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A B S T R A C T

Green hydrogen from water electrolysis is key to producing electro-fuels for decarbonizing aviation and maritime 
transport. PEM electrolysis systems offer an efficient and high-purity solution powered by renewable energy. This 
study modeled a proton exchange membrane (PEM) electrolysis cell and evaluated its performance, accounting 
for key degradation mechanisms within the catalyst coated membrane (CCM): membrane thinning, iridium 
dissolution in the anode electrode, and platinum crystallite agglomeration in the cathode electrode. The results 
indicated that after 20,000 h (2.283 years) of operation, membrane thinning was the primary factor limiting the 
cell lifetime, increasing the overpotentials and power consumption. It was also observed that increasing the 
current density of the PEM electrolysis cell from 1 A.cm-2 to 2 A.cm-2 leads to a decrease in cell efficiency and an 
accelerated degradation rate, resulting in a 27% reduction in lifetime and a 1.78-fold increase in voltage 
degradation. This study also examined the effects of operating temperature and pressure on cell degradation. 
Reducing the cell temperature from 80 ◦C to 70 ◦C decreased efficiency by 0.64% at the beginning of life (BOL) 
by increasing the overpotentials. However, this reduction in operating temperature resulted in reduced degra
dation, leading to 8.18% higher efficiency after 20,000 h of operation. This study also investigated the effects of 
idle operation and pressure on the degradation of the CCM and identified the operating condition offering the 
most favorable durability–efficiency trade-off among the evaluated operating conditions.

1. Introduction

Aviation and maritime sectors are among the hardest sectors to 
decarbonize. To decarbonize these sectors, it is necessary to generate 
hydrogen and electro-fuels effectively at low costs. In addition to their 
role in decarbonizing the hard-to-abate sectors, electro-fuels can also 
serve as a means of energy storage. In this scenario, when renewable 
energy is abundant, the surplus power can be used to generate hydrogen 
via electrolysis for electro-fuel production. The resulting electro-fuels, 
such as methanol or ammonia, can be conveniently stored and later 
utilized in combustion engines when renewable electricity is unavai
lable. It is important to note that green hydrogen production remains the 
most challenging step in electro-fuel generation due to the high power 
demand and substantial capital costs associated with the water elec
trolysis process (Paulsen et al., 2024).

Hydrogen can be produced from water using alkaline electrolysis 
(AEL) systems, PEM electrolysis systems, and solid oxide electrolysis 
systems (SOECs). AEL systems are well-established, cost-effective, and 
commercially available (Valverde-Isorna et al., 2016). However, they 
exhibit relatively low energy efficiency, produce hydrogen of lower 
purity, and are less compatible with intermittent renewable energy 
sources due to their slower dynamic response to fluctuations in power 
supply (Haoran et al., 2024). SOECs, on the other hand, offer superior 
energy efficiency, high current density in the electrolysis process, 
excellent reliability, and a unit-based design (Tian et al., 2022). 
Nevertheless, they suffer from high-temperature operating ranges, slow 
dynamic response under varying renewable power, and significant 
degradation of material (Xu et al., 2024). In contrast, PEM electrolysis 
systems provide several advantages, including elevated energy effi
ciency, rapid response to power variations, operation at reduced tem
peratures, space-efficient design, and high current density (Kumar and 
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Himabindu, 2019). These characteristics make PEM technology partic
ularly attractive for green hydrogen production and electro-fuel gener
ation. However, like AEL and SOECs, PEM electrolysis systems also 
experience performance degradation during operation, making it 
essential to evaluate the key factors contributing to their degradation.

The degradation of PEM electrolysis systems has been extensively 
investigated through experimental studies. Frensch et al. (2019) evalu
ated the performance of a PEM electrolysis system under various oper
ating modes, including fixed voltage, fixed current at a wide range of 
temperatures, and cyclic current, to assess their impact on degradation. 
Their results demonstrated that faster cycling of cell current density led 
to better cell performance over 500 h of operation. Similarly, Tejera 
et al. (2024) also examined PEM electrolysis cell degradation with a 
focus on the membrane–electrode assemblies (MEAs), using a cell with a 
25 cm2 active area and a catalyst loading of 3 mg.cm-2, employing 
N1110 as membrane. The cell was operated at 2 V and 60 ◦C for 168 h, 
and electrochemical techniques such as electrochemical impedance 
spectroscopy, linear polarization curves, and chronoamperometry were 
used to assess stability. Their results indicated that degradation was 
primarily due to reversible contamination, and that acidic treatment 
partly recovered the productivity, reducing the rate of degradation to 40 
µA.h-1.cm-2. Rakousky et al. (2016) conducted a 1000-hour 

experimental stability study on a single PEM electrolysis cell and re
ported a degradation rate of approximately 194 µV h-1, with rising 
ohmic overpotentials accounting for over 78% of the observed degra
dation. Grigoriev et al. (2014) performed a detailed investigation 
focusing on catalyst dissolution at the anode side and decrease in 
thickness of membrane. Using platinum as the catalyst on both elec
trodes, they identified the MEA as the most vulnerable element in the 
PEM electrolysis unit, ultimately limiting its lifetime. Their results 
revealed that catalyst layer corrosion and its relocation into the mem
brane were the primary degradation mechanisms, and the membrane 
lost nearly 75% of its thickness after 5500 h of operation.

Several models have been developed to study specific degradation 
mechanisms in PEM electrolysis cells without the need to run long-term 
experiments. Dominguez et al. (2025) developed a time-dependent 
multiscale model to investigate the reliability of the electrode material 
on the anode side under varying performance conditions, particularly 
when using reduced loadings of noble metal. This approach significantly 
decreased the computational cost of modelling the cell over extended 
periods of operation. However, their results showed that while the 
model offered faster simulations, it did not align well with experimental 
data under triangular and sawtooth dynamic current profiles. 
Kalinnikov et al. (2023) proposed a physicochemical model to 

Nomenclature

A Surface area (m2)
a Water activity [-], Surface-area-to-volume ratio (m-1)
c Concentration ()
CCM Catalyst coated membrane
D Diffusivity coefficient (m2/s)
dM Crystallite diameter of the catalyst material (nm)
E Activation energy (J/mol)
E0 Reversible cell voltage (V)
eclC Thickness of the electrode (μm)
EW Equivalent weight (g/mol)
F Faraday constant (C/mol)
Gd Molar flux of water due to diffusion (mol/s)
Geo Water drag flux inside the membrane (mol/s)
i Current density (A/cm2)
I Current (A)
i∗0 Specific exchange current density (A/cm2)
c Concentration (mol/m3)/(mol/l)
k Kinetic constant
l Loading (mg)
M Molar mass (g/mol)
mM catalyst loading on the cathode side (g/cm2)
ṁ Variation of iridium loading with the time (mg/s)
nd Drag coefficient [-]
Ṅ Molar flow rate (mol/s)
P Pressure (bar)
r Area-specific ohmic resistance (Ω.cm2), radius of 

crystallite (m)
R Gas constant (J/(mol.K))
S Solubility (mol/(m3.bar))
t Membrane thickness (cm/m)
T Temperature (K)
v, V Reaction rate (mol/(m3.s)), Stoichiometric coefficient [-], 

velocity of water (m/s), atomic volume (m3/atom)
x Mole fraction [-]
z Number of moles of transferred electrons [-]

Greek letters
ϕ Crossover (mol/s)

ϕI Fraction of the metal catalyst available at the surface [-]
ε Dimensionless factor
λ Water content in the membrane [-]
ρ Density (gr/l)
γM Roughness [-]
δ Constant coefficient with value of 0 or 1
η Over potential (V)
σ Proton conductivity (S/cm)
αan Constant coefficient [-]
γ Surface energy (J/m2)
Ω Molar volume (m3/mol)

Subscripts
an Anode
act Activation
ca Cathode
Con Concentration
diss Dissolution
eff Effective
el Electrolysis cell
M, mem Membrane
OC Open circuit
ref Reference
sat Saturation
w Water
0 Initial stage
Pt Platinum
B Boltzmann
atom Atomic

Abbreviation
BOL Beginning of life
ECSA Electrochemical active surface area (cm2/mg)
EOL End of life
FRR Fluoride Release Rate (µg/(hr.cm2))
HHV Higher heating value (J/mol)
LC Load cycling
OER Oxygen evolution reaction
PEM Proton exchange membrane
TR Thinning rate (nm/hour)
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investigate the dissolution of iridium when used as the anodic catalyst 
material. Their study assessed iridium consumption across various cur
rent densities, anode transport layer thicknesses, and operating pres
sures. They reported that higher current densities led to increased 
iridium dissolution, whereas operating pressure and variations in anode 
transport layer thickness (within the 25–200 µm range) had negligible 
effects. Chandesris et al. (2015) focused on modeling the temporal 
reduction in membrane thickness and its associated degradation in PEM 
electrolysis systems. They provided a detailed mechanistic framework 
describing 10 key reactions involved in membrane thinning, along with 
their rate constants and reaction rates. Furthermore, they derived 
analytical expressions for the concentrations of reactive species, 
including H2O2, HȮ, HOȮ, Fe2+, and Fe3+ in order to evaluate how 
membrane thickness decreases over time due to radical attack in a PEM 
electrolysis cell.

Although PEM electrolysis systems for green hydrogen production 
are expected to reach capacities of hundreds of gigawatts by 2030 (Wang 
et al., 2025), comprehensive studies on the performance evaluation and 
degradation mechanisms of PEM electrolysis stacks remain limited. As 
shown in Fig. 1, a PEM electrolysis stack is subjected to stack input 
variables including current (with ripple components), load cycling (LC), 
idle operation, and pressure. The distribution of current and pressure 
among individual cells may be non-uniform. Therefore, these parame
ters are referred to as stack-level input variables, while the corre
sponding inputs for each cell are defined as cell-level input variables. In 
PEM electrolysis systems, water serves both as the reactant for hydrogen 
production and as a cooling medium, typically defined by a 
water-to-hydrogen stoichiometry coefficient in the range of 95–1035 
(Panchenko et al., 2019). Consequently, accurate assessment of thermal 
management, including the different heat transfer and heat removal 
mechanisms shown in Fig. 1, is essential, as temperature variations be
tween cells can significantly influence the performance and durability. 
In particular, inner cells within the stack tend to operate at higher 
temperatures, whereas outer cells adjacent to the end plates remain 
comparatively cooler, as reported in (Kimmel et al., 2025). However, a 
comprehensive modelling framework that captures stack degradation 
under these coupled effects and enables prediction of voltage degrada
tion (as a stack output variable) has not yet been established. Conse
quently, it is essential to develop a detailed degradation model at the 
PEM electrolysis cell level, particularly focusing on the CCM under ideal 
current supply conditions, as illustrated by the dashed boundaries in 
Fig. 1, and subsequently extend this model to the stack level to enable a 
thorough evaluation of stack degradation and performance. Although 

several models have been developed to study anode catalyst dissolution 
and membrane thinning, to the best of our knowledge, no holistic model 
exists that simultaneously evaluates multiple degradation mechanisms 
in PEM electrolysis cells, including membrane thinning, platinum 
agglomeration as cathode catalyst material, and dissolution of iridium as 
anode catalyst material. This study presents, for the first time, a 
comprehensive model to investigate how the overpotential and energy 
efficiency of a PEM electrolysis cell evolve over time as a result of CCM 
degradation under both constant and variable load conditions. 
Furthermore, this study evaluates the effects of current density applied 
to the cell, idle operation, cell operating temperature and pressure on 
performance, energy efficiency, and the resulting degradation.

2. Model description

A dynamic model of the PEM electrolysis cell, including its degra
dation, was developed in MATLAB R2024a. The model incorporates the 
cathode, anode, and membrane compartments and accounts for the 
main degradation mechanisms identified in literature. Specifically, it 
considers dissolution of iridium as the anode-side catalyst material, 
agglomeration of platinum crystallite as the cathode-side catalyst ma
terial, and membrane thinning, as illustrated in Fig. 2, to evaluate the 
CCM degradation under both constant and variable load conditions. It is 
worth noting that the chemical degradation of the PEM electrolysis cell 
due to membrane thinning was modeled and evaluated using the kinetic 
expressions for calculating the concentrations of key species (H2O2, HȮ,

HOȮ, Fe2+, and Fe3+), as discussed in Section 2.3.

2.1. Main assumptions

This section outlines the key assumptions adopted in this study for 
modeling the degradation of the PEM electrolysis cell with focus on 
CCM. It also provides the corresponding justifications, rationale and 
references for each assumption.

2.1.1. Constant temperature
A constant and uniform temperature distribution was assumed 

throughout the electrolysis cell. Heat generated during the operation 
was assumed to be effectively dissipated through heat transfer mecha
nisms that were not explicitly considered, as thermal management was 
beyond the scope of this study.

Fig. 1. Illustration of stack-level and cell-level input and output variables and associated heat removal mechanisms from the stack.
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2.1.2. Constant pressure
A constant operating pressure of 1 bar was assumed throughout the 

electrolysis cell. Consequently, pressure drops across the flow channels, 
porous transport layers, catalyst layers, and membrane were neglected 
in the present model. Hence, this study does not investigate cavitation 
erosion associated with gas bubbles. Cavitation erosion is typically 
caused by the violent collapse of bubbles, which generates strong shock 
waves capable of damaging material surfaces (Zhao et al., 2025). Such a 
phenomenon is unlikely to occur in the PEM electrolysis cell considered 
in this study. This is primarily because the violent collapse of oxygen 
bubbles requires the external pressure to be significantly higher than the 
pressure inside the bubbles. Such conditions are inconsistent with the 
assumption of a constant pressure throughout the electrolysis cell 
adopted in the present model.

2.1.3. Ramp rate
This study assumes that the power input to the PEM electrolysis cell 

can be varied instantaneously, as the system exhibits a high ramp rate of 
approximately 90%/s, as reported in Wang et al. (2025). Consequently, 
dynamic limitations associated with slower load response were not 
considered in this work.

2.1.4. Water molar fraction of unity on the anode side
It was assumed that the ratio of gas production on the anode side to 

the available water, which acts both as reactant and cooling medium, is 
sufficiently low. Therefore, the water molar fraction was taken as unity 
on the anode side, in accordance with (Medina and Santarelli, 2010).

2.1.5. Platinum dissolution on the cathode side
This study neglects the dissolution of the platinum catalyst at the 

cathode of the PEM electrolysis cell. According to (Dodwell et al., 2021), 
platinum dissolution occurs primarily under open-circuit voltage con
ditions at extremely low rates (approximately 0.005% over 90 h of 
operation) and decreases to negligible values once current is applied to 
the cell.

2.1.6. Iridium agglomeration on the anode side
The agglomeration of the Ir catalyst at the anode electrode is not 

considered in this study. According to (Rakousky et al., 2016) no 
agglomeration of Ir was observed during the 1150 h of PEM electrolysis 
operation.

2.1.7. Constant surface area to volume ratio
This study assumes a constant surface-area-to-volume ratio when 

modelling the dissolution of Ir used as the catalyst material over the 
anode electrode. This assumption is based on the information provided 
in (García-Salaberri et al., 2025; De Angelis et al., 2023), which relates 
the anode electrode thickness to Ir loading using a linear relationship.

2.1.8. Ideal gas
This assumption was made to simplify the calculation of gas activ

ities used in determining the open-circuit overpotential in Eq. (54). This 
assumption was made based on the information provided in Saidi et al. 
(2025).

2.1.9. Ideal DC current supply
This study assumes an ideal current supply and neglects the tran

sients and ripples generated during the conversion of alternating current 
(AC) to direct current (DC), as the focus is on the performance and 
degradation of a single PEM electrolysis cell. Such transient effects 
would become more relevant when modeling large-scale stacks oper
ating at the MW scale.

2.1.10. Hot and cold shutdowns and start ups
Although this study considers degradation associated with idle 

operation resulting from the intermittent nature of renewable power 
supply, it does not account for the stress and degradation induced by hot 
and cold start–stop cycles. While such operating conditions may induce 
mechanical and electrochemical stress in PEM electrolysis units, their 
impact is assumed to be exceedingly low based on the information 
provided in Gladik et al. (2025), as long as the correct start–stop pro
cedures are followed.

Fig. 2. Main degradation mechanisms considered and evaluated in this study.
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2.1.11. Stability number
This study assumes that expressions used for the Snumber are valid over 

extended operating time as it has been mentioned in Dam et al. (2025)
that the expression given by Eq. (25) for the Snumber was valid over 1000 
h of operation. Hence, this study also assumed that the expression used 
for this parameter in Eq. (25) is valid for extended operating periods 
(until EOL and throughout 20,000 h of operation). Additionally, based 
on the data and trends reported in Milosevic et al. (2026), this study 
assumes that the variation of Snumber over time under idle operation can 
be predicted using Eq. (64). This assumption is not expected to signifi
cantly affect the results because, according to the data presented in 
Milosevic et al. (2026), the parameter exhibits a rapid increase during 
the initial stage of operation, after which its rate of change becomes 
minimal. Consequently, employing the correlation for Snumber given in 
Eq. (64) over the entire operating period is considered a reasonable 
approximation.

2.1.12. Impact of measurement uncertainties on cell degradation
In practice, laboratory measurement instruments are not ideal and 

are associated with inherent uncertainties and measurement errors. 
However, this study has not been designed to account for these un
certainties in measured variables such as cell temperature, pressure, and 
current, nor does it investigate their potential impact on predicted cell 
performance and degradation.

2.1.13. Surface morphology due to Ir dissolution
It is worth noting that, although Ir dissolution affects the surface 

morphology and local current distribution at the anode, a comprehen
sive analysis of the resulting morphology evolution based on structural 
shape and texture changes of the anode’s outer layer would require 
multiscale modeling across the micro-, meso‑, and macroscale (Liu et al., 
2025). Such an approach is beyond the scope of this study. Therefore, 
this study focuses on developing a simplified yet physically consistent 
mathematical model to describe the exchange current density of the 
anode electrode as a function of Ir loading during its dissolution in the 
acidic environment of a PEM electrolysis unit. The model is then used to 
calculate the temporal evolution of anodic overpotential as a conse
quence of CCM degradation induced by Ir dissolution.

2.1.14. Ideal membrane hydration
This study assumes that the membrane in the PEM electrolysis cell 

remains ideally hydrated and, therefore, does not consider the effects of 
membrane drying or dehydration. Membrane dehydration may occur 
primarily due to excessively high operating temperatures (>100 ◦C) and 
insufficient water supply at the anode side (Kuhnert et al., 2023). 
However, these conditions are unlikely to occur under the operating 
conditions considered in this study, which involve temperatures up to 80 
◦C, adequate heat removal, and sufficient water supply at the anode side. 
Membrane dehydration can result in reduced proton conductivity, 
decreased membrane water uptake, and lower electrolysis cell 
efficiency.

2.2. Modelling of the anode chamber

On the anode side of the PEM electrolysis cell, oxygen and protons 
are produced from water according to the following reaction: 

2H2O→O2 + 4H+ + 4e− (1) 

The flow rate of the generated oxygen can be calculated using Far
aday’s law as follows: 

ṅgen
O2

=
iA
4F

(2) 

Eq. (3) represents the molar flow balance of oxygen on the anode side 
of the PEM electrolysis cell. It accounts for the oxygen inlet and outlet 
fluxes in the anode chamber, as well as the molar flow rate of generated 

oxygen and the oxygen crossover to the cathode side (Sorace, 2021). 

dNan,O2

dt
= Ṅin

an,O2
− Ṅout

an,O2
+ Ṅgen

O2
− Ṅperm

O2
(3) 

The last term in Eq. (3) can be calculated as follows: 

Ṅperm
O2

= ϕdiff
O2

+ ϕdrag
O2

(4) 

The diffusion and electro-osmotic drag contributions to oxygen 
crossover shown in Eq. (4) can be expressed in mol/s as follows 
(Schalenbach et al., 2013): 

ϕdiff
O2

=
DO2 .SO2 .Acell.PO2, an

t
(5) 

ϕdrag
O2

=
iA
F

nd
SO2 PO2, an

cH2O
(6) 

It is worth noting that the partial pressure of oxygen on the cathode 
side is neglected in Eq. (5). In Eq. (6), nd and cH2O represent the drag 
coefficient and the molar concentration of water. The partial pressure of 
oxygen on the anode side and the drag coefficient used in Eqs. (5) and 6
can be calculated using the following relations (Schalenbach et al., 
2013; Stull; Lisoet al., 2018): 

PO2, an = Pan − PH2O, sat(T)

= Pan − 611 × 10− 5 exp
(

5423
(

1
273.15

−
1
T

))

(7) 

nd = 0.0134T + 0.03 (8) 

The coefficients in Eq. (5) can be determined as follows: 

DO2 = DO2 ,0exp
(
− EA,O2

RT

)

(9) 

SO2 = 0.55exp
(

AO2 +
BO2

T
+CO2 ln

(
T

100

))

(10) 

where DO2 ,0 and EA,O2 denote the pre-exponential factor and activation 
energy, respectively, while A, B and C are constants. The values of DO2 ,0, 
EA,O2 and these constants are provided in Table 1.

The molar flow balance of water in the anode chamber is calculated 
using Eq. (11), accounting for water inlet and outlet, water consump
tion, and water transport through the membrane (Sorace, 2021): 

dNan,H2O

dt
= Ṅin

an,H2O − Ṅout
an,H2O + Ṅcons

H2O − Ṅmem
H2O (11) 

An iterative approach was employed to calculate the amount of 
water crossing the membrane. In this calculation, both electro-osmotic 
drag and water diffusion were considered, while hydraulic transport 
was neglected, as the anode and cathode operate at atmospheric pres
sure. To determine water transport via electro-osmotic drag, the drag 
coefficient, which represents the number of moles of water transported 
per mole of proton, is calculated as a function of membrane temperature 
as follows (Onda et al., 2002): 

nd,w = 0.0134Tm + 0.03 (12) 

The amount of water transported within the membrane due to 

Table 1 
Parameters applied to calculate oxygen solubility and diffusivity (Fahr et al., 
2024).

Parameters Value Unit

DO2 ,0 4.2 × 10− 6 m2/s
EA 18,380 J/mol
A − 66.73538 -
B 8747.547 K
C 24.45264 -
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electro-osmotic drag is calculated as follows (Medina and Santarelli, 
2010): 

Geo = nd,w
i
F

A (13) 

The molar flux of water due to diffusion is also determined as 
follows: 

Gd = Deff
(Can − Cca)

tm
A (14) 

where Can and Cca represent the water concentrations at the anode and 
cathode, respectively. The effective diffusion coefficient, Deff , is given by 
the following equation: 

Deff = ε1.5Dw (15) 

where ε is a dimensionless factor with a value of 0.3, and Dw is the water 
diffusion coefficient, which can be calculated as follows: 

Dw = 0.256 × 10− 4
(

Tcell

273.15

)1.823

(16) 

The water concentrations at the cathode and anode can also be 
calculated using the following equations: 

Can =
ρm,dryλan

Mm,dry
(17) 

Cca =
ρm,dryλca

Mm,dryEW
(18) 

where λan and λca represent the water content on the anode and cathode 
sides, respectively. These parameters are calculated from water activity 
as follows: 

λ = 0.043 + 17.81a − 39.85a2 + 36a3, 0 < a ≤ 1 (19) 

λ = 14 + 1.4(a − 1)3
, 1 < a < 3 (20) 

a = xw
P

Psat
(21) 

where xw represents the molar fraction of water, which is approximately 
1 on the anode side, while its value on the cathode side can be calculated 
using the following equation: 

xw =
ṅw

ṅw + iA
2F

(22) 

In Eq. (22), ṅw represents the total molar flow rate of water trans
ported from the anode to the cathode, which can be calculated using the 
following equation: 

ṅw = Geo + Gd (23) 

It is worth noting that assuming a water molar fraction of unity on 
the anode side results in a water activity of 1.82 and a corresponding 
membrane water content of 14.77 close to the anode side, as calculated 
using Eqs. (19) and 20. On the other hand, an iterative method was 
employed in this study to determine the water molar fraction on the 
cathode side and, consequently, the water concentration required to 
calculate the molar flow rate of water transported by diffusion. Using 
this approach, a water activity of 1.11 and a water content of 14 were 
obtained for the cathode side. These values indicate that the membrane 
is fully hydrated on both the anode and cathode sides. Fig. 3 illustrates 
the variation in membrane proton conductivity and the corresponding 
ohmic overpotential of the membrane as a function of membrane water 
content. As shown, an increase in water content leads to higher proton 
conductivity and a reduction in the membrane ohmic overpotential. 
Thus, the membrane on the cathode side exhibits a higher ohmic over
potential than on the anode side due to its lower water content.

The acidic environment on the anode side reduces the stability of the 
iridium-based catalyst due to iridium dissolution during the oxygen 
evolution reaction (OER) (Geuß et al., 2024). This study models the 
iridium dissolution process and examines its effect on the anodic over
potential in a PEM electrolysis cell. Catalyst degradation is quantified 
using the stability number (Snumber), defined as the ratio of oxygen 
generated through OER, calculated via Faraday’s law at the anode, to 
the amount of iridium dissolved, as expressed below (Geuß et al., 2024): 

Snumber =
n(O2)

n(Ir)
(24) 

The dependence of the Snumber on current density is expressed by the 

Fig. 3. Variation of proton conductivity and ohmic overpotential of membrane as a function of membrane water content.
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following equation, which is valid for current densities in the range of 
0–3 A.cm-2 (Dam et al., 2025): 

Snumber =
1

2.23 × 10− 10i + 4.17 × 10− 10 (25) 

According to Eq. (25), higher current densities result in lower sta
bility numbers, which in turn lead to higher Ir dissolution rates. Oper
ation of the PEM electrolysis unit at higher current densities increases 
the rate of proton generation, leading to a more acidic environment at 
the anode and consequently accelerating Ir dissolution. However, this 
study does not explicitly resolve the local proton concentration or the 
spatial evolution of pH on the anode side of the PEM electrolysis cell. 
Instead, their effects are indirectly accounted through the empirical 
correlation adopted in Eq. (25) to determine the Snumber. The dissolution 
reaction rate, expressed in mg/s, can be determined from Eq. (26), 
which is derived by rearranging Eq. (24) and applying Faraday’s law, as 
follows: 

ṁIr, diss =
1000.i.A.MIr

n.F.Snumber
(26) 

where n represents the number of electrons transferred per mole of 
oxygen produced. As noted earlier, iridium dissolution decreases the 
catalyst active area on the anode, thereby reducing the specific elec
trochemical active surface area (ECSA) in the unit of cm2/mg, lowering 
the apparent exchange current density, and consequently increasing the 
anodic overpotential. The reduction of ECSA and apparent exchange 
current density due to iridium dissolution can be expressed as follows 
(Rogler et al., 2025): 

i0,a = i0,slIrECSA (27) 

where i0,s and lIr denote the specific exchange current density and 
iridium loading, respectively. The variation of iridium loading with time 
can be calculated using the following equation: 

dlIr
dt

= −
ṁIr, diss

A
(28) 

The ECSA used in Eq. (27) can be calculated using the following 
equation (De Angelis et al., 2023): 

ECSA =
atcat

lIr
(29) 

where a and tcat represent the surface-area-to-volume ratio and the 
electrode thickness, respectively. Although a reduction in iridium 
loading due to iridium dissolution decreases both of these parameters, 
this study assumes that the surface-area-to-volume ratio remains con
stant (with value of 3.61 × 10–6 m-1 as reported in (De Angelis et al., 
2023)), while the electrode thickness decreases as the iridium loading 
is reduced. The electrode thickness can therefore be expressed as a 
function of iridium loading using the following equation 
(García-Salaberri et al., 2025): 

tcat = 6.25lIr (30) 

Hence, Eq. (27) can be reduced to the following equation: 

i0,a = 6.25i0,salIr (31) 

The apparent exchange current density on the anode side or the OER 
exchange current density can be calculated as follows (Bühre et al., 
2024): 

i0,a = i ∞, OER
0 exp

(
− EOER

A
RT

)

(32) 

where EOER
A and i ∞, OER

0 represent the activation energy (21.7 kJ.mol-1) 
and the exchange current density at the reference condition as temper
ature approaches infinity respectively, as reported in (Bühre et al., 

2024). It is worth noting that this study relates the
Once the apparent exchange current density is determined, the 

specific exchange current density can be calculated using Eq. (31).
As shown in Eq. (31), for the sake of simplicity, this study evaluates 

the impact of Ir dissolution on the anodic overpotential by directly 
relating the Ir loading to the exchange current density. Consequently, a 
reduction in Ir loading due to its dissolution leads to a decrease in the 
exchange current density and, according to Eq. (56), an increase in the 
anodic overpotential. However, the present model does not explicitly 
account for degradation-induced changes in the ECSA, roughness factor, 
catalyst connectivity, porosity, or local current distribution. Capturing 
these effects would require a multiscale modeling framework that cou
ples the micro-, meso‑, and macroscale to resolve the morphology evo
lution arising from structural and textural changes within the anode 
catalyst layer. Therefore, the predicted contribution of anodic degra
dation should be interpreted in light of this modeling simplification. 
Although neglecting these morphology-related effects may influence the 
magnitude of the predicted anodic degradation, the direction and extent 
of the resulting bias cannot be established without a more detailed 
multiscale model.

2.3. Modelling the cathode chamber

On the cathode side of the PEM electrolysis unit, the reduction re
action, also known as the hydrogen evolution reaction (HER), occurs, as 
shown below: 

2H+ + 2e− → H2 (33) 

Similar to the anode chamber, the accumulation of hydrogen in the 
cathode chamber is calculated by accounting for the hydrogen inlet and 
outlet flow rates, the hydrogen generation rate, and the hydrogen 
crossover to the anode side, using the following equation (Sorace, 2021): 

dNca,H2

dt
= Ṅin

ca,H2
− Ṅout

ca,H2
+ Ṅgen

ca,H2
− Ṅperm

ca,H2
(34) 

The hydrogen production rate at the cathode can be calculated using 
Faraday’s law as follows: 

Ṅgen
ca,H2

=
iA
2F

(35) 

Similar to the oxygen crossover discussed in Section 2.1, hydrogen 
crossover is also influenced by both diffusion and electro-osmotic drag. 
However, unlike oxygen, hydrogen diffusion is opposed by electro- 
osmotic drag, as water transported by the drag moves from the anode 
to the cathode. Accordingly, hydrogen crossover in a PEM electrolysis 
unit is calculated using the following equations: 

Ṅperm
ca,H2

= ϕdiff
H2

− ϕdrag
H2

(36) 

ϕdiff
H2

=
DH2 .SH2 .Acell.PH2, ca

t
(37) 

ϕdrag
H2

=
iA
F

nd
SH2 PH2, ca

cH2O
(38) 

where the solubility and diffusivity coefficients of hydrogen used in Eq. 
(37) are given as follows: 

DH2 = DH2 ,0exp
(
− EA,H2

RT

)

(39) 

SH2 = 0.55exp
(

AH2 +
BH2

T
+CH2 ln

(
T

100

))

(40) 

where EA,H2 and DH2 ,0 represent the activation energy and the pre- 
exponential factor, respectively, while AH2 , BH2 and CH2 are the con
stants. The values of the activation energy, pre-exponential factors, and 

H. Asgharian et al.                                                                                                                                                                                                                             Computers and Chemical Engineering 216 (2027) 109892 

7 



constants used to calculate the solubility and diffusivity of hydrogen and 
oxygen are provided in Table 2.

This study also considers and evaluates the agglomeration of plat
inum on the cathode side and its impact on the cathode overpotential. 
According to reference (Rakousky et al., 2016), no agglomeration of the 
anode catalyst layer was observed during long-term operation (1150 h) 
of the PEM electrolysis cell, and the crystal size on the anode side 
remained constant at 3.9 nm. Therefore, this study does not account for 
agglomeration of the anode catalyst material. The model used here to 
evaluate platinum agglomeration is based on the approach developed in 
reference (Liso et al., 2018). As the crystallite diameter of platinum in
creases due to agglomeration at an elevated operating temperature of 80 
◦C, the effective catalyst surface area decreases, resulting in a reduction 
of the roughness factor, which is defined as the ratio of the electrode 
active surface area to the membrane area and is given as follows (Liso 
et al., 2018): 

γM = ϕImM
6

ρMdM
(41) 

where ϕI, mM, ρM, and dM represent the fraction of the metal catalyst 
available at the surface in contact with the ionomer, catalyst loading on 
the cathode side, density of the platinum catalyst, and crystallite 
diameter of the catalyst material, respectively. To model the growth of 
the platinum crystallite on the cathode side, the LSW equation was used 
to estimate the kinetics of particle growth under diffusion-limited con
ditions (Bucci et al., 2021): 

r =

⎧
⎨

⎩

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

r3
0 + KD

LSWt3
√

if r < rcritical

rcritical if rcritical ≤ r
(42) 

where KD
LSW and rcritical represent the prefactor and critical radius of 

platinum particles, respectively. The prefactor can be calculated using 
the following equation: 

KD
LSW =

8DγPtΩ2ceq(V,∞)

9RT
(43) 

where D represents the effective diffusion coefficient of Pt2+, with a 
value of 8 × 10–11 m2/s according to reference (Ferreira et al., 2005), 
while γPt, and ceq(V,∞) represent the surface energy of platinum (2.78 
J/m2 according to reference (Bucci et al., 2021)), and the equilibrium 
concentration of platinum solution, respectively. The critical radius of 
platinum which refers to the maximum crystallite size, can be calculated 
as follows (Ostwald–Freundlich equation): 

rcritical =
2γPtVPt,atom

kBT
(44) 

where kB and VPt,atom refer to Boltzmann constant and atomic volume of 
platinum, respectively. This study uses the data reported in reference 
(Siracusano et al., 2017) to estimate the growth rate of the platinum 
crystallites. According to this reference, after 1000 h of operation at a 
current density of 1 A.cm-2, the crystallite size increased from 2.8 nm to 
3.5 nm. The apparent exchange current density on the cathode side is 
then calculated as follows (Liso et al., 2018): 

i0,ca = γMi∗0,ca (45) 

The specific exchange current density on the cathode side can be 
calculated using an Arrhenius expression as follows (Liso et al., 2018): 

i∗0,ca = i0,ref exp
(
− Ea

R

(
1
T
−

1
Tref

))

(46) 

where i0,ref and Ea represent the reference exchange current density on 
the cathode side (0.001 A.cm-2 (Liso et al., 2018)) and the activation 
energy (4300 J/mol (Liso et al., 2018)), respectively.

2.4. Membrane thinning

The transport of various species, including H2O, H2, and O2, through 
the membrane via different mechanisms is discussed in detail in Sections 
2.2 and 2.3 and will not be repeated here. Therefore, this section focuses 
solely on membrane degradation. The approach proposed by Chandesris 
et al. (2015) was adopted, in which ten reactions governing the pro
duction and consumption of various species, including H2O2, HȮ, Fe2+, 
Fe3+, and HOȮ, are modeled (see Table 3). These reactions are used to 
calculate membrane thinning and to determine the membrane thickness 
over the course of cell operation. The rate of reactions listed in Table 3
are calculated as described in Chandesris et al. (2015) as follows: 

vi =

⎧
⎪⎨

⎪⎩

kicO2 c2
H+ (i = 1)

ki

∏

j
cj (1 < i ≤ 10) (47) 

where i denotes the index of the reactions listed in Table 3, and c rep
resents the concentration of the corresponding species in the reactions. 
The variation in species concentration over time was calculated using 
the following equation (Chandesris et al., 2015): 

dcj

dt
=
∑

i
sign

(
vji
)
δij)vi +

jinj
eclC

−
jout
j

eclC
(48) 

where vji and eclC represent the stoichiometric coefficient of the jth spe
cies in the ith reaction and the thickness of the electrode, respectively, 
where δij indicates whether the jth species participates in the ith reaction 
(1 if participates, 0 if not). In Eq. (48) jinj and jout

j also represent the 
incoming molar flux and the convective transport of the jth species by 
water, respectively. The initial conditions for species concentrations 
employed in solving the system of ODEs in Eq. (48) and the initial 
thickness of the pristine membrane are provided in Table S1 of the 
Supplementary Materials. The convective transport of the jth species by 
water is calculated as follows: 

jout
j = vH2Ocj (49) 

Table 2 
Parameters used for calculating hydrogen diffusivity and solubility coefficients 
(Fahr et al., 2024).

Parameters Values Unit

DH2 ,0 4.9 × 10− 6 m2/s
EA 16,510 J/mol
A − 48.1611 -
B 5528.45 K
C 16.8893 -

Table 3 
Summary of reactions involved in the membrane thinning of the PEM electrol
ysis cell (Chandesris et al., 2015).

1 O2 + 2H+ + 2e− →H2O2 k1 =

k0
1oexp

(
− AH2O2

RT

)

exp
(
− αH2O2 F

RT0 η2e

)

2 H2O2→2 HȮ k2 = 1.2 × 10− 7

3 H2O2 + Fe2+→Fe3+ + HȮ+ HO−

k3 = 1.05 × 108exp
(
− 9640

RT

)

4 H2O2 + Fe3+→Fe2+ + HOȮ+ H+ k4 = 4 × 10− 5

5 HȮ+ Fe2+→HO− + Fe3+ k5 = 2.3 × 108

6 HȮ+ H2O2→HOȮ+ H2O k6 = 2.7 × 107

7 HȮ+ O2→HOȮ+ H2O k7 = 1.2 × 1010

8 HOȮ+ Fe3+→Fe2+ + O2 + H+ k8 = 2 × 104

9 HOȮ+ Fe2+ + H+→Fe3+ + H2O2 k9 = 1.2 × 106

10 HȮ+ Rf − CF2 −

COOH→products
k10 ≤ 106
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where vH2O represents the velocity of water. It is worth noting that this 
study considers the impact of metallic ions originating from the corro
sion of the stainless-steel pipes used for water supply to the system. As 
reported in Chandesris et al. (2015), approximately 70% of the gener
ated ions are Fe2+, with concentrations remaining on the order of a few 
ppm. Hence, this study incorporates a temperature-dependent source 
term for Fe2+, which is expressed as follows (Chandesris et al., 2015): 

SFe2+ = S
T − 290

63
(50) 

It is worth noting that the concentration of these metallic ions has a 
significant impact on membrane degradation. Specifically, higher con
centrations of dissolved metallic ions accelerate membrane thinning, 
leading to a deterioration in membrane performance because of the loss 
of sulfonic acid groups and reduction in its proton conductivity as 
described by Eq. (61). To compute the time-dependent concentration 
profiles of the five species, including H2O2, HȮ, Fe2+, Fe3+, and HOȮ Eq. 
(48) was solved using MATLAB’s ODE15s function, which is suitable for 
handling stiff, nonlinear, and coupled ordinary differential equations. In 
this study, the Fluoride Release Rate (FRR) is calculated using the 
following equation (Sorace, 2021): 

FRR = 3600vfluorMfluortm (51) 

In Eq. (51), vfluor is calculated as 3.6 v10 according to reference 
(Chandesris et al., 2015). Finally, the membrane thinning rate (TR) is 
determined in unit of nm/hour using the following equation 
(Fouda-Onana et al., 2016): 

TR = 10
FRR

0.82ρ (52) 

2.5. Cell voltage

This section presents the calculation of the overpotentials that must 
be overcome in a PEM electrolysis cell to achieve hydrogen production. 
Based on the information from Sections 2.2–2.4, the anodic, cathodic, 
and ohmic overpotentials are determined, along with additional con
tributions such as open-circuit and concentration overpotentials rele
vant to modelling the PEM electrolysis unit. Accordingly, the cell 
voltage is determined by summing the individual overpotentials, as 
expressed by the following equation: 

Vcell = VOC + Vact,ca + Vact,an + Vohm + VCon (53) 

The open circuit overpotential, VOC, shown in Eq. (53), represents the 
ideal cell voltage when no current is applied and no electrochemical 
losses are present. It is typically calculated as a function of the activities 
of hydrogen, oxygen, and water. To simplify the calculation and avoid 
the complexities associated with determining these activities, this study 
applies the ideal gas assumption to compute the open circuit over
potential using the following equation (Colbertaldo et al., 2017): 

VOC = E0 +
RT
nF

ln

(
PH2 P0.5

O2

aH2O

)

(54) 

where aH2O represents the activity of water with value of 1 for liquid 
water. The reversible voltage can be expressed as a function of tem
perature using the following equation (Awasthi et al., 2011): 

E0 = 1.229 − 0.9 × 10− 3(T − 298) (55) 

The anodic overpotential is calculated using the following equation 
(Saidi et al., 2025): 

Vact,an =
RT
F

sinh− 1
(

i
2i0,a

)

(56) 

As discussed in Eq. (31), the anode exchange current density 

decreases slightly over time due to iridium dissolution and the associ
ated reduction in iridium loading and thickness of the catalyst layer on 
the anode side, resulting in an increased anodic overpotential according 
to Eq. (56). It should be noted that this study does not model platinum 
dissolution. According to Dodwell et al. (2021), negligible platinum 
dissolution occurs only under open-circuit voltage conditions and drops 
to zero when current is applied to the cell.

Based on the apparent exchange current density and roughness fac
tor determined in Section 2.3, the cathode overpotential can also be 
calculated as follows (Saidi et al., 2025): 

Vact,ca =
RT
F

sinh− 1
(

i
2i0,ca

)

(57) 

As shown in Table 3 oxygen crossover to the cathode side contributes 
to PEM electrolysis unit degradation through membrane thinning. In 
fact, membrane thinning significantly affects the performance of the 
PEM electrolysis cell. It not only increases H2 and O2 crossover resulting 
from a thinner membrane but also raises the ohmic overpotential by 
reducing the proton conductivity of the degraded membrane. In this 
study, the ohmic overpotentials of the electrodes are neglected, and only 
the membrane ohmic overpotential is considered, as described by the 
following equation (Sorace, 2021): 

Vohm = rmemi (58) 

where rmem represents the area-specific ohmic resistance which is 
defined as follows: 

rmem =
t

σmem
(59) 

The proton conductivity of a fresh membrane can be calculated as 
follows: 

σmem,fresh = (0.005139λ − 0.00326)exp
(

1268
(

1
303

−
1
T

))

(60) 

It is worth noting that λ in Eq. (60) represents the water content of 
the membrane. This parameter is generally defined as the average ratio 
of the number of water molecules to the number of sulfonic acid groups 
in the membrane. The water content is a dimensionless quantity, with a 
value of zero for a dry membrane, and it can increase up to a maximum 
saturation value. Typically, λ varies between 14 and 21 (Escobar-Yonoff 
et al., 2021) for a fully hydrated membrane, depending on the mem
brane material and structure.

However, as noted above, membrane thinning and degradation 
decrease proton conductivity, thereby increasing the membrane ohmic 
resistance according to Eq. (59). The reduction in proton conductivity of 
the degraded membrane can be calculated as follows (Barbir, 2005): 

σmem =

(
t
t0

)2

σmem,fresh (61) 

The concentration overpotential arises from variations in the reac
tant concentrations at the electrode interfaces during the electrolysis 
process. This overpotential can be calculated using the following 
equation: 

VCon =
RT

αanzF
ln
(

1+
i
iL

)

(62) 

where iL and αan represent the diffusion-limited current density, with a 
value of 120 A.cm-2, and the constant coefficient, with a value of 0.04, 
respectively, as reported in Lebbal and Lecœuche (2009).

Considering the degradation mechanisms discussed above, the en
ergy efficiency of the PEM electrolysis unit can be estimated as follows 
(Yodwong et al., 2020): 

ηel =

(
HHVṄH2

velIel

)

(63) 
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where Iel and vel represent the applied current and cell voltage obtained 
by Eq. (53), respectively. The parameter set employed in this study for 
modeling the PEM electrolysis cell, encompassing the electrochemical, 
thermodynamic, and degradation sub-models, is presented in Table S2. 
The methodology employed to model the various degradation mecha
nisms is also detailed in the Supplementary Materials.

3. Results and discussion

This section presents the results of the model developed to evaluate 
the main degradation mechanisms described in Section 2. Fig. 4 shows 
the polarization curves of a fresh cell and a degraded cell operated for 
20,000 h under baseline conditions (80 ◦C temperature, 1 bar pressure 
and 1 A.cm-2 current density), measured at temperatures ranging from 
60 ◦C to 90 ◦C. As observed, operating at lower temperatures increases 
the cell voltage of the pristine cell, leading to higher power consumption 
and reduced energy efficiency at BOL. However, operation at elevated 
temperatures (e.g., 90 ◦C) accelerates degradation, resulting in a higher 
cell voltage after 20,000 h of operation due to increased membrane 
thinning rates, the formation of hot spots, and catalyst layer agglomer
ation at the cathode. Therefore, in this study, cell performance is eval
uated at 80 ◦C, which represents a balance between efficiency and 
durability. It is worth noting that at low current densities, activation 
overpotentials dominate due to slow reaction kinetics. At intermediate 
to high current densities, ohmic overpotentials become the primary 
source of voltage losses, as illustrated in Fig. 4. As can be observed, since 
the degraded cell exhibits higher ohmic overpotentials, a steeper voltage 
increase with current density is observed after 20,000 h of operation.

Fig. 5 also compares the change in membrane thickness, expressed as 
a percentage of the fresh membrane thickness, for a PEM electrolysis cell 
after 20,000 h of operation with the results reported by Chandesris et al. 
(2015) for a cell operated at a current density of 1 A.cm⁻² and a tem
perature of 80 ◦C. The results obtained from our model are consistent 
with those of Chandesris et al. (2015) with RMSE of 4.13%. To further 
verify the model developed in this study and evaluate its performance, 
the operating conditions reported in reference (Su et al., 2024) were 
adopted. The model results were then compared with the experimental 
data presented in reference (Su et al., 2024). As shown in Fig. 6, the 
model predictions are in good agreement with the experimental data 
with a maximum relative error of 0.83%, demonstrating that the model 
accurately predicts the performance of the PEM electrolysis cell over 
600 h of operation at 80 ◦C and a current density of 1 and 2 A.cm-2. Fig. 7

also compares the voltage degradation predicted by the model devel
oped in this study with the experimental results reported in Padgett et al. 
(2025) under identical operating conditions, namely current densities of 
1 A cm-2 and 2 A cm-2, atmospheric pressure and 80 ◦C temperature over 
an extended operating period of 4000 h. As shown in the figure, the 
model predictions exhibit good agreement with the experimental data 
reported in (Padgett et al., 2025) with a maximum relative error of 
1.52%, demonstrating the capability of the proposed model to accu
rately capture the long-term voltage degradation behavior of the CCM in 
the PEM electrolysis cell. It is worth noting that although this study 
evaluates the voltage degradation of a PEM electrolysis cell over 
extended operating periods (e.g., until the EOL and after 20,000 h of 
operation), these long-term predictions, particularly under dynamic LC 
and idle operation, should be regarded as extrapolations. This is because 
the model has been validated only up to 4000 h of operation, owing to 
the limited availability of long-term experimental degradation data in 
the literature.

This section examines the degradation of the PEM electrolysis cell 
under the baseline operating conditions as well as under variable 
operating conditions. Specifically, it assesses the impact of cycling the 
current density between 1 and 2 A.cm-2 every 6 h, together with vari
ations in temperature, pressure, operating current density and frequent 
idle operation, on the degradation of cell voltage and energy efficiency.

3.1. Operating the cell under constant load

Fig. 8 shows the reaction rate responsible for membrane thinning 
(reaction 10 in Table 3), commonly referred to as hydroxyl‑radical 
attack. As illustrated, membrane thinning driven by hydroxyl‑radical 
attack leads to a substantial reduction in proton conductivity over time 
because of the loss of sulfonic acid groups (Xing et al., 2021). Conse
quently, as expressed in Eqs. (58) and 59, the ohmic resistance and 
therefore the ohmic overpotential increase significantly as the mem
brane’s proton conductivity decreases.

Fig. 9 shows how iridium loading and the thickness of the catalyst 
layer change on the anode side over time when the cell operates at a 
current density of 1 A.cm-2 and a temperature of 80 ◦C. As observed, 
both iridium loading and thickness of the catalyst on the anode side 
decrease slightly over 20,000 h of operation. This minimal degradation 
is primarily attributed to the very large Snumber, which leads to a very low 
iridium dissolution rate according to Eq. (26). As a result, the catalyst 
layer thickness decreases by only 5.74% over the entire 20,000-hour 
period.

Fig. 10 illustrates the variation of the roughness factor as the crys
tallite diameter of platinum catalyst particles on the cathode side in
creases over 20,000 h of operation. As shown, growing the crystallite 
diameter from 2.8 nm to 7.852 nm leads to 64.33% reduction in the 
roughness factor, and thereby the ECSA. Consequently, the apparent 
exchange current density decreases from 0.2948 A.cm-2 to 0.1051 A.cm- 

2, which results in increasing the cathodic overpotential by 74.25%.
Fig. 11 shows the variation of different overpotentials, namely 

ohmic, open-circuit, concentration, anodic, and cathodic, over 20,000 h 
of operation at a constant load and current density of 1 A.cm-2, and 
temperature of 80 ◦C. Although this study evaluated the performance of 
the modeled cell over 20,000 h of operation, the cell reaches its end of 
life (EOL) earlier. According to Sparber et al. (2013), a PEM electrolysis 
system is considered to have reached EOL when the power loss exceeds 
20% of its nominal power input. Therefore, as shown in Fig. 11, the 
electrolysis cell reaches EOL after approximately 13,000 h of operation. 
It should be noted that, in the figures presented in Section 3, the EOL, 
indicated by the vertical dashed lines, corresponds to the end of life of 
the cell under the baseline operating conditions (T = 80 ◦C, P = 1 bar 
with constant current density of i = 1 A.cm-2), unless otherwise speci
fied. As observed, the variations in concentration, anodic, and open 
circuit overpotentials are negligible throughout the operation period. In 
contrast, the increase in cathodic overpotential, caused by catalyst 

Fig. 4. Polarization of fresh cell and degraded cell after operating for 20,000 h 
under baseline operating conditions.
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agglomeration on the cathode side, and particularly the increase in 
ohmic overpotential due to membrane thinning, are more pronounced. 
Specifically, the ohmic overpotential increases from 0.1433 V at the BOL 
to 0.4662 V at the EOL, reaching 1.0228 V after 20,000 h of operation. 
The cathodic overpotential also increases more gradually, from 0.0398 
V at BOL to 0.0649 V at EOL and 0.0689 V after 20,000 h of operation. 
These effects collectively result in a 52.34% increase in cell voltage over 
20,000 h of operation.

Fig. 12 illustrates the time evolution of hydrogen and oxygen 
crossover resulting from membrane thinning shown in Fig. 5, together 
with the variation of hydrogen-to-oxygen (HTO) diffusion over time. As 
can be seen, hydrogen crossover is more pronounced than oxygen 
crossover, which is consistent with the findings presented by Fahr et al. 

(2024). It is worth noting that the hydrogen and oxygen crossovers 
shown in Fig. 12 are closely linked to membrane thinning and its 
degradation. As the membrane becomes thinner, the crossover rates of 
both gases increase. In particular, the higher oxygen concentration on 
the cathode side accelerates membrane thinning due to its increased 
crossover rate, thereby further contributing to the overall membrane 
degradation. Hence, both hydrogen and oxygen crossovers increase with 
time because the thinner membrane provides less resistance to gas 
separation between the cathode and anode sides. As discussed in Sec
tions 2.2 and 2.3, diffusion is the primary mechanism governing 
hydrogen and oxygen crossover, and it is influenced by the concentra
tion or partial pressure of hydrogen and oxygen on the cathode and 
anode sides, respectively. Since hydrogen has a higher diffusion 

Fig. 5. Validation of model results for membrane thinning (Chandesris et al., 2015).

Fig. 6. Validation of model performance against experimental data for pre
dicting voltage degradation in a PEM electrolysis cell over 600 h of operation 
(Su et al., 2024).

Fig. 7. Validation of the model predictions against experimental data for 
voltage degradation in a PEM electrolysis over an extended operating period of 
4000 h (Padgett et al., 2025).
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coefficient than oxygen, its crossover rate is higher, as shown in Fig. 12. 
Furthermore, the figure indicates that the HTO diffusion also increases 
over time. In fact, the oxygen-to-hydrogen (OTH) diffusion is inherently 
low and thereby, typically does not pose safety concerns. On the other 
hand, HTO is a critical parameter, and it is essential to keep it low to 
avoid explosion risks. Accordingly, the HTO must remain below 2%, as 
specified in de Groot et al. (2022). As shown in Fig. 12, although the 
HTO reaches 3.15% after 20,000 h of operation, it does not exceed 
1.43% at the EOL, thereby ensuring safe operation of the electrolysis 
cell.

Fig. 13 illustrates the variation of cell energy efficiency over time 
during hydrogen production. The fresh PEM electrolysis cell exhibits a 
high initial energy efficiency of 85.04% at the start of operation for 
green hydrogen generation. However, the cell performance and 

consequently its energy efficiency decline significantly over time due to 
degradation mechanisms such as platinum catalyst crystallite agglom
eration on the cathode side, iridium dissolution on the anode side, and, 
most critically, membrane thinning. The reduction in output hydrogen 
flow rate on the cathode side, caused by increased hydrogen crossover 
through the membrane thinning, combined with the rise in power 
consumption due to overall cell degradation, leads to a 30 % decrease in 
cell energy efficiency over 20,000 h of operation.

Fig. 14 illustrates the contributions of different overpotentials at the 
BOL, EOL, and after 20,000 h of operation of the PEM electrolysis cell. At 
BOL, the ohmic overpotential is relatively small. However, it increases 
by approximately a factor of 3.2 at EOL and by a factor of 7 after 20,000 
h of operation, primarily due to membrane thinning. In addition, as 
discussed in Fig. 11, agglomeration of platinum crystallites on the 

Fig. 8. Evolution of hydroxyl‑radical attack rate and membrane conductivity over time.

Fig. 9. Variation of the iridium loading and thickness of catalyst layer on the anode side over the time.
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cathode electrode becomes more pronounced over time, leading to 
higher cathodic overpotentials at EOL and after 20,000 h of operation 
compared with BOL as shown in Fig. 14. Consequently, as shown in the 
figure, the overall cell voltage rises from 1.739 V at BOL to 2.089 V at 
EOL, and further to 2.65 V after 20,000 h of operation.

3.2. Impact of the current density on performance and degradation of the 
cell

Fig. 15 illustrates the impact of operating current density on the cell 
voltage and its degradation over time, comparing operation at current 
densities of 1 A.cm-2 and 2 A.cm-2 over a temperature of 80 ◦C and a 
pressure of 1 bar. As shown, increasing the current density leads to 
higher overpotentials particularly ohmic, cathodic, and anodic contri
butions and thereby higher cell voltage. Specifically, increasing the 
current density from 1 A.cm-2 to 2 A.cm-2 doubles the ohmic 

overpotential, as indicated by Eq. (58). In addition, as described in Eqs. 
(56) and 57, both the anodic and cathodic overpotentials also increase as 
the current density rises from 1 A.cm-2 to 2 A.cm-2. Hence, operating the 
cell at a current density of 2 A.cm-2 instead of 1 A.cm-2 results in a 
10.75% increase in cell voltage at the BOL. Furthermore, operation at 
higher current densities leads to a higher iridium dissolution rate as 
shown by Eq. (26), which in turn results in a thinner anode electrode and 
thereby, a higher anodic overpotential. Hence, as shown in the figure, 
the PEM electrolysis cell exhibits a higher degradation rate over the time 
when operated at 2 A.cm-2, primarily due to increased anodic and 
cathodic degradations. Consequently, as shown in Fig. 15, increasing the 
current density of the PEM electrolysis cell from 1 A.cm-2 to 2 A.cm-2 

leads to an accelerated degradation rate, resulting in a 27% reduction in 
the lifetime and a 1.78-fold increase in voltage degradation after 20,000 
h of operation. Although operating the PEM electrolysis unit at higher 
current densities enhances hydrogen production and reduces the initial 

Fig. 10. Variation of roughness factor and crystallite size of the cathode electrode over time.

Fig. 11. Variation of cell voltage and overpotentials over 20,000 h of operation at a constant load and current density of 1 A.cm-2, and temperature of 80 ◦C.
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capital costs, it also leads to accelerated degradation and higher elec
tricity costs at the EOL.

Fig. 16 illustrates the impact of current density on cell efficiency 
during operation at current densities ranging from 1 A.cm-2 to 2 A.cm-2 

over 20,000 h. As shown, operating the cell at lower current density of 1 
A.cm-2 results in higher energy efficiency, particularly at EOL and after 
20,000 h of operation. Although operating at 2 A.cm-2 doubles the 
hydrogen production rate compared to 1 A.cm-2, the increased power 
consumption, caused by higher overpotentials (as discussed in Fig. 15) 
and greater applied current, reduces the overall cell energy efficiency, as 
depicted in Fig. 16. Initially, the fresh cell exhibits 8.16% higher effi
ciency at 1 A.cm-2. Over time, degradation becomes more pronounced at 
higher current densities (as also shown in Fig. 15), leading to efficiency 
losses of 30% at 1 A.cm-2 compared with 37.34% at 2 A.cm-2 after 
20,000 h of operation.

3.3. Impact of load cycling on performance and degradation of the cell

This section examines the impact of LC on the performance and 

Fig. 12. Gas crossover and HTO after 20,000 h of operation.

Fig. 13. Variation of cell efficiency when operating under constant load.

Fig. 14. Contribution of the overpotentials of the cell at the beginning and end 
of life of the cell.

Fig. 15. Variation of cell voltage over time when increasing the current density 
from 1 Acm-2 to 2 Acm-2.

Fig. 16. Variation of cell efficiency when operating the cell at current density 
of 1 A.cm-2 and 2 A.cm-2 for 20,000 h of operation.
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degradation of the PEM electrolysis cell. In this study, the current den
sity is cycled between 1 A.cm-2 and 2 A.cm-2 every six hours. According 
to reference (Rakousky et al., 2017), the degradation rate under these 
conditions caused by LC is estimated at 65 µVhr-1. Fig. 17 illustrates the 
effect of current density cycling over a 120-hour (five-day) period. It is 
worth noting that this period was chosen to maintain the clarity of the 
plots shown in Figs. 17 and 18. As shown, LC causes the cell voltage to 
increase from 1.739 V to 1.7466 V over the five days of operation.

Fig. 18 also illustrates the impact of LC on the energy efficiency of the 
PEM electrolysis cell. Consistent with the results shown in Fig. 16, the 
cell exhibits higher efficiency when operating at a current density of 1 A. 
cm-2, primarily because the ohmic overpotentials are significantly lower 
when operating the cell at lower currents. Furthermore, as shown in this 
figure, cycling the current density between 1 A.cm-2 and 2 A.cm-2 every 
six hours for five consecutive days results in a 0.358% reduction in cell 
efficiency.

Fig. 19 compares the voltage degradation due to LC predicted in this 
study with the experimental data reported in Rakousky et al. (2017). The 
figure illustrates the increase in cell voltage during operation at a cur
rent density of 2 A.cm-2, with the current density cycled between 1 A. 
cm-2 and A.cm-2 every six hours. Although a slight deviation exists be
tween the pristine cell voltages reported in Rakousky et al. (2017) and 
calculated in this study at a current density of 2 A.cm-2, which can be 
attributed to differences in cell characteristics, the voltage increase after 
1000 h of operation is in good agreement. The relative error between the 
predicted and experimental voltage rise is only 3.73%.

3.4. The impact of idle operation on the degradation of the cell

When evaluating the degradation of CCM within the PEM electrolysis 
cell powered exclusively by renewable energy sources, it is essential to 
assess the impact of idle operation during the periods when renewable 
power is unavailable. Therefore, this section investigates the effects of 
idle operation and hot start-up events on the degradation of the CCM in a 
PEM electrolysis cell. Specifically, the analysis focuses on the dissolution 
of the iridium catalyst in the anode electrode and membrane thinning. It 
is worth noting that the results presented in this section are valid only 
for the specific operating conditions considered in this study, including 
an asymmetric pressure configuration (16 bar at the cathode and at
mospheric pressure at the anode), an operating temperature of 80 ◦C, 
and an operation cycle consisting of 10 min of idle operation every 20 min, during which the current density varies between 1 A.cm-2 and zero. 

Fig. 17. The impact of LC on the cell voltage and its degradation.

Fig. 18. The impact of LC on the cell efficiency of a PEM electrolysis unit.

Fig. 19. Validation of the model performance for evaluating the voltage 
degradation caused by LC.
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Therefore, the predicted degradation behavior discussed in this section 
may vary when these operating parameters are changed. Consequently, 
the results reported in this section may not be applicable to other 
intermittent operating scenarios of PEM electrolysis cells.

According to Milosevic et al. (2026) the stability number used in Eq. 
(26) decreases when the cell undergoes idle operation followed by hot 
start-up after shutdown. As a result, Eq. (26) predicts an increase in the 
iridium dissolution rate. Based on the data reported in Milosevic et al. 
(2026), a PEM electrolysis cell subjected to an operating cycle consist
ing of 10 min of idle operation every 20 min, during which the current 
density decreases from 1 A.cm-2 to zero, exhibits a time-dependent 
stability number. Since this operating profile is similar to the one 
considered in the present study, the stability number is described by the 
following equation rather than by Eq. (25), which assumes operation at 
a constant current density of 1 A.cm-2. 

Snumber = 6 × 106ln(t) + 428960 (64) 

where t represents the operating time in seconds. Consequently, using 
this time-dependent stability number given in Eq. (64) to calculate the 
iridium dissolution rate results in higher dissolution rates compared 
with the case of constant-current operation. This accelerated iridium 
loss leads to a faster increase in the anodic overpotential during the cell 
operation.

The evolution of the anodic overpotential resulting from anode 
degradation caused by iridium dissolution is compared in Fig. 20 for two 
operating scenarios: continuous operation at a constant current density 
of 1 A.cm-2 and operation with frequent idle periods. As shown in 
Fig. 20, the idle operation associated with the intermittent nature of 
renewable energy sources significantly increases the anodic over
potential, thereby accelerating the performance degradation of the 
CCM. It is primarily driven by redox processes occurring within the 
anode catalyst layer, which lead to the formation of IrOx species. These 
species exhibit higher activity but also show increased dissolution rates 
under OER conditions, as highlighted in Milosevic et al. (2026). Addi
tionally, reference (Milosevic et al., 2026) also highlights that the per
formance degradation associated with idle operation becomes more 
pronounced when the cell is subjected to frequent idle cycling over 
longer periods. This observation is consistent with the results presented 
in Fig. 20.

Idle operation of a PEM electrolysis unit during periods when 
renewable power is unavailable can lead to accelerated membrane 
thinning, particularly under asymmetric pressure conditions. In such 
configurations, as discussed in Kuhnert et al. (2023) and Minnah and 

Pope (2026), hydrogen crossover increases during idle operation due 
to the high cathode pressure (16 bar) combined with atmospheric 
pressure at the anode. This effect is primarily attributed to hydrogen 
accumulation on the cathode side and the maintenance of pressure even 
when the cell is not operating. Although the present study considers a 
PEM electrolysis unit operating under symmetric pressure conditions 
(atmospheric pressure on both anode and cathode sides), an asymmetric 
pressure configuration (16 bar at the cathode and atmospheric pressure 
at the anode) is introduced in this section to capture the impact of idle 
operation on membrane thinning. As discussed in Kuhnert et al. (2023), 
under such conditions, high hydrogen crossover can also lead to the 
formation of radicals on the anode side. As a result, the membrane is 
subjected to radical attack from both the cathode and anode sides. The 
mechanisms of membrane thinning on the cathode side are discussed in 
Section 2.4, while anode-side radical formation and attack mechanisms 
are thoroughly described in Kuhnert et al. (2023) and are not repeated 
here. For the sake of simplicity, a correction factor is introduced in this 
study to account for the increased radical formation on both sides of the 
membrane, thereby enabling a faster membrane thinning rate under idle 
operation conditions. This correction factor is calibrated to reproduce 
the membrane thinning behavior reported in Minnah and Pope (2026)
under identical operating conditions (80 ◦C and asymmetric pressure) 
with frequent idle operation. Hence, in Minnah and Pope (2026), a 
membrane thickness reduction of 96.2 µm after 8000 h of operation with 
frequent idle cycling is reported, whereas the present model predicts a 
reduction of 89.7 µm under constant-load operation, corresponding to a 
50.42% decrease from the initial thickness of 178 µm, as shown in Fig. 5. 
To align the model with the reported degradation behavior, a correction 
factor of 1.12 is therefore applied to HȮ radical formation rate. Fig. 21
compares the evolution of membrane thickness and ohmic overpotential 
under constant-load operation and under conditions involving frequent 
idle operation.

Fig. 22 also compares voltage degradation and the time required to 
reach the EOL under constant-load operation and operation with 
frequent idle periods. As shown, the PEM electrolysis cell operating 
under a constant load exhibits a lower degradation rate and reaches EOL 
later. In contrast, frequent idle operation accelerates degradation, 
causing the cell to reach EOL after 11,405 h compared to 13,000 h under 
constant-load conditions. Furthermore, the figure shows that the cell 
operating with frequent idle periods reaches a higher cell voltage after 
20,000 h of operation (2.99 V), reflecting the increased degradation rate 
associated with idle operation. Specifically, the results presented in 
Fig. 22 are valid only for the operating conditions considered in this 
study, including an asymmetric pressure configuration (16 bar at the 
cathode and atmospheric pressure at the anode), an operating temper
ature of 80 ◦C, and an operation cycle consisting of 10 min of idle 
operation every 20 min, during which the current density varies be
tween 1 A.cm-2 and zero. Therefore, these results may not be applicable 
to other operating conditions or intermittent operation scenarios. This 
limitation arises because the results shown in this section are obtained 
based on the applied correction factor and the empirical correlation for 
Snumber provided in Eq. (64), which may not remain valid when different 
operating conditions and idle operation strategies are considered. 
Fig. 23 compares the contributions of different overpotentials, particu
larly the anodic and ohmic overpotentials associated with iridium 
dissolution and membrane thinning, respectively, to the voltage degra
dation of the PEM electrolysis cell under constant-load operation 
(marked as C in the figure) and intermittent operation with frequent idle 
periods (marked as I in the figure), as discussed above. The comparison 
is performed at BOL, EOL, and after 20,000 h of operation. As shown in 
the figure, when the cell is operated with frequent idle periods, it rea
ches the EOL earlier due to the accelerated increase in iridium dissolu
tion and membrane thinning. Consequently, at the EOL (after 11,405 h), 
the membrane remains slightly thicker, resulting in slightly lower ohmic 
overpotentials compared with constant-load operation which reaches Fig. 20. Comparison of degradation of anodic overpotentials when operating 

the cell under constant current and frequent idle operation.
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EOL after 13,000 h. However, after 20,000 h of operation, the cell 
operated with frequent idle periods exhibits higher anodic and ohmic 
overpotentials, with the ohmic overpotential increasing by 28.5% 
compared with constant-load operation.

3.5. Impact of temperature on performance and degradation of the cell

Fig. 24 illustrates the effect of cell temperature on its performance 
and degradation. As shown, operating the cell at higher temperatures 
enhances the performance by reducing overpotentials. In particular, 
operating the PEM electrolysis unit at 80 ◦C leads to lower over
potentials at BOL. Hence, as shown in the figure, the cell efficiency is 
higher at 80 ◦C at BOL. However, the figure also shows that operation at 
this elevated temperature results in accelerated degradation, leading to 
a significantly higher cell voltage and also lower energy efficiency after 

20,000 h of operation. Specifically, at EOL and after 20,000 h of oper
ation, the cell’s energy efficiency is 2.13% and 8.18% lower, respec
tively, when operated at 80 ◦C compared to 70 ◦C.

3.6. Impact of pressure on performance and degradation of the cell

This section also discusses the impact of operating pressure on cell 
performance and its degradation. Accordingly, Fig. 25 illustrates how 
the degradation of the cell voltage during operation is affected by 
operating pressure. As shown, operating the cell at higher pressure leads 
to increased cell voltage, primarily due to increased open circuit voltage 
due to higher partial pressures of oxygen and hydrogen as discussed in 
Eq. (54) and also increased oxygen crossover and accelerated membrane 
thinning caused by higher rates of hydrogen peroxide generation (see 
Table 3). The combination of membrane thinning due to degradation 
and the elevated operating pressure leads to significantly higher oxygen 

Fig. 21. Comparison of ohmic overpotentials and Membrane thinning when operating the PEM electrolysis cell with constant load and frequent idle operation.

Fig. 22. Comparison of cell voltage degradation and EOL between constant 
load operation and frequent idle operation.

Fig. 23. Comparison of different overpotential contributions at BOL, EOL, and 
after 20,000 h of operation under constant-load operation (marked as C) and 
intermittent operation with frequent idle periods (marked as I).
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crossover, which further accelerates membrane degradation. Conse
quently, after 20,000 h of operation, the cell overpotentials are 4.16% 
higher when operating at an elevated pressure of 5 bars compared to 1 
bar, whereas at BOL, the cell voltage was 3% higher under the same 
pressure conditions. It is worth noting that, for clarity, only the EOL at 1 
bar is shown in Fig. 25. Although operation at higher pressure may 
slightly increase degradation, it does not significantly affect EOL. Ac
cording to Fig. 25, the effect of operating pressure on cell efficiency is 

more pronounced when compared with its effect on cell voltage at an 
operating current density of 1 A.cm-2 and a temperature of 80 ◦C. In this 
case, both higher overpotentials and increased hydrogen crossover 
contribute to a more noticeable reduction in cell efficiency. Specifically, 
increasing the operating pressure from 1 bar to 5 bars results in a 3.96%, 
6.54 % and 10.41% decrease in cell efficiency at the BOL, EOL, and after 
20,000 h of operation, respectively.

Fig. 24. The impact of operating cell temperature on (a) cell voltage (b) energy efficiency after 20,000 h of operation.
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3.7. Sensitivity and uncertainty analysis

This section evaluates the impact of plausible variations in the 
dominant model parameters, including the activation energy of the OER, 
the fraction of the metal catalyst available at the surface of cathode 
electrode (ϕI), and the membrane water content (λ) on the cell voltage of 
the pristine cell, the final cell voltage and energy efficiency after 20,000 
h of operation, and the EOL. Fig. 26 illustrates that varying the activa
tion energy of the OER, EOER

A , with a baseline value of 21,700 J/mol used 

in this study, from 10,000–31,700 mol/J, has a negligible effect on the 
predicted EOL. However, increasing EOER

A within this range leads to a 
noticeable increase in both the pristine and degraded cell voltages, 
accompanied by a corresponding decrease in cell efficiency.

Similar to the activation energy of the OER discussed in Fig. 26, the 
fraction of the metal catalyst available at the surface of the cathode 
electrode has only a minor influence on the cell voltage of the pristine 
cell, the cell voltage after 20,000 h of operation, the EOL, and the cell 
efficiency after 20,000 h of operation, as shown in Fig. 27. According to 

Fig. 25. The impact of operating pressure on (a) cell voltage and (b) energy efficiency of the PEM electrolysis cell over 20,000 h of operation.
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the results shown in Fig. 27, varying the fraction of the metal catalyst 
available at the cathode surface from 0.35 to 0.95, with a baseline value 
of 0.75 adopted in this study, has a negligible effect on the predicted 
EOL. Over this range, the pristine cell voltage and the degraded cell 
voltage after 20,000 h of operation decrease by only 1.55% and 1.11%, 
respectively, while the cell efficiency after 20,000 h of operation in
creases by only 0.62%.

Unlike the sensitivity analysis results presented in Figs. 26 and 27, 28
demonstrates that the model predictions are considerably more sensitive 
to the membrane water content. As shown in Fig. 28, increasing the 
membrane water content from 14 to 21 results in significant reductions 
in both the pristine cell voltage and the cell voltage after 20,000 h of 
operation, by 2.82% and 13.7%, respectively. Under these conditions, 
the predicted EOL and the cell efficiency after 20,000 h of operation 

increase by 21.28% and 8.76%, respectively. These results indicate that 
maintaining a high membrane water content in the membrane not only 
improves the performance of the pristine cell but also substantially ex
tends the lifetime of the PEM electrolysis cell by mitigating its 
degradation.

4. Conclusion

This study evaluated the performance of a PEM electrolysis cell and 
developed a comprehensive model to simulate its performance and 
degradation over 20,000 h of operation. The analysis considered the 
primary degradation mechanisms occurring in the CCM, including 
membrane thinning, platinum crystallite agglomeration on the cathode 
electrode, and iridium dissolution from the anode catalyst layer. In 

Fig. 26. The impact of varying the activation energy of OER on the (a) cell voltage of pristine cell and degraded cell after 20,000 h (b) EOL and cell energy efficiency 
after 20,000 h of operation.
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addition, hydrogen and oxygen crossovers were investigated in relation 
to membrane thinning, and the variations in energy efficiency, over
potentials, and cell voltage were quantified for operation at a constant 
current density of 1 A.cm-2 and a temperature of 80 ◦C. The impact of 
current density on cell performance was also assessed, along with the 
effects of LC, idle operation, operating cell temperature and pressure on 
degradation behavior of the CCM. The main conclusions of this study are 
as follows: 

• Membrane thinning is the dominant degradation mechanism 
affecting the PEM electrolysis cell performance. It leads to both 
increased gas crossover and a substantial rise in ohmic overpotential. 
Specifically, the ohmic overpotential increases from 0.1433 V at BOL 

to 0.4662 at EOL and to 1.0228 V after 20,000 h of operation at a 
constant current density of 1 A.cm-2.

• Energy efficiency declines significantly over time, dropping from 
85.04 % at BOL to 70.45% at EOL and to 55% after 20,000 h of 
operation when operating the cell at a current density of 1 A.cm-2 

and temperature of 80 ◦C, primarily due to increased ohmic losses 
associated with membrane thinning.

• Higher current densities adversely affect the performance of the PEM 
electrolysis cell. While hydrogen production increases with current 
density as predicted by Faraday’s law, ohmic overpotentials and 
consequently power consumption also rise sharply, resulting in lower 
energy efficiency. Additionally, operating the cell at elevated current 
densities leads to higher anodic and cathodic overpotentials, as well 

Fig. 27. The impact of varying the fraction of the metal catalyst at the surface of cathode electrode on the (a) cell voltage of pristine cell and degraded cell after 
20,000 h (b) EOL and cell energy efficiency after 20,000 h of operation.
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as accelerated anodic degradation rates due to increased iridium 
dissolution.

• LC has a relatively minor effect on cell degradation. When cycling the 
current density between 1 A.cm-2 to 2 A.cm-2 every six hours for five 
consecutive days, the energy efficiency decreases by only 0.358%, 
confirming the suitability of PEM electrolysis systems for dynamic 
operation under variable power supply.

• Operating the cell at higher temperatures reduces overpotentials and 
improves energy efficiency at BOL but also accelerates the degra
dation of the electrolysis unit.

• Operating the cell at elevated pressures significantly increases the 
gas crossover via diffusion, due to the higher partial pressures of 
hydrogen and oxygen at the cathode and anode, respectively, and 

their greater solubility in water. This leads to reduced cell energy 
efficiency, driven by elevated hydrogen crossover and increased cell 
overpotentials.

• Based on the results of this study, operating the PEM electrolysis cell 
at 70 ◦C, 1 A.cm-2, and 1 bar is recommended to achieve a balance 
between maximizing lifetime (via reduced degradation rates) and 
maintaining acceptable energy efficiency. It was also demonstrated 
that, although idle operation decreases the cell lifetime by 12.27%, it 
may be unavoidable because of the intermittency of renewable en
ergy sources. It should be noted that the observed lifetime reduction 
associated with frequent idle operation is specific to the operating 
conditions and idle operation strategy investigated in this study, 
including an asymmetric pressure configuration (16 bar at the 

Fig. 28. The impact of varying the membrane water content on the (a) cell voltage of pristine cell and degraded cell after 20,000 h (b) EOL and cell energy efficiency 
after 20,000 h of operation.
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cathode and atmospheric pressure at the anode), an operating tem
perature of 80 ◦C, and an operation cycle consisting of 10 min of idle 
operation every 20 min, during which the current density decreases 
from 1 A.cm-2 to zero. Therefore, the obtained results should not be 
generalized to other operating conditions or intermittent operation 
scenarios.

The degradation mechanisms and the impacts on the electrolysis 
identified in this work offer valuable guidelines for lifetime prediction 
and operational strategies for the eventual scale up of the technology in 
the context of intermittent renewable energy. Future studies may extend 
the model developed in this study by incorporating simple yet accurate 
degradation models for the porous transport layers and bipolar plates in 
the PEM electrolysis cell. The extended model could then be applied to 
simulate large-scale, MW-capacity stacks while accounting for non- 
uniform temperature distributions among cells and the effects of cur
rent ripples associated with operation under 100% renewable power 
sources, such as wind and solar energy. In particular, assessing dynamic 
operation using realistic renewable energy profiles at megawatt scale 
and developing real-time control-oriented models would provide valu
able insights into system degradation mechanisms and optimization 
strategies for large-scale green hydrogen production. Furthermore, 
future research can focus on developing data-driven models that inte
grate mechanistic models with experimental data to provide a realistic 
overview of cell performance during long-term operation.
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