltage to the stack. Every sample needs to be
analysed as described in step 1 for two to three representative locations over the entire
sample. The imaging should occur at similar locations as for the reference sample. Compare
the state of the material in terms of microstructural characteristics at each of these
locations with the reference sample. The samples must be identical concerning the
materials used. The results of the DoE study should be considered and necessary changes
made to the TIPs while in operation. The experimental results shall be fed back to the DoE
software to disentangle individual influences of the TIPs on the TOPs. The targeted
maximum performance (voltage and current as TOPs) should come in the long run with a
degradation as low as possible (e.g. degradation rate as TOP).

4. To communicate in best case one cut-off voltage value to be used to reach maximum
comparison level among the research activities. Due to the large variety and innovative
materials used in future, this might not seem feasible or useful as best practice because
every material might have its own ‘sweat spot’ of operation. Therefore, a narrowed down
voltage interval as compared to the reference interval in step 2 should be communicated in
which the designated, optimal cut-off voltage for performance tests is supposed to be
located in.

3.7 Support for further research activities

Besides the institutional use of the test bench as described in the previous sections, there is also
the possibility of further engagement from third parties with experimental campaigns. There are
several options to utilise the test bench, e.g. within the Open Access (OA) scheme (%), the support to
the Clean H; JU (**) and other Horizon Europe research projects, including the consortium Clean
Hydrogen Production (CLEANHYPRO) (*) as well as the support of the CERIC-ERIC initiative (%5). All
schemes are briefly explained below.

3.7.1 Open Access to JRC research infrastructure

The JRC has opened up its infrastructures to external users through open calls, aiming to promote
transparency and collaboration with European researchers and industry, ultimately enhancing
competitiveness and knowledge dissemination. The laboratories and especially the test bench
provided belong to the category ‘energy storage research infrastructure’ (¥). Future trends
regarding the energy storage technologies should be examined within the ELTEST, such as material
innovations and extreme operating conditions.

(¥) https://joint-research-centre.ec.europa.eu/tools-and-laboratories/open-access-jrc-research-infrastructures en (last
accessed: 14/02/2025 at 12:27)

) https://www.clean-hydrogen.europa.eu/index_en (last accessed: 14/02/2025 at 12:27)
) https://cleanhypro.eu/ (last accessed: 14/02/2025 at 12:28)

(%6) https://www.ceric-eric.eu/ (last accessed: 14/02/2025 at 12:29)
)

https://joint-research-centre.ec.europa.eu/tools-and-laboratories/open-access-jrc-research-infrastructures/energy-
storage-research-infrastructures en (last accessed: 16/12/2024 at 12:09)
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3.7.1.1 JRC access schemes

Two kinds of access to JRC infrastructure are available:

a)

b)

Relevance-driven access

This access scheme is solely dependent on the scientific and socio-economic relevance of
the requested proposal at European level. There will be a call for proposals opened to which
organisations can apply to (%). After closure, a peer-reviewed selection process evaluates
the excellence, originality and technical feasibility of the proposals. Those should be
relevant to JRC’s strategic priorities and of importance to European standardisation,
integration and cohesion, sustainable growth and competitiveness. Under this access,
mainly universities, research institutions or small and medium-sized enterprises (SMEs)
possibly in association with industry and private organisations are reached. Additional costs
are charged to access the selected research infrastructure(s) but various schemes exist on
how these payments can be settled.

Market-driven access

Within this access scheme, payment of the full costs is necessary to make use of the
facility. The scheme is targeted for industry. The call for proposals is permanently open (%°).

3.7.1.2 Other initiatives

a)

b)

Horizon Europe projects

The JRC grants access in support of Horizon Europe projects. Collaboration is subject to an
agreement in written contractual form, and the type of support shall be described in detail
in the contract.

CLEANHYPRO

The JRC signed a collaboration agreement in September 2024 with CLEANHYPRO, a project
combining the infrastructure available to 28 organisations in eleven European countries to
serve a unified Open Innovation Test Bed (OITB). The consortium provides an accessible
entry point for evaluating/investigating disruptive electrolysis technologies developed by
industrial partners, especially SMEs, to speed up market adoption. The nine envisioned pilot
lines explain how exactly the support can look like for which kind of technology (*°). Calls for
proposal are currently designed, and the first call will be available for application in
November 2025 (3%).

*%)

*9)

()
Y

https://joint-research-centre.ec.europa.eu/tools-and-laboratories/open-access-jrc-research-infrastructures en#open-

relevance-driven-calls (last accessed: 18/12/2024 at 14:02)

https://joint-research-centre.ec.europa.eu/calls-proposals/call-proposals-fctest-fuel-cells-and-electrolyser-testing-

facilities en (last accessed: 18/12/2024 at 14:03)

https://cleanhypro.eu/about/#pilots-lines (last accessed: 18/12/2024 at 14:09)

https://cleanhypro.eu/open-calls-for-democases/ (last accessed: 18/12/2024 at 14:09)
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¢) CERIC-ERIC

Within the CERIC-ERIC initiative, the JRC Petten ELTEST is an associated facility expanding
the existing consortium of open research laboratories. Access can be granted upon
acceptance of a submitted single- or multi-technique proposal within the two calls launched
yearly (32). In contrast to some of the contributing laboratories, ELTEST does not offer “fast-
track access” to its test equipment.

3.8 Closing remarks on the work programme

Comparisons can be made between different industrial relevant manufacturers and materials for
low-temperature electrolysis technologies within the OA, the OITB and the proposed work
programme. This can include US / EU / Chinese products, and the outcomes of the comparisons can
be used to inform decisions on whether it is worth to invest only in the cheapest available product
on the market or in more expensive products that are found to be more performant, safe, durable
and associated with lower environmental impacts. Proposed experiments in this work programme
can be combined. One example might be adding an AST protocol to the performance or material
testing to allow projections for relevant industry sectors in terms of costs and durability of the
product.

Another application can be testing of electrolysers with electrodes / membranes made from
recovered materials and compare their performance, degradation, AST, etc. behaviour to fresh-of-
the-shelf products from industrial companies. This could connect to the EC’s circular economy action
plan (**) by providing data for recycling strategies, such as whether using a certain amount of
recycled materials in a product affects its performance. However, to make such comparisons,
products with recycled materials must be available on the market. As this is not yet the case, it is
not possible to set a timeline for the experimental plan.

(32) https://www.ceric-eric.eu/users/call-for-proposals/ (last accessed: 18/12/2024 at 13:40)

(3%) https://environment.ec.europa.eu/strategy/circular-economy-action-plan_en (last accessed: 08/08/2025 at 17:01)
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4 Opportunities for international collaboration

With multiple partners involved in testing, it must be ensured that experimental campaigns undergo
certain security guidelines. The guiding principles are therefore explained below. Every experiment
organised in an international scope shall comply with the regulations for safe operations. For low-
temperature electrolyser stacks or systems, hazards may arise from

— H; and O; in gaseous form

— alkaline electrolytes, hot water streams from recirculation of the stack and other fluids
(combustible fuel, compressed air, hydraulic oil, etc.)

— higher pressures than 1 bar
— high voltages

During installation, operation, maintenance, and decommissioning of water electrolysis equipment,
safety requires due care and vigilance. The entity carrying out testing should comply with ISO
45001:2018 (occupational health and safety requirements) and shall follow applicable legislation.
Tests shall follow ISO/TR 15916:2015 guidance on hydrogen system safety, which will be replaced
by ISO/AWI TS 15916, and IEC 60079-10-1:2020 guidance on explosive atmosphere classification.
In the European Economic Area (EEA), the equipment must comply with relevant EU directives,
including explosive atmospheres (ATEX) (2014/34/EU (European Parliament and Council of the
European Union, 20144a)), electromagnetic compatibility (2014/30/EU (European Parliament and
Council of the European Union, 2014b)), low-voltage (2014/35/EU (European Parliament and Council
of the European Union, 2014c)), general product safety (EU 2023/988 (European Parliament and
Council of the European Union, 2023b)), machinery (machines placed before 20" January 2027
have to comply at least to 2006/42/EC (European Parliament and Council of the European Union,
2006), otherwise the revised directive can already apply, definitively from 20% January 2027
onwards: EU 2023/1230 (European Parliament and Council of the European Union, 2023c)), and
pressure equipment (2014/68/EU) directives. Non-conforming equipment shall not be used within
the EEA (Malkow and Pilenga, 2023).

4.1 Round Robin stack-level comparison exercise

A Round Robin stack-level comparison exercise will be organised by the JRC involving institutions
that can contribute with a test bench capable to test a 30 kW PEMEL stack. Operation of the stack
shall be at ambient or elevated pressure. Performance analysis of the stack shall be done with a
test report as e.g. described in Annex B and test methods with data reporting as described in section
8 of the “EU harmonised testing procedure: Determination of water electrolyser energy
performance” (T. Malkow and Pilenga, 2023). In addition, the test benches should have an option to
take water samples. This allows to extend the Round Robin exercise for comparable PFAS
measurements in the water stream. The test for PFAS shall be conducted as outlined in this report.
Possible candidates to be asked for participation are listed in Table 2:
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Table 2: Organisations that could be involved in the Round Robin exercise.

Organisation Web address Country
CEA (Commissariat a I'énergie atomique | https://www.cea.fr/english France
et aux énergies alternatives)

CNR (Consiglio Nazionale delle Ricerche) | https://www.cnr.it/en Italy

DLR (Deutsches Zentrum fir Luft- und | https://www.dlr.de/en Germany
Raumfahrttechnik e.V.)

DTU (Danmarks Tekniske Universitet) https://www.dtu.dk/english/ Denmark
EIFER (European Institute for Energy | https://www.eiferkit.edu/ Germany
Research)

ENEA (Agenzia nazionale per le nuove | https://www.enea.it/en/ Italy

tecnologie, lenergia e lo sviluppo
economico sostenibile)

ETH Zirich (Eidgendssische Technische | https://ethz.ch/en.html Switzerland
Hochschule Zirich)
FHa (Fundacion Hidrégeno Aragén) https://hidrogenoaragon.org/en/ Spain

Fraunhofer IKTS (Insitut fur keramische | https://www.ikts.fraunhofer.de/en.html | Germany
Technologien und Systeme)

Fraunhofer ISE (Institut flr Solare | https://www.ise.fraunhofer.de/en.html | Germany
Energiesysteme)

FZJ (Forschungszentrum Jilich GmbH) https://www.fz-juelich.de/en Germany
SINTEF (Stiftelsen for industriell og | https://www.sintef.no/en/ Norway
teknisk forskning)

VITO (Vlaamse  Instelling  voor | https://vito.be/en Belgium
Technologisch Onderzoek)

ZBT  (Zentrum  fir  Brennstoff- | https:/zbt.de/nc/en/meta- Germany
zellentechnik GmbH) menu/home/

Source: JRC elaboration, 2025

The exercise shall first be organised within Europe, later, an international context should follow. For
the US, for example, NREL could be approached for stack testing, for Canada, Quebec University
could have testing capabilities. To conduct the exercise on international level, this needs to be taken
up into the collaboration agreement between JRC and the Clean H; JU. For countries outside Europe,
there could be the possibility to take the activities up in existing agreements as e.qg. for Japan in the
Clean H; JU — NEDO agreement.

Another Round Robin exercise for the emerging AEM technology can be of interest soon for a first
benchmark. The existing test bench for 30 kW testing on the JRC Petten premises will only be
capable of testing AEM /alkaline technology with pure water instead of strong alkaline solutions to
avoid corrosion of internal parts. Therefore, testing can currently only be organised with this
requirement. The JRC should only follow up on any other exercises where alkaline solutions are
included. Prospective results can be a comparison between AEM operation in alkaline solution and
future to be improved AEM operation with pure water. Furthermore, the JRC investigates possible
options to conduct experiments on equipment that allows for the use of alkaline solutions.

A general requirement for the Round Robin exercise is that similar MEAs are used for a PEMEL stack
at each contributing institution. JRC is also open to participate in Round Robin exercises under other
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initiatives like i.e., the IEA Technology Collaboration Programme on Advanced Fuel Cells (TCP AFC)
Task 30 electrolysis (>4).

4.2 Round Robin cell-level comparison exercise

A Round Robin cell-level comparison exercise for PEMEL was initiated in the last decade by different
research organisations and collaborating entities (namely DLR, Fraunhofer ISE, FZJ, NREL and
Proton Onsite) under the IEA Annex Task 30. This task attempts to provide reference hardware and
procedures for a better comparability of experimental results in the field of PEMEL. The partners
organised the Round Robin exercise in two phases. Phase 1 was completed in 2019 and had as goal
to test five sets of PTLs, gaskets and CCMs with identical PEMEL cell hardware. Experimental test
conditions were communicated but measurements were allowed at non-harmonised test stations
with own routines and procedures to set up testing equipment. Minimal requirements for the test
stations were defined for the exercise. The results identified the completeness of cell conditioning
and the accuracy of temperature control as the most critical parameters (Bender et al,, 2019).
Phase 2 culminated in a publication in 2023 describing a harmonised test protocol, tested on partly
non-harmonised test benches and electronics among the partners (Lickert et al., 2023). Under the
IEA Annex Task 30, the partners wish to continue the project. A phase 3, still to be decided upon,
with a possible collaboration with the JRC, considers benchmarking three types of reference cell
designs (Baltic Cell, ITM and Fraunhofer ISE design). Together with the previous completed work
packages, the set of a harmonised test protocols plus benchmarked and harmonised hardware
setup would be completed for PEMEL.

Appelhaus et al. (2024) presents an approach for a Round Robin exercise for the AEL technology on
small-scale. The publication concluded that iron impurities negatively impacted result comparability
although improving cell performance. As for PEMEL, precise temperature control is important for
reproducible results. From this perspective, a Round Robin exercise for the AEMEL technology in
terms of performance and degradation analysis would conclude the set of low-temperature
electrolysis technologies with harmonised protocols and test hardware.

The activities align well with the previously developed JRC ZEROCELL hardware for a reference
single cell for fuel cell testing. Due to the presence of several reference single cells for electrolysis
applications (Fraunhofer, Baltic, ITM), there is no need for the JRC to engage in the development of
an electrolysis reference cell. However, if Round Robin exercises to compare the existing cell
hardwares find non-comparable results, the need for a harmonised reference cell might arise. This
is to be determined after the experimental comparisons of electrolysis hardware.

4.3 Engagement in international consortia dedicated to clean hydrogen

Besides the discussed opportunities with Round Robin exercises, there are further engagements
possible on an advisory level. At the end of 2015, the “Mission Innovation” (MI) (3°) was launched by
21 countries with the aim, among others, to double governmental investments in clean energy
innovation. To date, a total of 23 countries have joined the initiative, together with the EC (on behalf
of the EU). In 2021, the “Clean Hydrogen Mission” was integrated into the initiative’s seven

(34 https://www.ieafuelcell.com/index.php?id=35 (last accessed: 12/02/2025 at 11:52)
(3°) https://mission-innovation.net/about-mi/overview/ (last accessed: 11/08/2025 at 18:11)
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missions, as of 2025, with the aim to promote the development of a global clean hydrogen value
chain. Ml identified hydrogen valleys as solution to cost reduction along the value chain because the
valleys combine the production, storage and distribution of H, to end-users via various methods of
transport within a defined geographical area. A stakeholder survey was conducted in 2024 to
identify urgent research priorities related to clean H: (*®). The survey contained five topics where
“cross-cutting issues” was one of them. The survey identified that 38% of the stakeholders consider
the category “pre-normative research; regulations, codes and standards” (PNR; RCS) as one of the
six most important issues in this topic. A link to the “Clean Hydrogen Mission” should be established
to support the initiative with the experience and knowledge gained by the JRC for this category.

By reaching out to MI, the JRC can also connect to other international initiatives and partner
organisations that signed a memorandum of understanding (MoU) with Ml if they are not already
included in JRC’s list of collaborating partners. Besides Hydrogen Europe Research, the IEA Hydrogen
TCP and the International Renewable Energy Agency (IRENA), three new members signed a MoU in
2024: the Clean H; JU, the IPHE and the United Nations Industrial Development Organisation
(UNIDO). Among other collaboration areas, Ml and the Clean H; JU want to organise joint workshops
focusing on RCS around H; for quicker adoption of legal frameworks. In a similar approach, Ml and
UNIDO want to collaborate in the area “standards and policies” to support enabling regulatory
frameworks. Ml and IPHE agreed to work from the perspective of the H, valleys on their accelerated
rollout including supporting RCS development within them for a global H, economy. Given the
alignment between the collaboration goals and the JRC’s mission, all collaborating institutions and
initiatives could be reached as well (*’).

(36) https://mission-innovation.net/wp-content/uploads/2024/09/MI CHM survey RI priorities final September2024.pdf
(last accessed: 11/08/2025 at 18:25)

(37) https://mission-innovation.net/wp-content/uploads/2025/03/Clean-Hydrogen-Mission-Annual-Report-2024.pdf (last
accessed: 13/08/2025 at 17:45)
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5 Conclusions and outlook

The technical report discusses the research gaps in low-temperature electrolysis that have been
categorised in four topics.

Potential solutions and research opportunities are presented to address these challenges,
considering in particular the possibilities offered by the newly acquired test bench for 30 kW
pressurised operation for low-temperature electrolysis technologies. The proposed experimental
campaigns encompass validation of harmonised testing protocols such as performance or durability
measurements with AST protocols. A validation of the AST protocols with RWD data is proposed.
Activation or degradation studies accompanied by water sample collection for PFAS and metal ions
residues detection should give deeper insights for mass market envisioned products. For disruptive
innovations in the single cell and stack sector, a harmonised approach for cut-off voltage
determination in performance experiments should help to find more quickly comparable test results
among different research groups. Combining the mentioned approaches with devices made from
recycled materials enhances the circular economy if achievement of similar performances can be
detected. All activities are linked to the work programme for the project ELHY-GREEN.

The findings and resulting amendments from the proposed experimental works will support the
mentioned policy goals of the European Green Deal, and of the Clean Industrial Deal in particular.
Further comparisons are envisioned with European and international Round Robin exercises for
reliable hardware. Comparing the robustness of test hardware for laboratory cells or performance
and durability of industrially relevant stack electrolyser devices will contribute to the next
innovation cycle of the low-temperature electrolyser technology.

This report explores investigations on stack level for large-scale deployment of electrolyser
installations. It is important to know how the core units of such large-scale applications work safely
and degrade over time. In a future step, the system perspective should be envisioned and
installations comprising several stacks amounting to at least a 100 kW, in best case up to a 1 MW
system, should be taken into account for experiments. There are already several project ideas in this
direction with a good summary given in the report by Groenvermogen NL (Groenvermogen NL,
2024). The test facilities aim at megawatt-scale experimental campaigns. A comparable, in this
moment to be commissioned installation can be found in the German research centre
‘Forschungszentrum Julich GmbH’ (*8). This closes the innovation gap from laboratory research to
industrial relevant installations by feeding the optimisation explored in the large-scale experiments
back to the cycle for renewed, elaborated materials and designs for small-scale low-temperature
electrolysis devices. This final step will take some years until test results steer the innovation cycle
of the second and third generation but has to be taken to accompany the market deployment.

Combining positive aspects of the existing technologies, as it is happening with the AEMEL, should
also be further investigated. By combining AEL and PEMEL, the optimised installation of an AEMEL
got possible using less to no CRMs as compared to the PEMEL and using a weaker alkaline solution
as compared to the AEL. DoE studies of emerging, industrially relevant technologies with TIPs and

(38) https://www.fz-juelich.de/en/iet/iet-1/news/news/mw-electrolyzer-intern-interview (last accessed: 05/03/2025 at
19:20)
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TOPs relevant in the areas performance, durability, among others, can keep the innovation cycle
alive.
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