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 A B S T R A C T

Hydrogen is emerging as a vital energy carrier, driven by the need to reduce carbon emissions. Proton 
Electrolyte Membrane Water Electrolysis (PEMWE) enables hydrogen production under fluctuating renewable 
power conditions but requires improved understanding and stability of the anode catalyst layer under dynamic 
operating conditions, especially with low noble metal loadings. Long-term degradation experiments are both 
time-consuming and costly; therefore, a systematic, model-aided approach is essential. In the present work, a 
temporal multiscale method is applied to reduce the computational effort of simulating long-term degradation 
processes in PEMWE, with an exemplary focus on catalyst dissolution. A mechanistic model incorporating 
the oxygen evolution reaction, catalyst dissolution, and hydrogen permeation from the cathode to the anode 
was hypothesized and implemented. In this way, the local periodicity of transport and reaction processes in 
dynamic PEMWE operation, which influence the gradual degradation of the catalyst layer, is captured. The 
temporal multiscale method significantly reduces the computational effort of simulation, decreasing processing 
time from hours to mere minutes. This efficiency gain is attributed to the limited evolution of Slow-Scale 
variables during each period of time P of the Fast-Scale variables. Consequently, simulation is required only 
until local periodicity is achieved within each Slow-Scale time step. Hence, the fully resolved dynamic problem 
is decoupled into these two scales, employing a heterogeneous multiscale technique. The developed approach 
effectively accelerates parameter estimation and predictive simulations, supporting systematic modeling of 
PEMWE degradation under dynamic conditions.
0. Introduction

Degradation of the anode catalyst layer (ACL) is a major challenge 
in Proton Exchange Membrane Water Electrolysis (PEMWE), especially 
due to the need to reduce loadings of noble metal materials such as irid-
ium (Ir). Understanding the degradation phenomena that occur within 
the ACL of the PEM Water Electrolyzer (Prestat, 2023; Dam et al., 
2023) is challenging due to the ‘‘black-box’’ nature of such a PEMWE 
cell during operation, even more so under dynamically changing load 
conditions (Voronova et al., 2022). Insights are typically gained by 
studying the system’s in-output behavior as well as by conducting 
post-test analysis of the system.

In situ experimental knowledge regarding the phenomenon of Ir 
catalyst dissolution has been acquired through the use of so-called half-
cell setups, where liquid electrolytes are employed, and models are 
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validated (Qian et al., 2022). However, obtaining similar in situ data is 
challenging for the industrially relevant membrane electrode assembly 
(MEA) setups. Transfer of knowledge of catalyst dissolution from half-
cells to full-cells is not straight forward (Dam et al., 2020; Knöppel 
et al., 2021).

Therefore, mathematical modeling is of essential importance to 
understand the physico-chemical processes occurring inside the cell. 
Since the early 2000s modeling processes in PEMWEs has been used 
as a tool to make up for shortfalls in such a closed devices (Grigor’ev 
et al., 2001; Onda et al., 2002). An extensive classification of different 
ways of modeling PEMWE can be found in Olivier et al. (2017). Some 
are focused on the understanding of the phenomena under various 
conditions such as high-pressure water electrolysis (Grigoriev et al., 
2010; Yigit and Selamet, 2016) or hydrogen permeation (Trinke et al., 
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Fig. 1. Theoretical schema of the processes of the PEMWE that are taken into consideration in the proposed model.
2016; Papakonstantinou and Sundmacher, 2019; Franz et al., 2023). 
Additionally, models ranging from 0D to 3D of PEMWEs have been 
developed based on physical laws to describe mechanisms such as mass 
transport (Abdol Rahim et al., 2016; Aubras et al., 2017) and fluid 
behavior through the Porous Transport Layer (PTL) (Ojong et al., 2017; 
Doan et al., 2021; Lin and Zausch, 2023; Ni et al., 2023) among others.

In the area of performance characterization and control system de-
velopment, there are works like (Gorgun, 2006; Marangio et al., 2009; 
Lebbal and Lecøeuche, 2009; Espinosa-López et al., 2018; Ogumerem 
and Pistikopoulos, 2020; Dizon et al., 2021), mainly focused on anal-
ysis of experimental results and long-term durability evaluation. The 
authors utilized fitting techniques based on experimental data to iden-
tify parameters and optimize the performance of PEMWEs using of-
ten ‘‘black-box’’ models. In this regard, the machine learning era un-
folds data-driven simulating techniques which accelerate the fitting 
processes due to their computational efficiency (Ding et al., 2022).

Models have been developed for PEMWE in which multiscale analy-
sis has applied in order to better resolve the spatial dimensions (Franco 
et al., 2007; Franco and Gerard, 2008; Franco et al., 2009; Oliveira 
et al., 2012). In this study a white-box methodology for modeling 
the catalyst dissolution phenomena inside the PEMWE ACL shall be 
developed (Fig.  1). This will be numerically supported by applying a 
temporal multiscale method in order to reduce computational effort.

This technique has been used to describe long-term effects in the 
interaction of processes of different time scales in different applications 
as is shown by Yang et al. (2016) and Brinkmann et al. (2018). In 
this way, the Heterogeneous Multiscale Method (HMM) (Weinan and 
Engquist, 2003) is one of the most promising options to efficiently 
decouple the micro-scale and macro-scale of the problem solving the 
last one based on temporal averaging of the first one. A review of these 
techniques can be found in Weinan et al. (2007), Gravemeier et al. 
(2008) where authors compare the HMM with other techniques, mainly 
applied for ODEs or to spatial multiscales.

In Frei and Richter (2020) a description of a computational tempo-
ral multiscale method is derived. It assumes that the underlying fast 
process has a time quasi-locally periodic solution if the influence of the 
Slow-Scale solution is fixed during the slow time step. Therefore, only 
solving the Fast-Scale variables until such a time quasi-locally periodic 
is achieved allows the Slow-Scale variables to have very large time steps 
which accelerates the simulations by about 104 times.

In this paper a simple physico-chemical model of iridium catalyst 
dissolution is proposed in Section 1. It is shown that with the in-
troduction of a numerical temporal multiscale method in Section 2, 
2

the simulation time of the PEMWE ACL long-duration stability tests is 
drastically reduced. In Section 3 the method is numerically analyzed 
showing how to overcome the challenges of the stiffness nature of the 
problem. The model parameters are fitted to experimental data of two 
dynamic operation profiles (Alia et al., 2019) of accelerated stress tests 
(see Section 4). A good fit of model simulation with experimental data 
is achieved. The model with the fitted parameters is then used to predict 
other dynamic operation profiles. The simulation is compared to ex-
perimental data and implications on the hypothesized electrochemical 
model are discussed.

Overall, the aim of this work is to demonstrate how the intro-
duction of a temporal multiscale approach, facilitates the systematic 
development of a mathematical model capable of describing the effects 
of different dynamic operational profiles on catalyst degradation in 
PEMWE.

1. Anode catalyst layer degradation model

In this section, the electrochemical degradation model of the ACL 
during the operation of the PEMWE is described. The catalyst disso-
lution model is presented in Section 1.1, and an important influence 
of hydrogen is assumed, as it can chemically reduce the Ir oxide, thus 
leading to its destabilization during dynamic operation of PEMWE (Pa-
pakonstantinou and Sundmacher, 2019; Weißet al., 2019). Therefore, a 
transport model has been developed and implemented to describe the 
dynamic permeation process of hydrogen from the cathode to the anode 
side which will be discussed in Section 1.2.

1.1. Iridium dissolution model

To describe the dissolution process of Ir, based on knowledge and 
understanding from previous works in literature, a simple mechanistic 
model is hypothesized and implemented. The model considers nano-
particles of iridium in which the catalyst material surface can be in 
two different chemical oxidation states as shown in Fig.  2. They can be 
either in a reduced or an oxidized state. 𝛩1 and 𝛩2 correspond to the 
more reduced and the more oxidized state, respectively.

Fig.  2 illustrates the schematic of iridium dissolution model which 
was implemented in this work. It is well known that catalyst disso-
lution and OER are closely coupled phenomena. An unstable state of 
the catalyst surface during the OER reaction cycle leads to catalyst 
dissolution (Kasian et al., 2018; Geiger et al., 2018; Dam et al., 2020).
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Fig. 2. Theoretical representation of the electrochemical model for corrosion of the 
material in the ACL.

In this model it is assumed that the surface is generally in an 
oxidized state during the considered operation of PEMWE at OER 
potentials. However, hydrogen which permeates from the cathode to 
the anode side can reduce the oxidation state of the active site on the 
catalyst surface. Thus, this reduction converts it from the state 𝛩2 to 
the state 𝛩1 (‘𝑟𝑟𝑒𝑑 ’).

Nevertheless, the OER leads to dissolution of those chemically re-
duced active sites. As a result, the Ir oxide lattice structure underneath 
the dissolved catalyst species becomes exposed to the surface. The 
surface state 𝛩1 then reverts back towards the more stable state 𝛩2
(‘𝑟𝑜𝑥’). However, the dissolution of catalyst species leads to a loss of 
catalyst material leading to a loss of the Electrochemical Surface Area 
(ECSA) and a gradual decline in electrolyzer performance over time.

The catalyst surface in state 𝛩2 is more stable than in state 𝛩1. 
However, due to the inherent coupling of catalyst dissolution and 
OER (Binninger et al., 2015; Kasian et al., 2018), the catalyst can 
dissolved also in the former state. Therefore, two dissolution pathways 
are considered in the implemented model, as shown in Fig.  2.

The involvement of hydrogen in the dissolution of catalyst material 
may influence the observed ACL degradation rates. This is especially 
notable under different dynamic operation conditions, as these condi-
tions strongly influence the dynamic behavior of oxygen and hydrogen 
partial pressure in the ACL. A high current density results in a low 
hydrogen partial pressure as evolved oxygen generates a flushing effect 
on the ACL. On the other hand, the decrease in current density leads 
to a dynamic accumulation of hydrogen in the ACL, attributable to the 
prior storage of permeating hydrogen within the membrane.

The implemented mathematical model can be expressed by the 
following system of ordinary differential (ODE) equations:

𝑑𝛩1
𝑑𝑡

= 2𝑘𝑟(1 − 𝛩1)2
(

𝐶ACLH2
𝑅𝑇

)

−
𝛩1
𝛾
𝑘diss1𝑒

𝑓𝐸ACL (1)

𝑑𝐶ACL𝑂2

𝑑𝑡
= 𝑉 −1

ACL

[

𝑖
𝑧𝑂2

𝐹
− 𝐴𝑔𝑒𝑜𝐹

𝑃𝑇𝐿
𝑂2

]

(2)

𝑑𝐶ACLH2

𝑑𝑡
=

𝐴𝑔𝑒𝑜

𝑉ACL

[

𝐹MemH2
− 𝐹 PTLH2

]

(3)

𝑑𝑁𝑛𝑝
Ir

𝑑𝑡
= −

𝐴actIr (𝑁𝑛𝑝
Ir (𝑡))

𝐴𝑔𝑒𝑜

[

𝛩1𝑘diss1 +
(

1 − 𝛩1
)

𝑘diss2
]

𝑒𝑓𝐸
ACL (4)

The origin and meaning of the variables and terms in this system of 
ODEs shall be described in the following sections. 𝛩1 stands for the 
fraction of active sites which are in state number 1 (see 2). The first 
term of (1) expresses the reduction rate with its reaction rate constant 
𝑘𝑟.

The reduction kinetics depends on the pressure of hydrogen in 
the ACL since it occurs via chemical reduction with hydrogen and 
is written via elementary reaction kinetic formulation. The modeled 
reduction process may be described formally by the stoichiometric 
reaction equation 2IrO2 + H2 → 2HIrO2. The hydrogen partial pressure 
is calculated from the ideal gas law: 

𝑃ACL = 𝐶ACL𝑅𝑇 , (5)
3

H2 H2
with 𝑅 and 𝑇  being the universal gas constant and the temperature, 
respectively. 𝐶ACLH2

 is the concentration of hydrogen in the ACL and is 
given in mol∕m3. The hydrogen-induced reduction reaction leads to a 
conversion of active sites from state 𝛩2 to the state 𝛩1.

On the other hand, the right-hand side term of Eq.  (1) represents the 
conversion of sites in state 𝛩1 back to the state 𝛩2. This is explained 
by the dissolution of reduced and destabilized sites, exposing the Ir 
oxide species that were originally located underneath the dissolving 
sites. 𝑘diss1  is the dissolution rate constant for the sites in 𝛩1 state. 𝛾 is 
the number of active sites per surface area of the Ir oxide nano-particles 
and a value of 1.121×10−4 mol∕m2 is used for the simulation (Papakon-
stantinou et al., 2022). 𝐸ACL is the potential applied on the ACL, and 
𝑓 = 𝐹∕(𝑅𝑇 ), where 𝐹  is the Faraday’s constant, i.e. 96485 C∕mol.

In terms of spatial dimensions, the ACL is modeled zero-dimension-
ally. The balance of the gases it is shown in the Eqs. (2) and (3). The 
O2 concentration is balanced by a source and a flow term. Within the 
source term, 𝑖 represents the current density (A∕m2) and 𝑧O2

 is equal 
to 4, corresponding to the number of electrons transferred per evolved 
oxygen molecule. The other term of Eq.  (2) defines the flow of O2 from 
the ACL to the porous space inside the adjacent PTL domain. These 
fluxes can be described by: 
𝐹 PTLO2

= 𝐹 tot𝑋O2
and 𝐹 PTLH2

= 𝐹 tot𝑋H2
, (6)

where 𝐹 tot is the total gas flow out of the ACL and 𝑋O2
 and 𝑋H2

 are the 
oxygen and the hydrogen fraction in the gas phase, respectively. These 
fractions can be calculated by: 

𝑋O2
=

𝑃ACLO2

𝑃ACLH2
+ 𝑃ACLO2

and 𝑋H2
=

𝑃ACLH2

𝑃ACLH2
+ 𝑃ACLO2

. (7)

The total gas flow 𝐹 tot is calculated using the following equation: 

𝐹 tot = 𝑘ACL
((

𝑃ACLO2
+ 𝑃ACLH2

)

− 𝑃 atm
)

. (8)

The pressure difference serves as the mechanical driving force for 
the gas flow out of the ACL. The parameter 𝑘ACL is a mass transport 
coefficient and its inverse describes the resistance of gas transport out 
of the ACL domain. Although, in reality, this transport resistance is 
distributed spatially across the ACL thickness, for the sake of simplicity, 
this work assumes discrete occurrence at the interface between the ACL 
and PTL domains.

A value of 𝑘ACL can be determined using the Darcy–Weisbach 
equation, assuming a pore diameter of 52 nm (Alia et al., 2019) and 
a correction for the friction factor of 0.005 (Liu et al., 2012). An ACL 
thickness of 1 μm is assumed for the ACL with low catalyst loading (Alia 
et al., 2019). 𝑃 atm is the atmospheric pressure which can be considered 
as the pressure level inside the pores of the PTL domain.

Eq. (3) considers output and input flows. The outflow is defined as 
𝐹 PTLH2

 in Eq.  (6). The input flow 𝐹MemH2
 which comes from the membrane 

domain will be explained in the following Section 1.2.
Eq. (4) describes the temporal evolution of the amount of Ir in the 

form of nanoparticles (𝑁𝑛𝑝
Ir  measured in moles) within the ACL due 

to the two previously described dissolution mechanisms. The ECSA, 
defined by 𝐴actIr , is calculated based on 

𝐴actIr = 𝜂actnp 4𝜋𝑟
2
np and 𝑟np = 3

√

√

√

√

3𝑁𝑛𝑝
Ir 𝑀Ir

4𝜋𝜌Ir𝜂actnp
. (9)

The variable 𝜂actnp  represents the number of active nanoparticles, while 
the radius 𝑟np denotes their size. Additionally, parameters such as the 
molar mass of Iridium, denoted as 𝑀Ir (in [g/mol]), and its density 𝜌Ir
(in [g/m3]) are present in the formulation.

In the kinetics a linearity between Ir catalyst dissolution and OER 
at higher current densities is included. This linearity results in the 
same factor in front of the potential within the exponent of the rate 
expression.
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Fig. 3. The sketch shows a section of the PEMWE consisting of the membrane in the middle and the two catalyst layers (ACL, CCL) at either side of the membrane. In the cathode 
catalyst layer most of the evolved hydrogen is transported to the cathode outlet. However, a small fraction of hydrogen permeates through the membrane towards the anode side. 
In the ACL, oxygen is evolved and a small volumetric fraction is constituted by hydrogen.
1.2. Transport of hydrogen through the membrane

Due to the electrochemical polarization of the catalyst layer, hydro-
gen is evolved in the CCL. In previous studies, it has been found that 
this creates a supersaturation of hydrogen in the CCL, resulting not only 
in the transport of hydrogen in the cathode channel direction but also 
the permeation of hydrogen to the anode side (Trinke et al., 2017). This 
is schematically shown in Fig.  3. In this work, the transport is modeled 
via a partial differential equation which considers the time-dependent 
diffusion of hydrogen over the membrane domain as 
𝜕𝑡𝐶

MEM
H2

(𝑥, 𝑡) −𝐷eff
H2
𝜕𝑥𝑥𝐶

MEM
H2

(𝑥, 𝑡) = 0. (10)

The PDE is discretized and solved using the Finite Element Method in 
a one-dimensional domain, considering 𝐷eff

H2
 as the effective hydrogen 

diffusion coefficient of the membrane.
The boundary condition at the CCL side was implemented as a 

Dirichlet boundary condition. For simplicity, this can be done by as-
suming quasi-steady-state conditions at the CCL and therefore calcu-
lating the supersaturation concentration based on the following equa-
tion (Trinke et al., 2017): 

𝐶CCLH2
(𝑡) =

𝑖
2𝐹 + 𝑘𝑙𝐶

Henry
H2

(𝑡)

𝑘𝑙 +
𝐷effH2
𝛿MEM

. (11)

On the rhs, the first term of the numerator represents the H2 evolution 
which depends on the current density 𝑖. For the mass transfer coeffi-
cient 𝑘𝑙, which describes the transport from the reaction local to the 
cathode GDL domain, a value of 10−4 m∕s is used, taken from the same 
literature. 𝐶HenryH2

 is the theoretical saturation concentration of dissolved 
hydrogen calculated from Henry’s law in the absence of mass transfer 
limitations. The membrane 𝛿MEM is considered one-dimensionally in 
space and discretized from 0 to the membrane thickness of 𝐿 = 183 μm.

On the other side, the boundary conditions for the membrane and 
the ACL are defined via Neumann boundary conditions 

𝐷eff
H2
𝜕𝑥𝐶

MEM
H2

(0, 𝑡) = 𝑘MEMH2
𝑅𝑇

(

𝐶MEMH2
(0, 𝑡) − 𝐶ACLH2

(𝑡)
)

. (12)

For the mass transfer coefficient 𝑘MEMH2
 (unit 1∕m) a very high value 

of 10−10 is chosen and therefore, effectively, the resistance directly at 
the interface between the membrane and the ACL domain is considered 
4

negligible. Note that the entire equation has been divided by the 
diffusion coefficient, which is consequently combined into the model 
parameter 𝑘MEMH2

.
The factor 𝑅𝑇  comes from the original definition of the transport 

rate coefficient, which is based on the pressure difference as the driving 
force. The ideal gas law, as given by Eq.  (5), can be used to express 
the same term via the concentration difference. 𝐶MEMH2

(0, 𝑡) is the esti-
mated concentration of hydrogen at the first element of the discretized 
membrane over time and the concentration inside the ACL is given by 
the variable 𝐶ACLH2

. The flux between the membrane and the ACL 𝐹MemH2
in Eq.  (3) is calculated by: 
𝐹MemH2

(𝑡) = 𝑘MEMH2
𝑅𝑇 (𝐶MEMH2

(0, 𝑡) − 𝐶ACLH2
(𝑡)). (13)

This relationship is employed to couple both problems: the ACL mod-
eled by an ODE system and membrane domain by a PDE. The coupling 
is achieved through a Fixed Point Iteration Method as explained in 
Section 3.

2. Temporal multiscale method for solving the degradation model

Upon closer examination of the complete problem described by 
Eqs. (1)–(4), (10) a difference in time scales between Eq. (4) and the 
others becomes noticeable. The process of dissolution, in fact, takes 
hours to undergo a measurable change in its state. In contrast, the re-
maining equations describe very fast processes as kinetics (represented 
by 𝛩1 and 𝛩2) and the changes in the concentrations of O2 and H2 in 
the ACL. As a matter of effect, those occur in time lapses less than a 
second.

The assumed magnitudes for the mentioned equations are responsi-
ble for the time scale distinctions. The first term of (1) is approximately 
10−11 taking into account that 𝑘𝑟 ≈ 10−14, 0 ⩽ 𝛩1 ⩽ 1 and the 
maximum value of 𝐶ACLH2

 is approximately 0.5 bar. The second term 
has a magnitude of 10−12 due to 𝑘diss1 ≈ 10−25, resulting in a total 
magnitude of 10−12 for the entire equation. In the case of Eq.  (4), 
the constant 𝑘diss2  is assumed to be around 10−37, resulting in a total 
magnitude of approximately 10−5.

Therefore, there exists a proportionality between the variables 
which can be approximated by 𝜀 ≈ 10−7. This reveals an underlying 
temporal multiscale structure of the complete problem, as proposed 
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Fig. 4. Scheme of the temporal multiscale method. In each Slow-Scale time step 𝑡𝑛 local quasi-periodic Fast-Scale solutions 𝑣𝑢̄𝐾  are computed by fixing the averaged Slow-Scale 
solution 𝑢̄𝐾 over a period 𝑃 . Then the solution of the Slow-Scale at the next time step 𝑡𝑛+1 is computed through averaging the Slow-Scale equation 𝑓 over the local quasi-periodic 
interval 𝑃 utilizing the Fast-Scale variable solutions.
 

by Weinan (2011), with variables categorized into Fast-Scale and Slow-
Scale from Eqs. (1)–(3), (10) and (4) respectively. Furthermore, the 
Slow-Scale is 𝑂(1) with respect to the Fast-Scale through 𝜀.

Moreover, the Fast-Scale processes also display a local quasi-periodic
behavior due to the input of the potential. If the slow variable would 
not further evolve, a periodic-in-time forcing would result in a periodic 
response. Thus, these profiles simulate the oscillatory behavior result-
ing from real-world degradation of PEMWEs in operation. Then, during 
a 𝑃  period of time there are not significant changes of the Slow-Scale 
variables.

A direct simulation of such a temporal multiscale problem is not 
efficient. Resolving the complete time interval with time steps of less 
than a second (e.g. 𝛥𝑘 = 10−2 s) would result in excessive computational 
effort although the slow process, which is the one of most interest, is 
hardly changing. We therefore utilize a temporal multiscale algorithm 
that is based on the heterogeneous multiscale method (Weinan and 
Engquist, 2003; Abdulle et al., 2012) and that aims at decoupling slow 
and fast scale.

The first step of decoupling is to derive an effective equation by 
averaging the slow process (4) over one period 𝑃 . Second, instead 
of resolving the fast process dynamically in time, it is localized by 
fixing the slow variable 𝑁𝑛𝑝

Ir  and by replacing the Fast-Scale feedback 
by the periodic-in-time limit cycle of ((1) - (3), (10)) which can be 
numerically approximated without simulating the complete history of 
the fast scale variables. By this decoupling, a temporal multiscale 
method is obtained that allows to step forward the coupled temporal 
multiscale problem with very large time-steps. We refer to Frei and 
Richter (2020), and Lautsch and Richter (2021) for details (see Fig.  4).

Taking advantage of this particular structure of the problem and 
the theory of averaging of the multiscale problems it is possible to 
approximate the complete problem with its corresponding temporal 
multiscale problem as in the next Section 2.1 will be explained.

2.1. Temporal multiscale method

Based on the stated, the Slow-Scale variables of the approximated 
temporal multiscale problem are defined over 𝑡 ∈ [0, 𝑇 ] ⊂ R having 
𝛥𝐾 as a large time step size. In the case of the Fast-Scale variables, if 
𝑃  is established as the period and 0 ⩽ 𝑚 ⩽ (𝑇 − 𝛥𝐾)∕𝛥𝐾, then these 
variables will be defined over 𝑠 ∈ [𝑡𝐾 +𝛥𝐾 + 𝑛𝑃 , 𝑡𝐾 +𝛥𝐾 + (𝑛+1)𝑃 ] for 
0 ⩽ 𝑛 ⩽ (𝛥𝐾−𝑃 )∕𝑃  and 𝑡𝐾 = 𝑚𝛥𝐾 with a small time step size 𝛥𝑘 ≪ 𝛥𝐾. 
The new problem is written as follows:
5

Find 𝑁̄𝑛𝑝
Ir (𝑡) that approximates 𝑁𝑛𝑝

Ir (𝑡) and is the solution of 

𝑑𝑁̄𝑛𝑝
Ir

𝑑𝑡
= − 𝜀

𝑃 ∫

𝑡𝐾+(𝑛+1)𝑃

𝑡𝐾+𝑛𝑃

𝐴actIr

𝐴𝑔𝑒𝑜

[

𝛩̂1 (𝑠) 𝑘diss1 +
(

1 − 𝛩̂1 (𝑠)
)

𝑘diss2
]

𝑒𝑓𝐸ACL(𝑠) 𝑑𝑠

(14)

so that for all 𝐾 there exists 𝑛 ∈ N0 and the interval [𝑡𝐾 + 𝑛𝑃 , 𝑡𝐾 + (𝑛 +
1)𝑃 ] ⊂ [𝑡𝐾 , 𝑡𝐾+1] such that the equations of the Fast-Scale

𝑑𝛩1 (𝑠)
𝑑𝑠

= 2𝑘𝑟(1 − 𝛩̂1 (𝑠))2
(

𝐶̂ACLH2
(𝑠)𝑅𝑇

)

−
𝛩̂1 (𝑠)
𝛾

𝑘diss1𝑒
𝑓𝐸ACL(𝑠) (15)

𝑑𝐶̂ACL𝑂2
(𝑠)

𝑑𝑠
=

𝐴actIr
(

𝑁̄𝑛𝑝
Ir (𝑡)

)

𝑉ACL

[

𝑖
𝑧𝑂2

𝐹
− 𝐹 𝑃𝑇𝐿

𝑂2
(𝑠)

]

(16)

𝑑𝐶̂ACLH2
(𝑠)

𝑑𝑠
=

𝐴geo
𝑉ACL

[

𝐹MemH2
(𝑠) − 𝐹 PTLH2

(𝑠)
]

(17)

𝜕𝑠𝐶̂
MEM
H2

(𝑥, 𝑠) = 𝐷eff
H2
𝜕𝑥𝑥𝐶̂

MEM
H2

(𝑥, 𝑠), (18)

with the same initial conditions as the complete problem, are satisfied 
in each chosen interval and their solution is locally quasi-periodic.

The choice of 𝛥𝐾 is conditioned by the prior choice of 𝛥𝑘 and 
the previously calculated scaling constant 𝜀, such that 𝛥𝐾 ≈ 𝛥𝑘∕𝜀. In 
this case, 𝛥𝑘 is set to 10−2 seconds to ensure stability over the Fast-
Scale resolution. Since the experimental data used for validation was 
sampled in days, it was convenient to choose 𝛥𝐾 = 1 day, which is 
approximately 105 s and satisfies the mentioned temporal scale relation.

In order to simplify the notation some new symbols have been 
included. The (.̄) accent will be understood as the average of the 
function, in this case the Slow-Scale variable. On the other hand, (.̂)
will represent the dependency 
𝑣̂ = (𝛩̂1, 𝐶̂

ACL
𝑂2

, 𝐶̂ACLH2
, 𝐶̂MEMH2

) (19)

in which function 𝑣 could be any of the Fast-Scale variables (in case of 
variable 𝐶̂MEMH2

, 𝑥 is also included).

3. Numerical implementation

The numerical solution of the proposed problem in Section 2 is 
achieved by the implementation of the general temporal multiscale 
method shown in Algorithm 1.

The main idea is to solve the Fast-Scale problem using a semi-implicit
method with a fixed 𝑢𝐾 solution over the interval [𝑡𝐾 , 𝑡𝐾 + 𝛥𝐾], until 
it reaches a locally quasi-periodic solution 𝑣̂  with an error tolerance 
𝑢𝐾
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Fig. 5. Experimental data of five test profiles acquired from Alia et al. (2019). They are named from left to right: hold, triangle-wave, square-wave, sawtooth-up and sawtooth-down 
profiles.
Algorithm 1 General temporal multiscale method for PEMWE 
dissolution problem
Require: 𝑢𝐾 = 𝑁̄𝑛𝑝

𝐼𝑟
(

𝑡0
)

, 𝑣̂𝑢𝐾 = 𝑣0
1: for 𝐾 = 0,… , 𝑁 − 1 do
2:   Find the solution of the Fast-Scale equations 𝑣̂𝑢𝐾  with fixed 𝑢𝐾 such 
that for 𝑛 > 0:
||𝑣̂𝑢𝐾 (𝑡𝐾 + 𝑛𝑃 ) − 𝑣̂𝑢𝐾 (𝑡𝐾 + (𝑛 + 1)𝑃 )|| < 𝑡𝑜𝑙𝑝

3:  Find 𝑢𝐾+1 integrating the average of the Slow-Scale equation in the 
interval of the Fast-Scale solutions 𝑣̂𝑢𝐾  such that:
𝑢𝐾+1 = 𝑢𝐾 − 𝜀𝛥𝐾

𝑃
∫ 𝑡𝐾+(𝑛+1)𝑃
𝑡𝐾+𝑛𝑃

[

𝛩̂1 (𝑠) 𝑘diss1 +
(

1 − 𝛩̂1 (𝑠)
)

𝑘diss2
]

𝑒𝑓𝐸ACL(𝑠) 𝑑𝑠
4: end for
5: return 𝑢𝐾+1

‖𝑡𝑜𝑙𝑝‖∞. Then, the periodicity convergence criteria is defined as the 
infinite norm of the component-wise absolute errors for each Fast-
Scale variable of the ACL. After that, 𝑢𝐾+1 is obtained by integrating 
the averaged Slow-Scale equation over the time interval which 𝑣̂𝑢𝐾  is 
defined.

In order to solve the Fast-Scale problem the ODE System (15)–(17) 
coupled to the Transport Problem (18) must be solved. The solution 
of the Transport Problem was achieved by the application of a one 
dimensional time implicit Finite Element Method. Approximation of 
integrals of the mass and stiffness matrices were carried out by applying 
the trapezoidal method. For time integration the implicit backward 
Euler method was implied.

On the other hand, due to the stiff features of the problem, the 
ODE System mentioned before was solved applying an second-order 
backward differentiation formula scheme implemented in the ‘ode’ 
function of the ‘integrate’ module of the scientific computing library 
‘scipy’ (Virtanen et al., 2020), available in the Python programming 
language. Back in Section 1, it was explained how hydrogen coming 
from the membrane could drastically permeate the ACL, and this is 
precisely what causes a jump in the solutions, making it more difficult 
to solve with explicit methods, which will need time step adaptivity 
and therefore longer computation time.

Coupling both problems in each time step 𝛥𝑘 was accomplished by 
first solving the ODE system (15)–(17) implicitly with step size 𝛥𝑘, 
keeping 𝑢𝐾 and 𝐶̂MEMH2

(𝑡𝐾 ) fixed. Afterwards, the Transport Problem 
(18) is solved considering the solutions of the system (15)–(17) cor-
responding to 𝑡𝐾 and 𝑡𝐾+1. Once a locally quasi-periodic solution 𝑣̂𝑢𝑘
is found, then the Slow-Scale equation is integrated. The integration 
method used for this purpose is the Adams–Bashforth second order 
method.

4. Results and discussion

The dynamic operation profiles, as well as experimental data, are 
taken from Alia et al. (2019). The cyclic voltammetric charge, which 
was systematically measured in this work, is used as a metric for the 
electrochemical surface area of the PEMWE device. In this experimental 
investigation, five dynamic operation profiles were applied in which 
the cell potential was controlled (Fig.  5). These long-term experiments 
were conducted for 525 h of operation.
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Table 1
Computational time and mean squared error (MSE) of the results for the fully 
resolved problem and the temporal multiscale method (FRP and TMS) across the five 
experimental profiles (Alia et al., 2019) for 21 simulated days.
 Experiment profiles Computational time MSE

(

𝑁np
Ir , 𝑁̄

np
Ir
) 

 FRP (days) TMS (min)  
 Hold 8.6 19.09 7.87 × 10−06  
 Square-wave 6.8 13.29 2.46 × 10−04  
 Triangle-wave 6.4 13.46 5.39 × 10−06  
 Sawtooth Down 8.0 16.84 3.00 × 10−05  
 Sawtooth Up 8.2 21.06 5.52 × 10−04  

4.1. Temporal multiscale simulation

A comparison between the fully-resolved and the temporal multi-
scale problems was made to verify the accuracy of the approximation 
that could be achieved with the multiscale approach. The simulations 
were run to cover 21 days of operation of the PEMWE with initial ECSA 
= 3.25 × 10−2 m2, period of 60 s and, as was shown in Section 2.1, 𝛥𝑘
and 𝛥𝐾 are chosen as 10−2 seconds and 24 h respectively.

In Table  1, the results of this comparison, considering the already 
fitted parameters, are tabulated. From it, we see that the average ratio 
of computational time between these two methods is approximately 
2.82 orders of magnitude, which means that the temporal multiscale 
method is around thousand times faster than the fully-resolved one on 
average. The best computational time for the fully-resolved problem 
is about 6.4 days, which, compared with the 21 minutes that the 
longest temporal multiscale simulation took, represents a significant 
computational reduction. Thus, approximately 1.25 simulation days are 
computed per 1 minute of computation for the temporal multiscale 
method. These experiments were carried out in a computer equipped 
with a Intel(R) Core(TM) i7-7700 CPU running at 3.60 GHz with a 
system memory of 16 GB. Memory consumption is negligible.

The maximum mean squared error between these two sets of simula-
tion results is approximately 5.52×10−4, which is very small considering 
the enormous computational reduction made. This shows that the 
temporal multiscale method is accurate enough to be used instead of 
the fully-resolved one for approximating the long-term effects of the 
dissolution of Iridium when a PEMWE is operated. This property is ideal 
for estimating parameters efficiently as will be shown in Section 4.2.

4.2. Parameter fitting

Regarding fitting the parameters of the model, a single set of pa-
rameters 𝑘𝑟 and 𝑘diss2 , was estimated using data obtained from hold 
and square-wave profiles. The data from the other profiles was used as 
a test set. The objective function of the resulting optimization problem 
is expressed as 

𝜎∗ = arg min
𝜎∈𝛺⊂R2

1
𝑇 ∫

𝑇

0
(𝑆HP(𝑡)−𝑢HP(𝑡; 𝜎))2+(𝑆SWP(𝑡)−𝑢SWP(𝑡; 𝜎))2 𝑑𝑡, (20)

where 𝛺 is the space of feasible solutions of the form 𝜎 = (𝑘𝑟, 𝑘diss2 ), 
𝑆HP and 𝑆SWP the sampled data from hold and square-wave profile and 
𝑢 the Slow-Scale variable for each case.

For the fitting procedure, a variant of the Simulating Annealing Op-
timization Method called Simple Serializable Set from Greening (1990) 
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Fig. 6. Fast-Scale variables for the square-wave profile simulation for the first 3 periods (0 ≤ 𝑡 ≤ 180 s).
was applied. In this way, a compute server with 2 AMD EPYC 7662 
CPUs running at 2.15 GHz and 2 TB of memory was used to widely 
spread the search around partial solutions, running 128 simultaneous 
simulations for each set of parameters in the search neighborhood for 
each iteration of the method. At the end of the fitting procedure the 
values 𝑘∗𝑟 = 2.437792 × 10−14 and 𝑘∗diss2 = 1.947001 × 10−37 have been 
identified. The mean squared errors of Table  1 show the achieved 
accuracy.

4.3. Evaluation of the model performance with experimental data

Multiple output variables were obtained for each Fast-Scale vari-
able. The Fast-Scale variables of the hold profile exhibit steady-state 
behavior almost throughout the entire duration. To provide a more 
insightful comparison, the results of the square-wave profile are pre-
sented in Figs.  6 and 7, as this profile, along with the Hold profile, was 
chosen for fitting the model parameters.

In Fig.  6, abrupt changes in all variables are observable at every 
period, specifically at 30 s after the start of each. These changes result 
from sudden drops in the applied cell potential, which is also the source 
of the stiffness discussed in Sections 1 and 3.

With respect to the transport of hydrogen in the membrane, Fig. 
7 illustrates various stages of hydrogen concentration profile during 
the last period shown in Fig.  6. Graphs (a) and (b) indicate the build 
up of the pressure during the rise of potential up to 1.45 V. An 
initial stage of potential drop is shown in (c), where the hydrogen 
concentration decreases in the CCL due to the drop in current density. 
In (d), the amount of hydrogen stored in the membrane has been almost 
completely transported out. Finally, in (e) a high current density was 
restarted, and the entire process repeats itself.

The Slow-Scale variables are presented in Fig.  8. It is illustrated 
how the ECSA decays over time for experimental data and the model 
simulation. It can be observed that, through the described fitting proce-
dure, a single set of parameters has been obtained. The use of the latter 
results in a good agreement between the simulation and experimental 
data for both the hold and square-wave operation profiles. Only a slight 
bending up observed in the experimental data of the hold profile does 
not seem to be well captured by the implemented model. This may 
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indicate that a mechanism leading to the stabilization of the catalyst 
under steady-state conditions of the hold profile has been neglected by 
the model. However, apart from this aspect, based on the minimized 
low root mean squared error, a successful model fitting and therefore 
parameter estimation was achieved.

This set of parameters is then employed to predict the outcome of 
the other three PEMWE operation profiles that are presented in Fig. 
5 (triangle, sawtooth-up and sawtooth-down). The model simulations 
and the corresponding data are presented in Fig.  8 (b). The model 
predictions show a significant deviation from the experimental data, 
indicating the need for further development and improvement of the 
mechanistic degradation model. In particular, the model appears to 
underestimate the degradation effect of the slower, dynamic ramps of 
the triangular and the two sawtooth operation profiles.

Finding the perfect electrochemical model which fits all the dy-
namic operation profiles shown is out of the scope of this work. 
However, it is shown how the application of the temporal multiscale 
approach can lead to a much faster simulation of long-term degradation 
processes in PEMWE.

A systematic model development can be performed by iterating the 
following steps: (1) proposing/modifying the mathematical degrada-
tion model, (2) applying the parameter fitting procedure, (3) perform-
ing predictive simulations and (4) comparing the predictive simulations 
with the experimental data. The temporal multiscale approach can play 
an important role in this iterative process by facilitating the simulation 
and especially the parameter estimation step. Once a reliable degrada-
tion model is found, the temporal multiscale approach can also be used 
to optimize the dynamic operation of PEMWE, taking into account the 
long-term degradation effects of different dynamic operating strategies.

Conclusion and future perspectives

In this work, a temporal multiscale method was applied to accel-
erate simulation of degradation in PEMWE under dynamic operating 
conditions. With an exemplary focus on the phenomenon of catalyst 
dissolution, a mechanistic degradation model was hypothesized and 
implemented. Due to the specific underlying temporal multiscale struc-
ture of the fully-resolved problem, its computational complexity was 
reduced by solving a temporal multiscale equivalent problem.



Computers and Chemical Engineering 198 (2025) 109083D.C. Dominguez et al.
Fig. 7. The Fast-scale solutions of the hydrogen transport problem in the membrane for the period 𝑡 ∈ [120, 180] s. The graph (a) is the state of the concentration of hydrogen at 
𝑡 = 120 s, (b) at 𝑡 = 125 s, (c) at 𝑡 = 150 s, (d) at 𝑡 = 155 s and (e) at 𝑡 = 180 s respectively.
Fig. 8. Slow-Scale variables results compared with the experimental data provided by Alia et al. (2019) after 21 days of simulation.
In this regard, two different temporal scales were identified: A 
fast process with quasi-local periodicity dictated by the transport and 
reaction processes occurring under intermittent operation conditions of 
PEMWE, and a slow process constituted by the gradual degradation of 
the catalyst layer.

Assuming that the Slow-Scale variables are minimally affected by 
the Fast-Scale variables in a time step significantly larger than the one 
used for the time discretization of the Fast-Scale variables, we can 
consider the Slow-Scale variables as fixed during the computation of 
the Fast-Scale solution. Additionally, the presented temporal multiscale 
method leverages the quasi-local periodicity of the Fast-Scale variables 
not computing all the time steps but rather the necessary ones to 
achieve such periodicity. This enables the integration of the Slow-Scale 
variable solution over the mentioned large time step, utilizing the Fast-
Scale variables solutions for just one period of time to compute the 
gradient.

The computational effort is substantially reduced compared to the 
fully-resolved problem solution. The temporal multiscale method, as 
mentioned before, does not require computing all the Fast-Scale so-
lutions but only up to reaching a quasi-local periodicity for each 
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Slow-Scale large time step. This makes it possible to reduce simulations 
covering 21 real time days from 8 computational days for the fully-
resolved problem to approximately 20 min. Furthermore, the mean 
squared error committed by the temporal multiscale method is approx-
imately 10−5, making the impact of the assumptions negligible in terms 
of accuracy.

Numerical challenges, such as the stiffness of the Fast-Scale prob-
lem, were overcome by applying an implicit integration method using 
the Newton method. A semi-implicit integration method was also em-
ployed to ensure the stability of the coupling between the hydrogen 
transport and the ACL degradation problem.

The model parameters were fitted using a Simulating Annealing 
algorithm. Although a gradient descent method was not utilized as 
the optimization method for the parameter fitting to avoid additional 
errors from applying a finite difference method for small values, the 
temporal multiscale approach proposed in this work also contributed 
to accelerating this procedure. Since the simulations took significantly 
less time than before, a wider search space of possible fitting solutions 
was explored. For this purpose, 128 simultaneous simulations were run 
for each iteration of the Simulating Annealing Method, resulting in a 
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better approximation to the optimal parameters for fitting this problem. 
This could be replaced in the future by a fitting method that directly 
considers the particular temporal multiscale structure of the problem.

The model parameters were estimated by fitting the model to the 
experimental data of two operation profiles (‘hold’ and ‘square-wave’) 
in PEMWE, resulting in a close agreement between the model simu-
lation and the experimental data. However, the model prediction of 
the three other operation profiles of the cell potential (’triangular’, 
’sawtooth-up’ and ’sawtooth-down’) shows significant deviations from 
the experimental data, indicating the need for further modification of 
the mathematical degradation model.

In this paper, it is shown that the application of the temporal multi-
scale method can support the systematic development of a degradation 
model in PEMWE by drastically reducing the computational time for 
the model fitting and predictive simulation steps. In the future, the 
application of the temporal multiscale method can also aid to realize 
efficient numerical methods that can be used to optimize the dynamic 
operation and the model-based control of PEMWE.
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