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bUniversité de Franche-Comté, FEMTO-ST, FCLAB, UTBM, CNRS, Belfort, France

cDirection Opérationnelle Recherche et Developpement, Michelin Ladoux, Cébazat,
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Abstract

Proton exchange membrane water electrolysis is a promising technology for
the production of green hydrogen because of its ideal coupling with renewable
energies. However, the reduction of noble materials and the improvement of
efficiency and lifetime are challenges to be overcome in order to make this
type of hydrogen cost-effective. This paper proposes an in-depth analysis of
the electrolyzer operating conditions: power supply, temperature and water
flow rate, associating the degradation phenomena identified at each operating
point. A cause-effect map of the electrolyzer degradation allows to identify
the stress variables and the operating points of interest according to the fail-
ure and the component concerned. A comprehensive literature review of the
electrolyzer materials degradation is presented in the first part. Accelerated
stress protocols proposed in the literature are also presented under a critical
approach. The review of degradation and accelerated protocols thus repre-
sents an important conceptual framework for the analysis of stress conditions
and the guided design of accelerated protocols, presented in the last part of
the paper.

Keywords: PEM water electrolysis, Material degradation, Green hydrogen
production, Accelerated testing stressors.

∗Corresponding author
Email address: edwin.urbano-castano@utbm.fr (E. Urbano)

Preprint submitted to Journal of Power Sources September 9, 2024



Word Count

10616

Abreviations

ALT Accelerated Life Test.

AST Accelerated Stress Test.

BPP Bipolar Plates.

CCM Catalyst-coated Membrane.

DOE Department of Energy.

ECSA Electrochemically Active Surface Area.

EPMA Electron Probe X-Ray Micro-analysis.

EU European Union.

FRR Fluorine Release Rate.

FTIR Fourier-transform Infrared Spectroscopy.

GDL Gas Diffusion Layer.

HER Hydrogen Evolution Reaction.

HFR High-frequency Resistance.

IPCC Intergovernmental Panel on Climate Change.

LSC Long Side Chain.

MEA Membrane-electrode Assembly.

MPL Micro-porous Layers.
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NHE Normal Hydrogen Electrode.

NZE Net-zero Emissions Scenario.

OCV Open Circuit Voltage.

OER Oxygen Evolution Reaction.

PEM Proton Exchange Membrane.

PEMFC Proton Exchange Membrane Fuel Cell.

PEMWE Proton Exchange Membrane Water Electrolyzer.

PFSA Perfluorosulfonic Acid.

PTL Porous Transport Layer.

SER Sulfur Emission Rate.

SSC Short Side Chain.

TPB Three-phase Boundaries.

XPS X-ray Photo-electron Spectroscopy.

1. Introduction

The sixth report of Intergovernmental Panel on Climate Change (IPCC)
has established five possible scenarios of socio-economic development from
2023 onwards [1]. The scenarios have been established according to green-
house gas emissions trends forecasts, where fossil fuels have more than 90 %
of 2022 total emissions at 36.8 [GtCO2eq] [2]. Therefore, there is an urgent
need to accelerate the energy transition [3]. Hydrogen has a key role to play
in the decarbonization of sectors where emissions are difficult to reduce and
alternative solutions do not exist or are difficult to implement, such as heavy
industry, shipping, aviation and heavy transport [4]. Hydrogen is therefore
gaining acceptance as a substitute to fossil energy and clean energy storage,
making its production a key player in the 2050 net-zero emission scenario
(NZE) [5, 6].
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Among the low temperature electrolysis: alkaline, anion-exchange mem-
brane and proton-exchange membrane, the latter is currently receiving spe-
cial attention from industry and the scientists [7]. With a maturity compa-
rable to alkaline electrolyzers [8], PEM electrolyzers are gaining importance
for two fundamental reasons. The first is their rapid response which makes
them suitable for coupling with renewable sources such as solar and wind
[9, 10]. The second is the possibility of elevated pressures operation, theoret-
ically up to 85 [bar], and 30 [bar] in the most common applications, thereby
reducing the energy for hydrogen compressing [11]. Moreover, the utilisa-
tion of Pt group and other noble materials makes the high cost their major
disadvantage [12].

The hydrogen economy deployment around the world encourages mass
production of PEM devices [13]. The European Union (EU) expects 40 [GW ]
of electrolyzers capacity by 2030 [14]. Additionally, the regions potential,
such as South America, with large capacity for green hydrogen production
has been studied by researchers as guidelines for public policies. The green
hydrogen production opportunities in South America regions have been ex-
plored by Nadateli et al. [15, 16] and specific case like Colombia one has been
investigated [17] with the aim of providing a scientific framework for national
green hydrogen production plans, being one of the pioneer countries in the
region. However, two main points are the main challenges for PEMWE to
be commercially competitive: cost and durability [18, 19].

The use of rare materials such as titanium and platinum group metals, like
iridium, ruthenium and platinum itself, makes the hydrogen production by
PEM an expensive option [20]. To reduce costs, the lifetime becomes a major
factor. Markets for electrolyzers claim a lifetime up to 60, 000 [h] or longer
[21]. To achieve this objective, two options are the most appropriate. The
first and most time-consuming is to change the known electrolyzer designs,
including the development of new materials and less costly technologies. The
second is the materials and designs optimisation. In short and medium term,
the second option is the most suitable. Therefore, a in-depth knowledge of
technology degradation is essential [22].

Few reviews on the PEMWE degradation are available in literature. In
contrast to fuel cell, the number of reviews is less numerous, but provides
important information on the complex phenomena involved in operation.
Feng et al. [23] and Khatib et al. [19] present degradation reviews in cell
components. Other authors provide reviews with emphasis on improvement
potentials: identification of valuable gaps in comprehension and key needs
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for development [24], latest advances and current challenges towards green
and low-cost hydrogen [18] and the most convincing research, from the au-
thors’ perspective, on increasing electrolyzer efficiency [25]. A review of test
procedures for component and single cell degradation are reported [26]. All
the reviews consulted are focused on components materials and single cell.

Test protocols for PEMWE can have several approaches according to
the scope: components materials, single cell, stack and system [27]. In-situ
and ex-situ tests can be applied in order to evaluate the performance and
degradation. The electrolyzer degradation can be observed by durability
tests (long duration) and accelerated tests (reduced duration). The urgent
need to PEMWE optimisation and reduction of green hydrogen cost makes
accelerated testing an urgent need. The scientists are therefore paying atten-
tion to accelerated tests development, which have not received the required
attention, in contrast to fuel cell [28].

Two different types of accelerated tests are defined by the EU, accelerated
stress test (AST) and accelerated life test (ALT) [27]. The main difference
is lifetime range covered by each test, while ALT covers the entire lifetime,
AST looks for degradation over a portion.

The state-of-the-art on accelerated tests does not provide a clear defi-
nition. The accelerated tests proposed under this name are in most cases
stressors variations to nominal operation that generate further degradation
[26]. However, higher degradation is not a strong argument to set suitable
AST, ALT. It must be said that a accelerated protocol is a method that in re-
duced time enables to achieve comparable results, components degradation,
to durability test under equivalent operating conditions. Cost reduction and
test time reduction are therefore the main protocol objectives.

Two publications have been reported in the last years under the same
axis of the present work, the need for standardised test. First a review
of accelerated stress tests by Kuhnert et al. [29]. Second a report by the
EU, on the harmonised AST and durability protocols [30]. However, the
present work presents an original novelty. Thus, this work goes further by
providing the analysis and correlation between electrolysis operating points
and degradation phenomena, validated from all the studies included in this
work (see graphical summary). The aim of this work is not only to provide
the conceptual framework for accelerating degradation, but to do it in a
guided and precise way on materials, cells or stacks. This will enable the
future design of protocols that allow new developments to be tested and
obtain results equivalent to durability tests in reduced times.
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This article proposes in the second section a detailed review of the age-
ing phenomena of electrolysers. In the third section a review of accelerated
protocols for components, unit cells and stacks. It ends with the selection
and conceptualisation of stressors for AST/ALT under real operating condi-
tions, as well as the operating points that activate the different degradation
mechanisms. Thus, the first two parts are a detailed conceptual framework
for the analysis presented in the last part of the article. This analysis is
motivated by two fundamental reasons. The first is to establish a concep-
tual framework for the degradation of PEM electrolysers which has been of
less interest and with different electrochemical phenomena than their equiv-
alent fuel cell. The second is the development of accelerated ageing protocols
that can subsequently become a reference for the standardisation of these
tests in order to accelerate the improvement of the technology through the
appropriate comparison of results.

2. Components degradation in proton exchange membrane water
electrolyzer

A single electrolysis cell of the PEM type is composed of multi-layers
assembled at a particular pressure. Polymeric membrane, catalysts, porous
transport layers and bipolar plates each perform specific functions with differ-
ent materials and designs. Fig. 1 provides an overall scheme of an electrolyzer
cell, with the main components and reactions. The most common materials
used in commercial electrolysers are also introduced.

This section presents the literature review on the degradation phenomena
affecting each of cell components. Before degradation phenomena, a thermo-
dynamic principles explanation of water electrolysis is presented to put into
context the losses incurred by the ageing processes.

To break down water particles into molecules, an external energy is re-
quired. The required energy or the released energy for the chemical bond
formation or breaking is estimated as the sum of the products enthalpies of
formation, ∆Hf,pdt, minus the sum of the reactants enthalpies of formation,
∆Hf,rct. The reaction total energy required is then known as the reaction
enthalpy, ∆HR. The water splitting process is boosted by an electrical and
thermal input energy [31]. ∆HR can be written as the sum of these factors.

∆HR = ∆GR + T ·∆SR (1)
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𝑯𝟐 𝒐𝒖𝒕

𝑯𝟐𝑶 𝒊𝒏

𝑶𝟐 𝒐𝒖𝒕

Catalyst
cell electrodes, thin layer where 

reactions take place.
Anode Materials : Ru<RuO2<Ir<IrO2

Cathode Materials : Pt/C

Membrane
separates gas products, transports 

protons and supports catalyst layers.
Materials : PFSA-based* (Nafion™)

Porous transport layer / Gas diffusion layer
enables the current flow, supplies the water and 

evacuates gas products.
Anode Materials : Ti

Cathode Materials : Ti, C, Stainless steel

Bipolar plates
connect cells electrically, supply reactant, 

remove gases, give mechanical stability.
Materials : Ti, Coated stainless steel

𝑶𝒗𝒆𝒓𝒂𝒍𝒍 𝒓𝒆𝒂𝒄𝒕𝒊𝒐𝒏 ∶ 𝐻2𝑂(𝑙) + ∆𝐻𝑅 → 𝐻2 𝑔 +
1

2
𝑂2 𝑔

𝑨𝒏𝒐𝒅𝒆 ∶ 2𝐻2𝑂(𝑙) → 𝑂2 𝑔
+ 4𝐻+ + 4𝑒−

𝑪𝒂𝒕𝒉𝒐𝒅𝒆 ∶ 4𝐻+ + 4𝑒− → 2𝐻2 𝑔

Fig. 1: Sketch of a proton exchange membrane electrolysis cell

The term, ∆GR, is the Gibbs free energy transition. This thermody-
namic quantity represents the maximum work that can be extracted from
the thermodynamic system, without the volume work. T ·∆SR, the entropy
multiplied by the system temperature T , is known as the entropy factor and
stands for the chemical reaction heat input. At standard state (25 [◦C] and
1 [atm]), ∆G0

R is 236.483[kJ · mol−1] and ∆H0
R is 285.83[kJ · mol−1] [32].

Taking Faraday constant, F , and the number of charges, z, transferred in
reaction, V 0

rev, in a reaction with an external heat source, can be calculated
by following equation.

V 0
rev =

∆G0
R

z · F
= 1.229 [V ] (2)

For a reaction without an external heat source, V 0
th, can be calculated as

follow.

V 0
th =

∆H0
R

z · F
= 1.481 [V ] (3)

The voltage calculated with or without external heat input for an electrol-
ysis cell are known as the Open Circuit Voltage (OCV) at lowest heat value
and highest heat value, respectively. However, as the current flows through
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the cell, voltage is considerably higher because of non-reversible internal cell
losses. It exists three main kinetic losses sources in a PEMWE cell: anodic
and cathodic activation, ohmic, and mass transfer losses [33].

The losses can be group as faradaic and non-faradaic. As faradaic losses
are the activation losses, which are generated due to the transfer of electrons
between the redox couples at the electrode/electrolyte interface of Oxygen
Evolution Reaction (OER) and Hydrogen Evolution Reaction (HER). This
process results in irreversible losses called activation over-potentials present
at both the anode and cathode electrodes [34]. Cathodic and anodic ac-
tivation losses are commonly analysed separately in order to identify the
contribution of each. Anodic losses are predominantly due to the harsh elec-
trochemical environment.

The losses generated by non-faradaic mechanisms are ohmic and mass
transport losses. The best known, ohmic losses are due to the electrons
flow resistance through the electrodes and cell components and the proton
resistance in membrane. These losses behave according to Ohm’s law, so they
are directly proportional to the amount of current flowing through the cell.
Finally, mass transport losses are due to diffusion and bubble over-potentials.
Both mechanisms are evident at high current densities when gas production
is important. Diffusion losses happen when the gas bubbles block part of
current collectors pore network, while bubble overpotential arises when very
large gas bubbles shield the Electrochemically Active Surface Area (ECSA),
reducing the catalyst utilisation and hindering the reaction [35].

The real electrolysis voltage in the cell is then the sum of the OCV, plus
all the internal cell losses. The Nernst equation for OCV, the Butler-Volmer
equation describing the activation losses, Ohm’s law for the ohmic losses and
the modelling equations for diffusion losses can be consulted by the reader
at [5, 36, 37]. Fig. 2 shows a theorical polarisation curve with kinetic losses
contribution calculated from the equations presented in the given references.

Finally, it is relevant to specify that degradation is understood as the loss
of electrolyzer performance [27], which means a cell voltage increase, repre-
sented by previous losses explained, therefore a greater energy consumption.

2.1. Electro-catalyst layers

These thin layers of about 10 µm are where the reaction takes place
thanks to the Three-phase Boundaries (TPB). At the anode they allow the
formation of O2 and H+ on contact with the water molecule, while on the
cathode side the hydrogen protons recover the electron they lack to form
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Fig. 2: Theorical polarisation curve for PEMWE, with losses contribution

H2. At both the anode and the cathode, these electrodes are generally of
a support and a metal designed to maximise the contact surface and the
efficiency of the reaction.

Its fundamental function makes the viability of hydrogen production
by water electrolysis dependent on the long-term supply of abundant and
durable electrocatalyst materials and the overall efficiency of the process
[38]. In addition, the harsh electrochemical environment, with high volt-
ages and high oxygen concentrations, limits the choice of materials to no-
ble metals: Pt (platinum) groups [23]. At anode, for the oxygen evolu-
tion reaction (OER), investigations into the activity-stability relation have
concluded that the most active oxides in platinum group metals show the
lowest stability [39]. The researchers have obtained the following results:
Au ≪ Pt < Ir < Ru ≪ Os for activity and Au ≫ Pt > Ir > Ru ≫ Os for
stability. Thus, the most adopted materials for OER are Ir (iridium) and
Ru (ruthenium) based [40, 41], with Ir based catalysts, specially IrO2, being
the most viable option because of its high level of activity and stability [42].
Since the utilisation of Ir strongly impacts the production cost of PEMWE
the most direct way to save costs would then be to use Ir-free catalysts, but
it is also the most difficult. Studies on catalysts from non-noble materials are
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fairly rare in the literature. Consequently, the main objectives in research on
catalyst are to decrease the amount of precious metals as catalysts and to in-
crease their stability. Currently, the Ir loading in commercial electrolyzers is
2−2.5 [mgr·cm−2], but it is estimated that a loading of 0.05−0.1 [mgr·cm−2]
could reach the gigawatt scale [43]. However, direct load reduction will result
in an irreversible loss of performance [44].

Although the hydrogen evolution reaction (HER) is not the critical point
(proton reduction is about 100 million times faster than OER) [11, 45], few
known metals have such high activity and long-term stability as Pt. These
characteristics make platinum the reference catalyst for HER [46]. Recent re-
search shows promising results with new materials for HER. Ramakrishna et
al. [47] use nitrogen-doped carbon nano-tubes supported by palladium elec-
trocatalysts as hydrogen electrodes and Jeong et al. [48] present a method
for the production of transition metal carbide nanocrystals as a promising
substitute for the Pt/C catalyst. Some authors also present reviews on noble
metal-free electrocatalysts as a viable option for electrolysis [49, 50]. Cur-
rently commercially available electrolysers mostly use platinum-based cata-
lysts, so that large-scale production of PEMWE is limited by the expensive
and rare platinum catalyst. It is to be expected that this will evolve in
the years to come thanks to the great efforts of the scientific community to
develop more durable materials.

Catalysts degradation has been observed at both the cathode and the
anode and electrochemical phenomena affect the catalysts themselves as well
as the support, especially titanium used as support at anode [51]. Due to the
harsh conditions multiple phenomena can degrade the catalytic layers, affect-
ing their durability and stability. From the literature, catalyst dissolution,
agglomeration and migration, contamination by external ions, passivation
and corrosion of support were acknowledged as mainly responsible for the
performance drop of the catalyst [23]. Researchers have found that these
phenomena also affect the degradation of other components such as the gas
diffusion layer and the membrane [29]. The degradation of the catalyst is
evidenced by changes at catalyst/membrane interface due to the thinning of
the catalytic layer. Consequently, the ECSA is reduced (rise of the activation
voltage), which leads to a rise in the electrical contact resistance.

2.1.1. Catalyst dissolution

Since iridium oxide is the most viable OER material [41, 43] and the
anode is the most affected by catalyst dissolution due to the high voltages it is

10



subjected to (> 1.5 [V ]), researchers have focused on studying its dissolution.
This phenomenon leads to a progressive loss of electrolysis performance due
to the catalytic thinning resulting in an increase of the kinetic losses during
extended operation [52]. Therefore, the study of this phenomenon is crucial
to improve the performance, even if it is not a source of abrupt cell failures.
There is a wide agreement among scientists on the circumstances of the Ir
dissolution. Ir dissolution process proposed by Cherevko et al. [53, 54] is
referenced. They have concluded that the formation of iridium complexes,
like Ir(OH)3 and Ir2O3, is the main cause for this phenomenon. These
complexes are renowned for their unstable nature and high relative water
solubility near low pH. Cherevko et al. [53, 54] provide more details on the
iridium complex formation.

From the conducted studies on iridium dissolution and the durability
and stability of these nanoparticles, the researchers have concluded that the
mass activity and electrochemically active surface are (ECSA) degrade most
seriously at high cell voltage (> 1.8 [V ]). They also state that mass activity
losses begin at medium voltage (1.4−1.6 [V ]) [55]. However, the efficiency and
catalyst activity improve at high voltage ranges [56]. Shirvanian et al. [57]
suggest three different pathways of Ir dissolution depending on the operating
voltage and the catalyst surface structure: (i) direct metal Ir dissolution at
lower voltages, close to open-circuit voltage in iV curve (see Fig. 2), (ii)
IrO3 generation at high voltages, and (iii) transition from the IrV − IrIII
oxidation state at intermediate voltages. To detect those phenomena in the
catalytic layer due to the detachment of particles diffusing into the porous
transport layer (PTL), some researchers propose for example in-situ methods
[58].

Although studies on the dissolution of platinum are less frequent, there
are some findings in the literature. Dodwell et al. [59] show for open cir-
cuit voltage (OCV) periods that at a cathodic potential higher than 0.85 [V ]
against the normal hydrogen electrode (NHE) platinum dissolves because of
oxygen scattering from the anode side. At the greatest cathodic voltage of
1.02 [V ] against NHE, the dissolution rate reached its maximum. Experi-
mental evidence presented by the researchers shows that in periods of OCV
the platinum from the cathode and the oxides formed migrate towards the
membrane causing a loss of active surface area or dissolve in the outflow
water. The same phenomenon can potentially be detected on the anode side
when Pt is used as a catalyst for OER [60]. It would therefore be relevant
to highlight that the platinum deterioration has a role to play that is more
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important than is generally realised [61].

2.1.2. Support passivation

As a consequence of the oxygen presence, the build-up of a non-conducting
oxide coating on the anodic catalyst reduces the electron flow and increases
the contact resistance (higher cell voltage) [62]. The passivation of Ti (ti-
tanium), used as a support for iridium oxide, seems to be more important
at high current densities [63] and/or in the presence of pollutants such as
fluoride (dissolved from the membrane) or contaminants in the water flow
such as iron ions, Fex+ [23].

2.1.3. Particles agglomeration and migration in the catalyst

Nano-particles are basically unstable at the atomic scale due to their
growth caused by agglomeration and migration. Catalyst agglomeration is
then defined as the rise in particle size because of sintering or crystal growth
throughout time [64]. The causes of this phenomenon have been investigated
for the fuel cell, but this is not the case for electrolysis, however this phe-
nomenon has also been evidenced in PEMWE [65]. From the investigations
conducted on fuel cells, several mechanisms, which can occur separately or
together, have been proposed as the source of this phenomenon: (i) coales-
cence via crystal migration, (ii) growth via modified Ostwald ripening, and
(iii) re-precipitation at other nucleation sites [62, 66]. The agglomeration of
the catalyst then leads to a significant ECSA loss, resulting in cell efficiency
decrease. Research has also shown that this phenomenon leads to a decrease
of the exchange current density at the cathode side.

Catalyst agglomeration and migration has been reported in the cathode
and the anode. This process is accelerated under harsh operating conditions,
particularly the applied voltage [67]. For the anode catalyst some researchers
have reported that operating voltage affects ionomer degradation. The latter
is the main known cause for the agglomeration of iridium oxide [68, 69]. Pa-
ciok et al. [70] reveal through analysis of X-ray photo-electron spectroscopy
(XPS) that at a lower overpotential (i.e., the voltage difference between Vth

and the potential at which the redox event is observed, Ecell.), the rate of
hydrogen coverage of the Pt particles is enhanced, resulting in a wider gap
between the carbon support and the Pt particles. Thus, the increased mo-
bility of the Pt particles due to the weakening of the Van der Waals forces
promote the catalyst agglomeration [70].
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2.1.4. Metallic cations poisoning

Ionic cationic pollutants come from the feed water, from corrosion of the
system and stack metal parts, and from the membrane-electrode assembly
(MEA) manufacturing [71]. These contaminants occupy the ion exchange
sites between the polymer membrane and the catalytic layer, resulting in an
enhanced charge transfer resistance and, consequently, an increased voltage
at both the anode and the cathode. The inherent reactivity of the catalyst,
especially the Pt, is also affected because external contaminants can occupy
the catalyst interface (i.e., the surface active spots) [72].

Contaminants from other cell components, such as Ti, have also been
evidenced in the cathode catalyst [73]. Titanium particles that are corroded
during operation migrate to the cathode catalyst resulting in a reduction of
the proton mobility in the ionomer and a reduced cathodic exchange current
density. This phenomenon has been evidenced in the anodic catalyst as well.
However, it has been reported in the literature that the contamination by
metal cations is mainly a reversible process. The contaminates can be re-
moved by immersing the MEA in liquid acid solution (i. e., H2SO4 solution)
[74, 75].

2.2. Polymer membrane

This polymer electrolyte used in PEM technology can range from 100 to
200 µm. Its main function is the conduction towards the cathode of the H+

protons formed in the anode, as well as the separation between the products
and the reactants, thus ensuring safety. The electrolyte with the anode and
cathode electrodes is called the MEA (see Fig. 1).

As for PEMFC, the membrane is a crucial component for electrolyzers, as
it determines the transport phenomenon, the performance, and the durability
of the technology [76]. However, in terms of efficiency, reliability, durability
and security, the membrane is the cell’s weakest element [77]. The presence
of materials like hydrogen and oxygen on each membrane side also makes
this component vital for safe operation and to avoid sudden failures. This
makes the lifetime of the technology conditional on the durability and sta-
bility of the polymer layer, making the development of durable MEA for
electrolyzers one of the main challenges in the technology improvement. Un-
derstanding degradation phenomena is the main need for the development of
more economical, efficient, and durable MEA [64].

The PEM, based on polystyrene sulphonic acid, was applied for the
first time in the 1960s for the Gemini spacecraft. At the beginning of the

13



1970s, Dupont further developed the perfluorosulfonic acid (PFSA)-based
Nafion®series membranes, which provide higher proton stability and con-
ductivity [76]. At present, there is a wide variety of proton exchange mem-
branes and new technologies are being proposed [78], with novel and ap-
propriate assembly methods [79, 80]. Today the PFSA membrane is still
considered the most popular. Depending on the side chain length and the
CF3 content, the membrane can be classified as long side chain (LSC) [81, 82]
and short side chain (SSC) [83, 84], represented by Nafion® from DuPont
and Aquivion® from Solvay Solexis, respectively. Based on the analysis of
its chemical composition, the LSC PFSA membrane has a better mechani-
cal stability and better proton conductivity, and other favourable features,
making Nafion®the most widely accepted membrane [76].

In contrast to fuel cell, where many research studies have been conducted
to determine degradation phenomena affecting the membrane [81, 85–88],
few studies are available on PEMWE [89, 90]. Even though PEMFC is the
inverse process of PEMWE, the degradation phenomena are not similar in
most cases due to the different hydration state, different operating condi-
tions, and dissimilar mechanical forces on the membrane. The intermediate
reactants created in the electrolysis dissolve efficiently without the risk of
under-saturation of the reactants, as it is known for the fuel cell [91]. This is
because the electrolyzer membrane is completely immersed in water, which
also prevents stress due to hydration and dehydration. However, complete
submersion of the membrane can cause it to swell with a consequent decrease
in its mechanical strength and integrity [92]. In addition, electrolysis mem-
branes exhibit less chemical degradation than fuel cell membranes. According
to Feng et al. [23] the degradation phenomena affecting the membrane can
be classified as chemical, thermal and mechanical.

2.2.1. Chemical membrane degradation

Membrane chemical degradation is due to two main sources: (i) thinning
of the membrane due to ionomer degradation which is attacked by radi-
cals, like hydrogen peroxide (H2O2) and related species such as hydroperoxyl
(HOO•) and hydroxyl (HO•), formed due to gas crossover [93] and (ii) con-
tamination by external metal ions from the feed water or other cell metal
components (i.e., titanium oxides and Fex+) [77]. The first phenomenon
generates a permanent loss of performance and can be evidenced by mensu-
ration of the fluorine release rate (FRR), in addition to the sulphur emission
rate (SER) in the output water at the cathode and the anode. The sec-
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ond phenomenon is reversible by treating the MEA in an acidic solution, as
sulphuric acid solution [94].

Degradation due to radical attack is commonly observed with membrane
thinning measured by post-mortem analysis [95] or FRR and SER rates with
in-situ measurements [96]. The fluorine and sulphur release that causes mem-
brane thinning is generated by the degradation of the perfluorosulphonic acid
backbone attacked by oxidative species. From literature the oxidative level
of principal radicals involved in ionomer degradation for polymer membranes
can be classified as follows: HO• > H• > HOO• > H2O2 [97]. Chain scis-
sion, release and loss of functional groups are caused by attack on the ionomer
by these oxidising species. Table 1 shows the principal reactions that involve
the radical’s formation in membrane with the corresponding formation ki-
netics coefficients. Some researchers conclude that the reaction involving
degradant radicals are catalysed thanks to gases crossover from the cathode
to the anode side [98], measured by special sensors or in-situ methods [99].
Gas crossover is enhanced at the same time by the membrane degradation,
notably the thinning due to the fluorine dissolution, then an effect-cause cy-
cle and reverse can occur. From what is known in the literature about mass
transport in PFSA-based membranes there are still mechanisms to be clari-
fied [35] and the transport of water, protons and gas crossover are believed
to be impacted by operating conditions such as pressure, temperature and
current density [100]. Chandesris et al. [90] have developed a model de-
scribing the membrane chemical degradation based on the radical-involved
chemical reactions proposed by Gubler et al. [97]. In their research they
have concluded that temperature and low current intensities (> 80◦C and i
near to OCV) strongly impact polymer degradation.

Among the metal ions coming from the feed water such as Ca+, Cu+,
Fex+, or titanium ions due to oxidation of other cell parts, the most membrane-
degrading would be iron ions. Wang et al. [71] have shown in their exper-
iments that for the Nafion®, Fex+ have a higher attraction to sulphonic
sites than H+. This causes an increase of the activation loss, reduction of
the proton concentration and conductivity due to the decrease of the effec-
tive area of the three-phase boundaries (TPB). With electron probe X-ray
micro-analysis (EPMA) Sun et al. [75] further illustrate for a stack with
7.800 [h] operation that the elements Ca+, Cu+ and Fex+ are distributed in
the membrane and catalyst of catalyst-coated membrane (CCM). The loss
of stack performance, as evidenced by different characterisation techniques,
was mostly caused by metal cations poisoning.
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# Reaction Proposed rate

1 HO• +RfCF2COOH −→ products < 106M−1s−1

2 HO• + PSSA −→ products 4x108M−1s−1

3 H2O2 −→ 2HO• 1.2x10−7s−1

4 HO• +H2O2 −→ HOO• +H2O 2.7X107M−1s−1

5 HOO• +H2O2 −→ HO• +H2O +O2 1M−1s−1

6 HO• +H2 −→ H• +H2O 4.3x107M−1s−1

7 H• +O2 −→ HOO• 1.2x1010M−1s−1

8 2HOO• −→ H2O2 +O2 8.6X105M−1s−1

9 Fe2+ +H2O2 +H+ −→ Fe3+ +HO• +H2O 63M−1s−1

10 Fe2+ +HO• +H+ −→ Fe3+ +H2O 2.3X108M−1s−1

11 Fe2+ +HOO• +H+ −→ Fe3+ +H2O2 1.2X106M−1s−1

12 Fe3+ +HOO• −→ Fe2+ +H+ +O2 2X104M−1s−1

13 Fe3+ +H2O2 −→ Fe2+ +H+ +HOO• 4X10−5M−1s−1

Table 1: Summary of reactions involving the formation of radicals degrading the polymeric
membrane [97]

2.2.2. Thermal membrane degradation

High efficiency in electrolysis is clearly one of the main axes of technology
optimisation for obtaining low-cost green hydrogen [101]. High temperatures
(80−100 [◦C]) could clearly improve the capacity of membrane for ion trans-
port and enhance the electrochemical reaction rate [76]. However, it is known
from the literature that excessively elevated temperatures (> 80 [◦C]) can
reduce the quantity of water and degrade the material leading to membrane
failures. Some studies have shown that temperature is higher stress factor
than current intensity [94]. Thermal degradation of Nafion® like chemical
degradation, begins with by the decay of the lateral acid sulphonate group,
as shown in Fig. 3 [102]. Membrane thermal degradation in automotive fuel
cell applications is reviewed by Zhao et al. [103] and Chandesris et al. [90]
provide a model and experimental evidence of the large impact of temper-
ature on membrane thinning. Their work shows evidence of the important
effect of operating temperature on the dissolution of the functional groups
on the polymeric membrane, which is strongly accelerated at temperatures
above 80 [◦C].

Cold start processes are also degrading for the membrane. For fuel cells,
it shows by Alink et al. [85] that the water contained in the membrane,
which is mainly contained in the polymer chains, is evacuated making it
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Fig. 3: Schematic diagram of the loss of the side chain in a polymeric membrane of the
LSC type [102]
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more likely to freeze on the membrane surface. No freezing of the polymer
chains will occur until the water saturation in the membrane [85]. Thus, the
membrane surface is affected by the swelling volume of ice expansions that
can form pinholes and cracks. This phenomenon can even delaminate the
catalyst [104].

2.2.3. Mechanical membrane degradation

Mechanical degradation are considered more probable than thermal and
chemical degradation and can cause sudden and premature failures of the
electrolyzer [77]. Membrane stress can be related to different factors of cell
and/or stack operation, as well as the clamping force on the stack assembly.
For fuel cells, Khorasany et al. [88] found a close link between membrane
stress and operating conditions, such as voltage, temperature and relative
humidity. In contrast to fuel cells for electrolyzers, mechanical failures caused
by membrane drying are less likely due to total submersion in water but
swelling phenomena can be more probable.

Mechanical failures can manifest as cracks, tears, pressure of reagents
and stress [104]. Excessive clamping force can lead to cracking in the contact
zones with the bipolar plate channels and non-uniform compression between
the porous transport layers can also ruin the membrane [105]. Membrane
pinholes represent a safety issue due to potential hydrogen and oxygen com-
bustion. Mechanical failures can also be due to a non-optimal water flow rate.
When the water flow rate is too high, a pressure accumulation takes place,
which can destroy the membrane electrode assembly [106]. On the other
hand, insufficient water flow affects the electrolysis performance and leads
to an unequal distribution of the water through the channels of the bipolar
plate, resulting in an unequal distribution of the electric current [107]. An
in-homogeneous current distribution can lead to membrane swelling and the
formation of hot spots that increase the degradation rate as it is an exother-
mic reaction at high voltage [108].

2.3. Gas diffusion and porous transport layers

These porous layers, external to the catalytic layers (see Fig. 1), have as
their main function bi-phase mass transport (reactant delivery and product
removal), electrical conduction and mechanical support. Their designs gen-
erally consist of nano to naked-eye visible fibres arranged to form a porous
layer. The materials used may differ between cathode and anode and some
may be coated with noble metals to prevent oxidation.
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The designation of these layers is varied in the literature. Some authors
refer to it as current collectors and others make distinctions between anode
and cathode, naming gas diffusion layer (GDL) for the cathode, as it is called
in fuel cell, and porous transport layer (PTL) for the anode [29]. In order to
differentiate between the anode and cathode side, in this work, GDL will be
used as the term for the cathode and PTL for the anode.

In contrast to PEMFC, the materials choice is limited for electrolysers.
The high voltages and high oxygen concentration in the anode part mean
that carbon (a material commonly used in fuel cells) can only be used in the
cathode part, where hydrogen is produced [109]. The choice of materials for
electrolysis is then reduced to Ti and stainless steel. Although the function of
supplying the reactants to the MEA and evacuating the products is vital to
the operation of the electrolyzer, contrary to catalytic layers and polymeric
membrane, the number of studies available on GDL/PTL are limited. From
those studies it is known that the main degradation phenomena are due to
materials corrosion. Degradation GDL/PTL for can be classified as chemical
and mechanical [23].

2.3.1. Chemical degradation

The chemical degradation of GDL/PTL clearly depends on the material
used and operation environment (i.e., O2 presence and voltage). Cathode-
side GDL, unlike PTL, suffer less from corrosion due to insufficient cathode
voltage (approximately 0.1 [V ]) and non-rich oxygen environment [110]. On
the other hand, the titanium used for PTL has a more important chemical
degradation due to high voltage and rich oxygen environment. Although
titanium is the most corrosion resistant material in acidic and high voltage
environments, phenomena such as hydrogen embrittlement, passivation and
corrosion are well evidenced in the operation of electrolysis cells [111].

Knowledge of degradation in GDL/PTL is a crucial issue for optimising
hydrogen production, as improving its efficiency can enhance the overall effi-
ciency of the electrolyzer, better transport of mass and electrons are able to
provide a proper environment for the MEA. To achieve an optimal GDL/PTL
design, some challenges have to be overcome, such as pore size and shape,
layer thickness and more durable and corrosion resistant materials, especially
on the anode. Thus, titanium-based PTL is highly passivated in anode con-
ditions and a non-conductive layer is formed at the surface [112]. The oxides
formed at GDL can dissolve and contaminate the membrane reducing the
ECSA. The different forms of titanium can be coated with platinum group
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metals or gold to avoid such degradation. However, the application of coat-
ings further increases the already high cost of these components [113]. In
response to the high cost of titanium PTL, stainless steel appears to be a vi-
able option, still with corrosion phenomena affecting these components [114].
Hydrogen embrittlement is another phenomenon that affects Ti components
degrading layers, which can lead to dissolution of the material in the water
outlet and loss of contact between the adjoining components. Lu et al. [115]
have performed a study of the resistance of materials to hydrogen embrittle-
ment and concluded the following: Ti = Ta > Nb > Nb > Zr > graphite.
Therefore, titanium is the most resistant material to this phenomenon while
graphite is the most susceptible. The understanding of PTL degradation
phenomena allows the development of optimal structures, where interaction
with catalyst layer is a critical issue. Some authors for example propose the
methods for direct deposition of anodic catalyst in PTL in order to avoid
loss of contact during operation and improve electrolysis efficiency [116].

At GDL conditions are less degrading. Carbon-based material can be
used reducing the price and building on the knowledge already available on
PEMFC. Even if carbon-based GDL are less affected than PTL, corrosion
has been reported at cathode side as well affecting overall performance [117].

2.3.2. Mechanical degradation

High compression between the different cell layers is required to avoid
water and gas leakage and to arrange minimal contact resistance. However,
the compression force greatly influences the properties of the GDL/PTL, as
well as the interface with the neighbouring layers (i.e., catalyst and bipo-
lar plates) [5]. Higher compression pressure improves the contact between
fibres and other components and improves thermal and electrical conduc-
tivity. On the other hand, a high compression pressure leads to noticeable
breakage or even displacement of the carbon fibres, which changes the over-
all morphology of the structure and affects the current transport and fluid
permeability [109]. The cell clamping pressure is a main contributor to the
proper functioning of the cells. An in-homogeneous pressure distribution in
the electrolysis area can cause excessive current maldistribution, due to the
overriding of in-homogeneous electrical contacts, causing local degradation
in the GDL/PTL and the MEA [118]. Special attention to clamping pressure
at assembly procedure is vital to avoid mechanical damage.

For fuel cell applications, Lee et al. [119] have explored the influence
of temperature on the durability of gas diffusion layer applying compression
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strain under steady-state and freezing conditions. Research have found at
high temperature (120 [◦C]) a maximum strain of 2.0 % and no influence of
freezing was reported for GDL.

2.4. Bipolar Plates

As multi functional components, bipolar plates are in charge of reactants
delivery and products removal, as well as providing mechanical support and
electrically connecting the cells [23]. In addition to excellent electrical con-
ductivity, the material used for bipolar plates requires high corrosion resis-
tance and low gas permeability [110]. Few materials have an adequate level
of these characteristics. Previous studies have been developed in order to
assess the viability of several materials, with titanium being the most used.
The use of titanium for the manufacture of bipolar plates then represents 48
% of the total cost of an electrolysis cell [114].

It is possible to use more cost-effective materials, such as stainless steel,
but this type of steel must be protected against corrosion, especially in the
harsh anodic conditions. Some researchers, such as Gago et al. [114], present
research on the use of stainless steel in electrolysis processes with promising
results. The researchers have concluded that although the corrosion of stain-
less steel is more significant compared to that of titanium, understanding this
phenomenon in electrolysis could be of great help in improving the overall
efficiency [120].

In addition to corrosion, another phenomenon affects both titanium and
stainless steel, hydrogen embrittlement. The most effective solution is pro-
tection with noble metals, further increasing its cost [121]. However, novel
research such as that of Liu et al. [122] proposes hybrid coating solutions
that use conductive polymers for Ti−BP protection. More research is still
needed to achieve a compromise between cost and efficiency in order to im-
prove production costs [123].

Available studies on the degradation of titanium/stainless steel compo-
nents provide important information, but less numerous than for membrane
and catalysts. However, some of the studies carried out for fuel cells can
be very useful if the operating conditions are similar (better equivalence for
the cathode). Hydrogen embrittlement and passivation are presented in this
section as principal degradation phenomena for bipolar plates.
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2.4.1. Hydrogen embrittlement

Even if titanium and stainless steel have excellent corrosion resistance and
high mechanical flexibility compared to graphite, hydrogen embrittlement is
one of the main degradation factors. This implies that hydrides (i.e., TiH2)
can develop on the face of the plates leading to material weakness and possi-
ble cracking under stress [5], the formation of non-conductive layers hinders
the proper transport of electrons and increases the contact resistance. Let-
tenmeier et al. [64] have reported that the cathodic part is mostly affected by
this phenomenon and also a strong influence of temperature on the formation
of hydrides, particularly important when temperatures exceed 80 [◦C]. High
voltages are also a driver for TiH2 formation. Noble metal protection is often
used to prevent premature degradation of bipolar plates and their operation
at higher voltages. However, such techniques considerably increase the cost
of electrolysis cells [114].

2.4.2. Metal passivation

The conditions under which electrolyzers are operated lead to the passi-
vation of metal components, titanium or stainless steel based. According to
the Pourbaix diagram, Fig. 4, titanium is certainly passivated at important
voltage, humid and rich-oxidized conditions, such environment can easily be
found at anode side in PEMWE. The oxide coating created on the face of
the material is not electrically conductive and increases the contact resistance
[124]. Platinum group metals and noble metal coatings are generally used to
improve the corrosion resistance and to avoid premature erosion. However,
the use of such procedures greatly increases the cost of the bipolar plates.
Therefore research into novel coatings has been carried out for electrolyzer
and fuel cell [125, 126].

For stainless steel, researchers have found that high positive potentials at
the anode can promote the formation of oxides [120]. The researchers present
evidence that, at high applied potentials, corrosive iron and nickel elements
are transferred from the anode to the cathode across the membrane. MEA
performance is affected by oxide contaminants that occupy the TPB and
reduce the ECSA. These particles contaminate the catalysts and polymer
layers, increasing their resistance.
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3. Accelerated stress test for proton exchange membrane water
electrolysis

Accelerated protocols have been poorly explored for electrolysis, while
for fuel cell there are a considerable number of studies proposing such pro-
tocols [127]. Available studies appear to differ in their understanding these
protocols [26]. Furthermore, most of the protocols proposed for accelerated
degradation are not comparable with each other since the test conditions are
not defined and and the report on harmonised protocols proposed by the EU
is still recent [30], so the results should appear in the next few years. The
durability of PEMWE is explored through durability tests which consist of
monitoring the voltage variation until the cells end of life. Durability test-
ing represent long periods with significant costs. Currently electrolyzers are
able to have a duration up to 20, 000 [h], their degradation has an average
up to 14 [µV · h−1] [128]. Then, the development of accelerated protocols
(AST, ALT) is therefore needed for the technology enhancement and market
competitiveness.

In the introduction of this paper, it has been proposed a definition of
accelerated protocols: “Accelerated protocol (AST, ALT) is a method that
in reduced time enables to achieve results (components degradation) com-
parable to durability tests, thanks to the application of methodologies that
make it possible to establish test conditions based on real operating condi-
tions.” For fuel cells, there is a clear definition of AST proposed at European
level [129] and some authors propose methodologies in line with this defini-
tion. Escribano et al. [130] for example propose a two-step methodology: (i)
The degradation phenomena induced by ageing tests following a load pro-
file and operating conditions typical of real cycles are taken as the starting
point, (ii) subsequently, modified load cycles were defined to exacerbate the
degradation and induced voltage losses, maintaining the same mechanisms
involved and allowing a similar level of performance to be achieved after a
shorter test period. A comprehensive review for PEMFC and methodologies
for the development of such tests is presented by Petrone et al. [127]. These
methodologies can clearly be of great help in determining their equivalent
for electrolysis.

For electrolyzers, Kuhner et al. [29] presents a first approach to a re-
view of the procedure proposed under the name of AST in the literature and
Tomic et al. [26] a review of the testing procedures for PEMWE degradation
and the need for standardisation and appropriate definition to allow results
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comparison. In turn, this section reviews the protocols available under this
name in the literature for dynamic and steady-state conditions. The pro-
tocols are categorized based on the levels suggested by the EU harmonised
protocols: cell components, single cell and stack [27].

3.1. Accelerated stress tests for PEMWE cell components

Achieving high electrolysis efficiency with a reduction in the materials
prices is one of the main objectives of researchers today, who seek for example
to reduce the use of Pt < 0.2 [gr · cm−2] and Ir < 0.3 [gr · cm−2] [131].
Achieving such performance and cost objectives are mostly based on the
proposition of appropriate protocols that allow developments in reasonable
periods of time. Accelerated protocols are thus a fundamental building block
for the maturity of PEM technology, starting with the development and
improvement of new materials for electrolysis cell components. For same aim,
this section explores the proposed procedures for electrolysis cell components:
membrane, catalysts, MEA, GDL/PTL and bipolar plates.

Although the studies on accelerated protocols for PEM electrolyzers are
not numerous, the most common in this group are those proposed for the
anode catalyst, mostly based on iridium. In order to obtain data in reduced
time on the catalyst stability of the OER, Spöri et al. [132] propose an
AST consisting of voltage cycling between 1.75 [V ] and OCV, as shown in
Fig. 5 (a). The temperature of operation in the electrolyzer is set at 80
[◦C] and the voltage is cycled with a dwell interval of 3 [s] for 15, 000 cycles.
The researchers found a significant degradation of the anode catalyst in tests
performed at > 1.8 [V ]. Therefore, to limit dissolution during static load
tests they suggest AST at 1.6 [V ] as a new standard test for accelerated
degradation. With the same objective of demonstrating the catalyst stability,
an Ir supported Sb-doped SnO2 this time, Thomassen et al. [56] propose a
procedure to evaluate the catalyst dissolution. The AST involves a square-
wave current cycle between 0.1 − 1 A · cm−2 for a total of 10 [min] cycling
intervals and a test duration of 100 [h]. To test the durability of the catalyst
on the anodic side, Alia et al. [55] propose for their part a protocol consisting
of cycling between 1.45 − 2 [V ] with cycle periods of 1 [min], temperature
was set at 80 [◦C]. In agreement with Spöri et al. [132] the last authors have
also concluded that at moderate potentials (1.4 to 1.6 [V ]) the losses are due
to Ir particle growth, whereas at high potentials (> 1.8 [V ]) the losses are
mainly due to catalyst dissolution (see section 2.1.1).
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Fig. 5: Accelerated stress test for cell components: a) anode catalyst stability [132], b)
MEA testing [77] and c) Anode support catalyst [133]

Since the MEA is seen as the most unstable cell part, some researchers
have focused on studying the specific degradation phenomena associated with
it. Grigoriev at al. [77] have performed an AST on a MEA, with platinum
as catalyst for anode and cathode, by applying galvanostatic pulses. The
purpose of the tests is to increase the degradation rate while keeping the
cell potential and anode voltage higher than in a conventional cell with Ir
as anode catalyst. The proposed protocol presented in Fig. 5 (b) consists
of a cycling operation from OCV to 1 [A · cm−2] in 25 [h] cycle periods
repeated until the electrolyzer is ruined (stop working). Test was stopped
at 5, 500 [h] of electrolyzer operation and the researchers concluded that the
first mechanism of MEA degradation is the catalyst layer corrosion with
migration of dissolved platinum to the membrane, followed by membrane
thinning. Membrane thickness was reduced approximately 75 % during the
test. On their side, to compare two different types of Nafion®membranes,
Kundu et al. [134] performed accelerated ageing tests for 3− 5 day. In their
work, the researchers propose two ex-situ degradation methods consisting of
attacking the membrane with OH radicals by a Fenton-type test. The first
method consists of introducing the Nafion®membrane into a peroxide and
iron solution. The second method is an exchange method in which a sample
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of Nafion®in the Fe2+ form is exposed to a peroxide solution. The Fourier-
transform infrared spectroscopy (FTIR) have been obtained for the different
membranes by the researchers, showing a clear chemical degradation due to
radical’s attack.

In order to investigate the usability of micro-sized Ti particles for sup-
porting IrO2 in the anode of electrolysis cells, Rozain et al. [133] have
suggested a specific accelerated test. This protocol, presented in Fig. 5 (c),
consists in applying to the cell a series of current steps, with a duration of 30
[min], in a range between 0 and 2 [A · cm−2]. The temperature has been set
at 80 [◦C]. Additionally the researchers have tested their assembly cell with
a real solar energy profile. According to the researchers, the results show
evidence of good cell stability with the use of a catalyst composed of only
0.1 [mg · cm−2] of IrO2. This level of performance is obtained thanks to the
use of a micro-sized titanium support.

Contrary to the catalytic layers and membrane no studies on accelerated
stress test for the Gas Diffusion Layer (GDL) with application to electrolysis
have been found in the literature. However, this layer is being investigated
for fuel cell applications. For the cathode the GDL can be similar between
the two PEM technologies. Then, the proposed protocols for fuel cell can be
applied to electrolysis. Chun et al. [135] subjected a GDL accelerated tests
in order to research the mechanical degradation of the micro-porous layers in
a short period of time. The MPL was subjected to mechanical degradation
by applying an AST with a dummy cell for 28 day. Other researchers have
focused on studying the accelerated degradation of GDL by applying tests
such as electrochemical degradation, freeze/thaw cycles and immersion of
this layer in a carbon peroxide solution [117, 136, 137]. For stainless steel
GDL, Mo et al. [120] raise the possibility of an accelerated test that can be
easily used to investigate the corrosion and durability of various metals by
applying high positive voltages intensively at the anode.

3.2. Accelerated stress tests for single cell

Despite the existence of various research on degradation modelling [138,
139] and the development of fuel cell AST, electrolysis cells are not exactly
the opposite. Unlike fuel cell, in electrolysis the anode catalysts are mainly
IrO2 and RuO2 and the membrane is much thicker, which implies a differ-
ent approach in the analysis of degradation phenomena. Therefore, special
care must be taken when transferring concepts from PEMFC modelling to
PEMWE applications [90]. For a single electrolysis cell, three protocols have
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Stressors Methodology
Cell

component
Ref.

Voltage
Voltage cycling between 1.75 [V ] and OCV. Dwell
interval of 3 [s] for 15000 cycles. T=80 [◦C]

Anode cat-
alyst

[132]

Current
density

Square-wave current cycle between 0.1−1 A·cm−2,
10 [min] cycling intervals and total duration of 100
[h]

Anode
Catalyst

[56]

Voltage
Cycles between 1.45 − 2 [V ] with 1 [min]
periods.T=80 [◦C]

Anode cat-
alyst

[55]

Current
density

Galvanostatic pulses. Cluces from OCV to 1 [A ·
cm−2] with 25 [h] periods until the electrolyzer is
ruined (5500h)

MEA [77]

Radical at-
tack

Attack the membrane with OH radicals by a
Fenton-type test

Membrane [134]

Current
density

Current steps with 30 [min] of duration, from 0
to 2 [A · cm−2]. Real solar energy profile applied.
T = 80 [◦C]

Anode cat-
alyst

[133]

Mechanical Mechanical compression applied for 28 days. GDL [135]

Voltage High positive voltages at the anode
GDL
(stainless
steal)

[120]

Table 2: Summary of cell components AST proposed in state of art for PEMWE
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been found in the literature that attempt to evaluate the behaviour of the
electrolyzer under real operating conditions, associating operating conditions
such as high currents, power fluctuations and periods of inactivity to the
degradation mechanisms.

Weiß et al. [95] has proposed an AST that simulates a variable power pro-
file. The cell is powered among high (3 [A · cm−2]) and small (0.1 [A · cm−2])
current densities, alternating with periods of inactivity during which no cur-
rent is provided, this protocol is shown in Fig. 6. The principal objective of
the test is to assess the impact of electrolysis cells powering from green ener-
gies, where operating times and periods of inactivity alternate, for a better
understanding of the degradation phenomena. The authors performed an ex-
haustive electrochemical and physical description of the MEA to understand
the changes in cell performance during the applied protocol. Polarisation
curves performed during the process revealed that initially there is a growth
in performance of 50 [mV ] for the first 10 cycles, which is followed by a
drop in performance over OCV cycles due to an increase in high-frequency
resistance (HFR) of 1.6 times over 718 cycles.

The second protocol has been proposed by Aßmann et al. [140] with the
aim of providing a protocol capable of evaluating newly developed materials
and components in a short time. The authors believe that the main sources
of electrolysis cell degradation are due to high currents, power supply fluctu-
ations and periods of inactivity, and propose a protocol in accordance with
these hypotheses. The proposed protocol, presented in Fig. 7, consists of
4 steps: (i) Nominal current density, this is not an intentional stress state,
but will lead to some deterioration. (ii) High current density operating: the
authors believe that the impact will mainly affect the anode catalyst coating
ionomer and the membrane. Ti−PTL/GDL and Ti−BPP will be affected
as well if they aren’t coated. (iii) Load cycling: this will lead to deterioration
of the cathode catalyst. (iv) OCV: regarding the power cycling profile, the
major degradation impact will be on cathode side. The researchers propose
such a procedure with the aim of determining the degradation rates R1 to
R4 (Fig. 7) in order to analyse the cell degradation.

Finally, Li et al. [141] have presented a comparative study between 3
single cells tested with different cycling profiles. The first cell taken as a
reference is operated at a constant current of 1 [A · cm−2], the second cell is
loaded with a dynamic load in the high range, between 1.2−2 [A · cm−2] and
a third cell is cycled at low dynamic loads, between 0− 0.5 [A · cm−2]. The
researchers found a loss of 29.8 [µV · h−1] for the continuous current density
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Fig. 6: Accelerated stress test for single cell proposed by [95]
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Stressors Methodology Ref.

Current density
Power between 3 [A · cm−2] and 0.1 [A · cm−2], followed
by OCV period. 718 cycles

[95]

Current density
Nominal period, high current density, load cycling and
OCV

[140]

Current density
3 test: constant current density at 1 [A · cm−2], low load
cycling (0−0.5 [A ·cm−2]) and high load cycling (1.2−2
[A · cm−2])

[141]

Table 3: Summary of single cell AST proposed in state of art for PEMWE

test, 51.4 [µV ·h−1] for the low current density cycled test and −55.8 [µV ·h−1]
for the high current density cycled test. In contrast to other investigations
in these tests the cell performance worsens at low cycling and improves at
high cycling, compared to constant current operation.

3.3. Accelerated stress tests for electrolysis stacks

When stepping from a single cell to a stack, studies on accelerated proto-
cols are rare. At this level Lee et al. [136] propose a protocol for a three-cell
stack to evaluate the development and proper functioning of an integrated
flexible micro-sensor. This sensor is able to measure current, voltage, flow,
pressure and temperature and it can be deployed within the harsh electro-
chemical electrolysis atmosphere. For manufacturing researchers have used
micro-electromechanical systems (MEMS) technology. After evaluating the
performance of electrolyzer at different temperatures (> 85 [◦C]), the authors
propose as AST a temperature of 95 [◦C] and a high voltage of 3 [V ] as test
conditions for a 100 [h], as a voltage higher than 3 [V ] would damage the
catalyst.

4. Test stressors in real electrolysis operation conditions for stan-
dard test development

In the last section the available literature on AST/ALT has been discussed
from a critical point of view on the need for the development of protocols
applicable to real operating conditions. In this section it is presented an
analysis for electrolyzers operating conditions as test stressors. Thus, the
information available in the literature is presented with a critical overview.
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Within an electrolysis stack, six important physical parameters can mod-
ify the performance and shorten the electrolyzer lifetime: current density,
voltage, pressure, water flow rate, water quality, and temperature [136]. Fur-
thermore, understanding the phenomena of degradation of PEMWE operat-
ing under dynamic conditions is essential for the design and implementation
of efficient and consistent ways of storing energy from renewable [142]. The
aforementioned parameters are also fundamental in the development of con-
trol algorithms (i.e., PID, neural network, non-linear, etc.) for renewable
energy production and storage systems [98].

From the literature review it was identified that the electrochemical phe-
nomena (see section 2) that cause the performance loss of electrolyzer are
directly related to the operating conditions: current density, voltage, tem-
perature, pressure and water flow and quality have important impact on elec-
trolyzer lifetime. As pressure and water quality do not generate a large pro-
portion of degradation phenomena and the latter can be easily avoided with
the correct pressure within the operating range of the stack and the treatment
of the water to be electrolyzed, these two parameters are not taken into ac-
count in this analysis. Therefore, the cycle load (current intensity/voltage),
temperature and water flow as stressors for the acceleration of degradation
are further discussed in this section. The principal objective of this section is
to clearly associate the degradation phenomena presented in section 2 with
the operating conditions according to the studies available in the literature.
Fig. 8 then presents an overview of the operating modes of electrolysis cells
and the associated performance losses, based on state-of-the-art knowledge
in order to summarise the analyses developed.

4.1. Cycle load

Power supply is clearly the main operating condition of an electrolysis cell
stack because hydrogen production is directly related. Due to the intermit-
tency and fluctuation of the renewable energies with which the electrolyzers
are powered for green hydrogen production, it is therefore interesting to eval-
uate the degradation phenomena that occur in the operating range of voltages
for a PEM stack. Several researchers have been interested in analysing the
effects of current profiles on the electrolyzers degradation, testing dynamic
profiles [46, 93, 112, 143], high and low current densities [89, 144, 145] and
start-stop processes [59].

An electrolysis cell can operate at a high current density. While elec-
trolyzers available in market already operate among 0.8 and 2.5 [A · cm−2],

33



A
n

o
d

e 
ca

ta
ly

st
 

C
at

h
o

d
e 

ca
ta

ly
st

 

M
em

b
ra

n
e 

(P
SE

)

B
ip

o
la

r 
p

la
te

s
G

D
L

/P
T

L

ST
R

E
SS

O
R

N
A

T
U

R
E

 O
F

 
ST

R
E

SS
O

R
D

E
G

R
A

D
A

T
IO

N
 

M
E

C
H

A
N

IS
M

F
A

IL
U

R
E

 
M

E
C

H
A

N
IS

M
P

E
M

W
E

 C
O

M
P

O
N

E
N

T
 

A
T

T
A

C
K

E
D

Ir
3

+
 fo

rm
at

io
n

 (
u

n
st

ab
le

s 
p

ar
ti

cu
le

)
A

n
o

d
e 

C
at

al
y

st
 

d
is

so
lu

ti
o

n

C
u

rr
en

t 
re

ve
rs

al
 f

en
o

m
en

a 
th

en
 P

t 
m

ig
ra

ti
o

n
 t

o
 P

SE
C

at
h

o
d

e 
ca

ta
ly

st
 

d
eg

ra
d

at
io

n

T
em

p
er

at
u

re

SP
E

 s
p

li
tt

in
g 

d
u

e 
to

 h
yd

ro
xy

l 
ra

d
ic

al
s 

(i
.e

. H
2

O
2

 -
->

 2
H

O
°)

 
In

cr
ea

si
n

g 
F

lu
o

ri
d

e 
re

le
as

e 
ra

te
 (

F
R

R
).

P
SE

 t
h

in
n

n
in

g 
ac

ce
le

ra
te

s,
 

o
xy

ge
n

 c
ro

ss
o

v
er

 in
cr

ea
se

s
M

em
b

ra
n

e 
th

in
n

in
g

C
at

al
y

st
 a

gg
lo

m
er

at
io

n
 

an
d

 m
ig

ra
ti

o
n

P
o

w
er

 S
u

p
p

ly

A
n

o
d

e 
ca

ta
ly

st
 

su
p

p
o

rt
 p

as
si

v
at

io
n

W
at

er
 f

lo
w

H
ig

h
 h

y
d

ra
u

li
c 

p
re

ss
u

re
M

ec
h

an
ic

al
 M

E
A

 
fa

il
u

re
 

In
h

o
m

o
ge

n
eo

u
s 

d
is

tr
ib

u
ti

o
n

 
o

f 
el

ec
tr

ic
 c

u
rr

en
t

H
o

t-
sp

o
ts

 a
n

d
 

u
n

ev
en

 m
em

b
ra

n
e 

sw
el

li
n

g

T
iH

2
 f

o
rm

at
io

n
H

y
d

ro
ge

n
 

em
b

ri
tt

le
m

en
t

M
et

al
s 

o
xi

d
es

 f
o

rm
at

io
n

 
(i

.e
. T

i/
St

ai
n

le
ss

 s
te

el
 o

xi
d

es
)

B
ip

o
la

r 
p

la
te

s/
G

D
L

 
p

as
si

v
at

io
n

T
i c

o
m

p
o

n
en

ts
 

co
rr

o
si

o
n

C
h

em
ic

al
 m

em
b

ra
n

e 
d

eg
ra

d
at

io
n

M
et

al
 o

xi
d

es
 f

o
rm

at
io

n
 a

t 
c.

 
ca

ta
ly

st
 t

h
en

 i
o

n
ic

 
co

n
ta

m
in

at
io

n
 a

t 
SP

E
/A

n
o

d
e

A
n

o
d

e 
ca

ta
ly

st
  m

et
al

 
su

p
p

o
rt

 o
xi

d
at

io
n

 (
i.e

. T
i o

n
 

Ir
O

2
-s

u
p

p
o

rt
ed

 t
it

an
iu

m
)

H
ig

h
 c

u
rr

en
t 

d
en

si
ty

 a
cc

el
er

at
es

B
ef

o
re

 o
h

m
ic

 z
o

n
e 

at
 

en
d

 o
f 

ac
ti

v
at

io
n

 z
o

n
e

C
el

l v
o

lt
ag

e

[V
]

8
0

H
ig

h
 o

p
er

at
io

n
 

te
m

p
er

at
u

re
 

2
5

St
an

d
ar

d
 

te
m

p
er

at
u

re

O
C

V
1

.2
3

1
.4

8
E

le
ct

ro
ly

si
s 

m
in

. v
o

lt
ag

e

H
ig

h
 v

o
lt

ag
e

1
.8

0

T
em

p
er

at
u

re
[°

C
]

P
o

te
n

ti
al

 c
au

se

In
cr

ea
se

W
at

er
 f

lo
w

 r
at

e
[l

/h
] N
o

m
in

al
 r

at
e

M
o

re
 s

er
io

u
s 

u
n

d
er

 
h

ig
h

 c
u

rr
en

t 
d

en
si

ti
es

U
n

d
er

 d
y

n
am

ic
 

o
p

er
at

io
n

 m
o

re
 s

er
io

u
s

F
ig
.
8:

P
E
M
W

E
d
eg
ra
d
a
ti
o
n
m
ec
h
a
n
is
m
s
a
ss
o
ci
a
te
d
w
it
h
o
p
er
a
ti
n
g
co
n
d
it
io
n
s

34



laboratory research has taken their performance up to 10 [A · cm−2]. The
operating voltage, on the other hand, is mainly due to the voltage needed
to generate the reaction. The OCV voltage is 1.229 [V ], corresponding to
the minimum energy needed to generate the breaking of the chemical bonds
between hydrogen and oxygen at the anode. The thermoneutral voltage is
1.48 [V ], corresponding to the real cell voltage considering that the reaction
is endothermic [5]. Finally, it is known from literature that voltages greater
than 1.8 [V ] accelerate some electrochemical phenomena [132, 142]. The
last value is taken as a reference for the operation at high voltages. In the
following, the relationships between the different operating ranges of voltage
and the electrochemical phenomena, that cause the degradation (see section
2), are established.

4.1.1. Potential between OCV (1.23 [V ]) and thermoneutral voltage (1.48
[V ])

Dodwell et al. [59] have shown evidence for a 3-electrode electrolysis
cell of degradation phenomena affecting the catalytic layer of the cathode in
OCV periods (see 2.1.1). These phenomena thus lead to a performance loss
due to membrane contamination and catalyst degradation. The migration
of platinum particles can also contaminate the anode catalyst and titanium
components. During electrolyzer shutdown processes where the potential can
be between the OCV and the thermoneutral minimum potential, Grigoriev et
al. [146] have reported the presence of reverse currents. The reverse currents
can lead to fuel cell mode operation in which the remaining gases (H2 and
O2) are consumed. This also leads to the loss of platinum in the catalyst,
which is dragged to the areas of the membrane near the cathode. Platinum
particles contaminate the membrane and generate a ECSA reduction.

4.1.2. Potential between thermoneutral voltage (1.48 [V ]) and high potential
(1.8 [V ])

The work of Gubler et al. [97] has established a scientific framework for
chemical reactions involving the formation of radicals, exacerbated by the
presence of ferrous ions (see section 2.2.1). The kinetic constants of these
reactions have also been proposed, which authors Chandesris et al. [90] have
taken as a reference for the models development of chemical degradation of
the electrolysis membrane. From these studies it has been shown that the
chemical reactions that form the radicals are more likely to occur at rela-
tively low current densities. These radicals attack the membrane, leading
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to the removal of fluorine from the polymer chains. For example, the work
of Chandesris et al. [90] shows a maximum fluoride release in the current
range 0.4 − 0.5 [A · cm−2], with an increasing trend before and decreasing
trend after, thus forming a negative quadratic behaviour.In terms of voltage,
these current densities are found after and close to the thermoneutral po-
tential. This membrane degradation phenomena, evidenced by the release of
fluorine, then generates a loss of performance by causing a thinning of the
membrane, reducing its effectiveness, and increasing the possibility of gas
crossover. Particles shed from the membrane can also degrade the catalyst
layers and titanium components.

Other authors such as Weiß et al. [95] also raise the possibility that at low
potentials the IrO2 can be reduced and Ti-based cell parts can corrode. The
repeated switching of oxidising and reducing conditions during OCV periods
within operation (i.e., among hydrated iridium oxide and metallic iridium)
leads to an increase in Ir dissolution.

4.1.3. Potential higher than 1.8 [V ]

Shirvanian et al. [57] present evidence that at high voltage (> 1.8 [V ])
the formation of IrIII is enhanced and its instability causes its dissolution
in the output water causing a decrease of the catalyst layer and a loss of
activity. In addition, authors such as Spöri et al. [62] and Reier et al. [63]
have reported the oxidation of the catalyst support, Ti, at high tensions
reducing the electrical conductivity.

The harsh operating conditions that generate an oxidising environment
(high potential and oxygen presence) have forced the use of materials other
than carbon, such as titanium and stainless steel plates, in contrast to fuel
cells [121]. However, operation at high potentials (> 1.8 [V ]) seems to en-
hance the oxidation of metallic plates. Some researchers have reported the
formation of titanium oxides at high operating voltages [95, 110, 112], reduc-
ing the electrical conductivity and increasing the contact resistance between
the cell layers.

4.1.4. Dynamic and steady-state power supply

The analysis of the degradation associated with the dynamic and steady-
state operation is interesting to understand the effect of the coupling with
renewable energies, of fluctuating and intermittent nature, on the loss of
electrolysis cells performance. Such analysis allows further optimization and
robust design of renewable-hydrogen systems [147]. However, among the
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scientific community, the results seem to differ from one study to another.
Rakousky et al. [112] have carried out a comparative study between con-
stant current profiles (1 [A · cm−2], 2 [A · cm−2]) and dynamic profiles. Their
research concluded that the most degrading profile was the one constant at
2 [A · cm−2], whereas the dynamic profiles applied improve cell degradation.
Papakonstantinou et al. [46] have shown no evidence that the dynamic op-
eration has a major influence on degradation. On the other hand, other
researchers such as Frensch et al. [93] report that dynamic operation causes
a higher rate of fluoride emission and catalyst agglomeration. These pro-
cesses are then of concern for long-term damage due to membrane thinning
that can cause potential gas crossover. Therefore, the debate on PEMWE
degradation operated under dynamic profiles provides an important scope
for further research.

4.2. Temperature

The operating temperature of the electrolyzer is an important variable
in performance. Commercially available stacks have an operating range be-
tween 20−70 [◦C], whereas theoretically PEMWE can operate in the range of
0−100 [◦C] [5]. From the state-of-the-art, it has been identified that although
a higher temperature increases the performance of the cell by decreasing the
internal resistance, it can also accelerate the degradation of the membrane.
Temperatures above 80 [◦C] as well as low current operation are highly unfa-
vorable in terms of membrane degradation, as the fluoride emission accelerate
in such conditions. According to the results presented by Frensch et al. [93],
an increment of the temperature from 60 [◦C] to 80 [◦C] results in a modest
negative effect on the degradation rate, with 1.2− 3.0 [µV ·h−1] respectively.
Whereas operation at 90 [◦C] had a much more detrimental effect, with 183.8
[µV · h−1]. Other researchers agree with the conclusion that temperatures
above 80 [◦C] have a negative impact on membrane degradation, acceler-
ating fluoride emission that triggers membrane thinning and increases the
probability of gas crossover [21, 94, 148].

It has also been reported that pure titanium suffers from hydrogen embrit-
tled when exposed to temperatures greater than 80 [◦C]. This phenomenon
is due to the hydrides formation at grain boundaries [149]. In addition,
the pressurised hydrogen generated by the proton reduction reactions on the
cathode favours the absorption of hydrogen on the metal bipolar plates, po-
tentially leading to its mechanical deterioration. High temperature is there-
fore certainly a degrading factor for PEM electrolysis cells. It is suggested
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for PEMFC that coupling high temperature conditions with different stress
cycles is the most suited approach to accelerate the system ageing [127].

4.3. Water flow

In contrast to fuel cells where hydration of the membrane must be of
paramount importance to avoid drying phenomena [150], for the electrolyzer
this phenomenon is less likely because the membrane is completely submerged
in water. However, a water flow that is not adapted to the operating condi-
tions (current intensity and temperature) can cause degradation phenomena
such as excess hydraulic pressure or nonuniform distribution of the electric
current. Ito et al. [108] present evidence that the type of two-phase flow
of circulating water inside the electrolysis cell has important effects on mass
transport phenomena. Thus, when the bi-phase circulating water flow at the
anode is sluggy or annular, the bulk water transport for the anodic reaction
is reduced, and the concentration loss rises at greater current density than
when the flow is bubbly. Researchers are also able to analyse the optimal
circulating water flow rate on the basis of mass balancing analysis.

Special attention must then be paid to determining the appropriate water
flow rate for the operation of the electrolyzers. Excessive water flow increases
the hydraulic pressure which can induce mechanical failure of the more fragile
elements of the cell, notably the polymeric membrane. At the other extreme,
when the water flow is insufficient, temperature can’t be controlled optimally,
in addition to in-homogeneous current distribution, and the formation of hot
spots.

5. Conclusion and perspectives for accelerated degradation testing.

The role of hydrogen in the energy transition is undoubtedly fundamen-
tal to achieve the decarbonization objectives set for EU and other energy-
intensive regions. The production of hydrogen by proton exchange membrane
technology coupling with renewable energies is certainly fundamental. How-
ever, it is clear to the scientific community that a considerable improvement
of PEMWE is needed to reach a scalability from MW to GW and a mar-
ketable price, about 1 [efor kgH2 ], as set by DOE and EU.

Three main challenges must be overcome in order to reduce green hy-
drogen cost by PEM electrolysis through increased reaction efficiency and
improved lifetime. First, the development of polymeric membranes that can
be operated at temperatures close to 100 [◦C] without accelerating their
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degradation considerably. Second, the reduction or the replacement of the
amount of noble materials used in catalysts while retaining good reaction
efficiency. And thirdly, the reduction or elimination of titanium as the main
element of GDL/PTL and BPP. To overcome these challenges, it is vital
to understand the electrochemical phenomena that cause degradation. This
paper presented an extensive literature review of degradation in the polymer
membrane, anode and cathode catalysts and multi-phase layers used in PEM
electrolysis.

In order to understand the causes of known degradation phenomena, test-
ing under real operating conditions is necessary. Recognising that durability
testing is very costly and time-consuming, accelerated testing, which reduces
time and cost, is therefore the most interesting approach to increase the
understanding of degradation and its causes. This approach is equally in-
teresting for the evaluation of optimisations and new materials, focusing on
the achievement of the proposed economic objectives. From a control per-
spective, accelerated testing can also be very useful in establishing intelligent
digital control strategies to optimise the lifetime of the electrolyser.

For electrolysers, unlike fuel cells, accelerated testing has been poorly ex-
plored and this article presented evidence of this through a review of existing
work. Therefore, AST/ALT have to be developed for electrolysis and obey
their own degradation and operating conditions. This work presented a con-
ceptualisation of the operating conditions (power supply, temperature and
water flow) and their operating points related to electrochemical phenomena
that cause the degradation of materials. This analysis is then the starting
point in the methodology of accelerated test development. Future works can
choice the stress variables and operation points according to the components
or phenomena to be activated. These works should be developed for stacks,
allowing to identify the in-homogeneity in cell degradation, and the coupling
with renewable, so that they are appropriate to the current needs of the
industry.

As mentioned in the introduction of this work, in the authors’ under-
standing an accelerated test is a method that in a reduced time allows to ob-
tain comparable results (degraded components) to the durability test under
equivalent operating conditions. The development of this type of methodol-
ogy should therefore be coupled to this definition, with a view to a future
standardisation of the tests and an adequate comparison of the results. This
concept is part of the future research lines for PEM electrolysis according
to the authors’ analysis: development of new materials, privileging the use
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of non-noble materials, system design and optimisation of control and the
development of standardised test protocols.
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Franche-Comté, Belfort.
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Accelerated stress test procedures for PEM fuel cells under
actual load constraints: State-of-art and proposals, Interna-
tional Journal of Hydrogen Energy 40 (36) (2015) 12489–12505.
doi:10.1016/j.ijhydene.2015.07.026.
URL https://linkinghub.elsevier.com/retrieve/pii/

S0360319915017590

[128] M. Carmo, D. L. Fritz, J. Mergel, D. Stolten, A comprehensive review
on PEM water electrolysis, International Journal of Hydrogen Energy
38 (12) (2013) 4901–4934. doi:10.1016/j.ijhydene.2013.01.151.
URL https://linkinghub.elsevier.com/retrieve/pii/

S0360319913002607

[129] EuropeanComission, Definition of Accelerated Stress Testing (AST)
protocols deduced from understanding of degradation mechanisms of
aged stack components in Fuel Cell systems | Programme | H2020,
Tech. rep., European Comission.
URL https://cordis.europa.eu/programme/id/H2020_

FCH-04-5-2017

61

https://www.sciencedirect.com/science/article/pii/S1364032108001676
https://www.sciencedirect.com/science/article/pii/S1364032108001676
https://www.sciencedirect.com/science/article/pii/S1364032108001676
https://doi.org/10.1016/j.rser.2008.09.029
https://www.sciencedirect.com/science/article/pii/S1364032108001676
https://www.sciencedirect.com/science/article/pii/S1364032108001676
https://www.sciencedirect.com/science/article/pii/S0378775311019719
https://www.sciencedirect.com/science/article/pii/S0378775311019719
https://www.sciencedirect.com/science/article/pii/S0378775311019719
https://doi.org/10.1016/j.jpowsour.2011.10.022
https://www.sciencedirect.com/science/article/pii/S0378775311019719
https://www.sciencedirect.com/science/article/pii/S0378775311019719
https://www.sciencedirect.com/science/article/pii/S0378775309017352
https://www.sciencedirect.com/science/article/pii/S0378775309017352
https://www.sciencedirect.com/science/article/pii/S0378775309017352
https://doi.org/10.1016/j.jpowsour.2009.10.002
https://www.sciencedirect.com/science/article/pii/S0378775309017352
https://www.sciencedirect.com/science/article/pii/S0378775309017352
https://linkinghub.elsevier.com/retrieve/pii/S0360319915017590
https://linkinghub.elsevier.com/retrieve/pii/S0360319915017590
https://doi.org/10.1016/j.ijhydene.2015.07.026
https://linkinghub.elsevier.com/retrieve/pii/S0360319915017590
https://linkinghub.elsevier.com/retrieve/pii/S0360319915017590
https://linkinghub.elsevier.com/retrieve/pii/S0360319913002607
https://linkinghub.elsevier.com/retrieve/pii/S0360319913002607
https://doi.org/10.1016/j.ijhydene.2013.01.151
https://linkinghub.elsevier.com/retrieve/pii/S0360319913002607
https://linkinghub.elsevier.com/retrieve/pii/S0360319913002607
https://cordis.europa.eu/programme/id/H2020_FCH-04-5-2017
https://cordis.europa.eu/programme/id/H2020_FCH-04-5-2017
https://cordis.europa.eu/programme/id/H2020_FCH-04-5-2017
https://cordis.europa.eu/programme/id/H2020_FCH-04-5-2017
https://cordis.europa.eu/programme/id/H2020_FCH-04-5-2017


[130] S. Escribano, F. Micoud, L. Guétaz, Development of exacerbated load
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