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H I G H L I G H T S

A robust 1D computational model of
PEM electrolytic cells is developed.
The implementation is in python.
Forward uncertainty propagation and
global sensitivity analysis are carried
out.
SA highlighted the layer thicknesses’ im-
pact on the polarization behavior of PE-
MECs.
The PEM thickness mostly impacts the
polarization behavior at high current
densities.
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A B S T R A C T

Insights into degradation mechanisms, lifetime prolongation, and efficiency boost-up of proton-exchange
membrane (PEM) electrolytic cells (ECs) is crucial for a quick technology ramp up. Besides experiments,
macro-scale modeling can contribute to the better understanding of complex mechanisms in PEM electrolytic
cells (PEMECs). Modeling of PEMECs is subjective to uncertainties in operating conditions, material and
design properties. Uncertainty quantification (UQ) and sensitivity analysis (SA) can highlight how uncertainties
propagate from the input parameters to the output of PEMEC models. However, UQ has not found its way into
PEMEC modeling yet. Thus, we apply a quasi-Monte Carlo (QMC) and polynomial chaos expansions (PCEs)
framework to quantify uncertainty in a highly nonlinear PEMEC model. Specifically, we implement a fast 1D
python solver, which solves a system of six nonlinear coupled ordinary differential equations (ODEs) in PEMECs.
The solver robustness is an asset for the conducted UQ and global SA study since the computational model
needs to be evaluated several times. The UQ and SA analysis underlines how stochastic simulations improve the
prediction accuracy of PEMEC models. It also enlightens the function of PEMECs. For example, the predicted

cell voltage is very sensitive to the thickness of PEM, especially when the current density increases.
. Introduction

PEMECs have become a technology of high importance since hy-
rogen is an essential green energy carrier. They exhibit numerous
dvantages, e.g., they are environmentally friendly, operate at high
urrent densities and offer compact balance of plant (BoP). Despite the

∗ Corresponding author.
E-mail addresses: v.karyofylli@fz-juelich.de (V. Karyofylli), ya.danner@fz-juelich.de (Y. Danner), r.kuppa@fz-juelich.de (K. Ashoke Raman),

.kungl@fz-juelich.de (H. Kungl), a.karl@fz-juelich.de (A. Karl), e.jodat@fz-juelich.de (E. Jodat), r.eichel@fz-juelich.de (R.-A. Eichel).

use of rare noble materials used as catalysts, the capital expenditure
(CAPEX) is thus comparatively attractive [1]. The simple PEM elec-
trolysis (PEMEL) BoP results to a cost reduction, compared to alkaline
electrolysis (AEL). Additionally, because of the high attainable current
densities, a PEMEL system can be significantly smaller than an AEL
system, which produces the same amount of hydrogen.
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Due to the high demand for commercializing PEMECs, improve-
ments in performance and durability are mandatory. In this direction,
verified and validated models can undeniably contribute to material,
component, and cell optimization. However, the accuracy and pre-
dictive capabilities of mathematical and computational models have
not yet been fully exploited. Reliable prognostics of PEMEC are very
challenging in the field of predictive electrochemistry since PEMEC is
a complex thermal, fluidic and electrochemical system [2]. Therefore,
we must always consider uncertainties in experimental data, model
selection, model parameters, and model inadequacy when modeling
PEMECs.

Over the last decades, efforts in numerical modeling of PEMEC
have been intensified [2,3]. However, these attempts have not yet
reached the level of those for PEM fuel cells (PEMFCs). Most of these
efforts employ commercial software. On the one hand, commercialized
code provides a user-friendly environment, documentation, and support
to users. On the other hand, a joint base for sharing and exchang-
ing knowledge cannot be readily established. Fortunately, open-source
code development has become more popular among scientists in the
field of hydrogen research nowadays. To the authors’ knowledge, only
a few open-source codes capable of simulating PEMFCs/PEMEC have
been implemented during recent years compared to the number of
papers published on the topic and can be summarized as follows:

• OpenFCST, developed by Secanell et al. [4], a C++ package based
on the deal.II finite element library.

• OPEM, developed by Haghighi et al. [5], is the open-source PEM-
FCs simulation tool for evaluating the performance of PEMFCs
and is written in Python. This package includes both static and
dynamic models. It also comes with a graphical user interface
(GUI), called GOPEM.

• OpenPNM, developed by Gostick et al. [6], is used to study
porous media of PEMFCs. It is based on a pore-network model
implementation in Python/SciPy.

• FAST-FC, developed by Harvey [7], is an open-source modeling
toolbox for PEMFCs and other types of fuel cells and electrolyzers.
It is based on FOAM-Extend, which is a fork of the open source
field operation and manipulation (OpenFOAM) C++ library.

• pemfcSinglePhaseModel, developed by Kone et al. [8], is an open-
source code toolbox capable of predicting the distribution of
different physical quantities within PEMFCs. It has been also
created using OpenFOAM, which is a C++ library.

• MMM1D, developed by Vetter and Schumacher [9], implements
the most essential through-plane transport processes in a five-
layer membrane-electrode assembly (MEA) (1D). In addition, it
is implemented as a standalone matrix laboratory (MATLAB)
function, based on MATLAB’s standard boundary value problem
solver. MATLAB is mainly written in C.

• PEMWE_1DModel, developed by García-Salaberri [10], is an 1D
multi-phase, non-isothermal model of a PEMEC. It is based on the
standalone MATLAB function of Vetter and Schumacher [9].

• p2d_pemfc_2phase, developed by Randall [11], sets out to identify
limiting transport phenomena within PEMFCs fabricated with low
platinum (Pt) loadings. This model uses a finite volume method
for the spatial discretization and is written in Python.

• fuelcellFoam, developed by Weber et al. [12], is a three-dimens-
ional, steady-state, non-isothermal PEM fuel cell model. It is im-
plemented in the open-source finite volume library OpenFOAM.

• openFuelCell2, developed by Zhang et al. [13], is a toolbox for
simulating electrochemical devices such as fuel cells and electrol-
ysis. The solver is based on the open-source library OpenFOAM.

To summarize the above list, most open-source software is im-
lemented for PEMFCs instead of PEMECs. The PEMEC_1DModel, de-
eloped by García-Salaberri [10], belongs to a few exceptions. Even
hough this code is public, its dependency on MATLAB introduces some
imitations to the users since MATLAB itself is a propriety commercial
2

software. Concerning predictive modeling for PEMECs, García-Salaberri
[10] performed a parametric analysis by changing one parameter at a
time (OAT) and observed its effect on the model output. This analysis
is the most straightforward and most commonly used, but it does not
consider the fact that input parameters can simultaneously vary. There
are other more elaborate techniques, such as the local and global SA,
which can highlight in more detail the impact of every input parameter
on the model output and quantities of interest (QoIs). Local and global
SA has been extensively applied to modeling of PEMFCs, but not of
PEMECs, unfortunately.

In a two-part paper series for PEMFCs [14,15], a macro-homogene-
ous two-phase MEA model, developed by Vetter and Schumacher [9]
was run with a comprehensive set of material parameterizations taken
from the literature. Their ultimate goal was to determine the most
critical transport parameters in the model, ensuring predictions of
sufficient confidence level. A prerequisite is the accurate experimental
characterization of these transport coefficients, which is unfortunately
not always possible. In the second part [15], they employed the two-
phase model developed in the first part [9,14] for extensive forward
uncertainty propagation analyses. They conducted a local parameter
sensitivity study near the base-case parameter set and a global sen-
sitivity analysis, covering a broad range of operating conditions and
material properties.

Furthermore, Goshtasbi et al. [16] developed a framework for effec-
tive parametrization of PEMFCs and presented a systematic procedure
for identifiability analysis. They also analyzed the sensitivity of a
PEMFC-model output to numerous structural and fitting parameters.
Their study was local. A global analysis based on Monte Carlo (MC)
methods would have been ideal to investigate the parameter interac-
tion. However, they stated that such analysis often becomes compu-
tationally infeasible for large-scale models. Similarly, Pant et al. [17]
used a comprehensive 2D MEA model, performed a local sensitivity
analysis and identified the model parameters that impact the model
predictions most.

Opposed to the works on local sensitivity analysis mentioned above,
a global sensitivity technique was presented by Laoun et al. [18], which
was applied to a model for the simulation of the power output of
PEMFCs. They investigated in depth which input parameters primarily
influenced the model output. However, the 0D model used in this
paper was of low fidelity. Similarly, Xu et al. [19] constructed a
complete control-oriented 0D model and examined the uncertainties of
model parameters and internal states based on MC simulation. They
stated that malfunctions and degradation of PEMFCs can be caused
by uncontrolled operating conditions/parameters since the system is
susceptible to them. Recently, Liu et al. [20] proposed a method
to estimate the parameters of a semi-empirical output-voltage model
based on variational Bayes (VB). Utilizing Sobol sensitivity analysis,
they investigated the relationship between the to-be-identified model
parameters and the output voltage computed under noise and different
operating conditions. They indicated how essential an accurate model
for PEMFCs is for its characterization, performance analysis, and design
of optimal control strategies. They also touched on the high stochastic-
ity and parameter uncertainty of PEMFCs due to various disturbances
and measurement noise while operating.

Zhou et al. [21] proposed a 2D real-time modeling approach for
PEMFCs, which covers multi-physical domains for both fluidic and
electrochemical features. They also performed global parameter sen-
sitivity analysis based on Sobol indices (SI) [22]. They pointed out its
importance for degradation understanding, parameter tuning and re-
calibration, and online prognostic. Following the same philosophy, Kan-
nan et al. [23] claimed that developing robust control strategies is in-
dispensable for efficiency enhancement, performance maintenance, and
lifetime prolongation of PEMFCs operating under diverse conditions.
They also pointed out the dependence of control-strategy reliability on
the uncertainties in extrinsic and intrinsic input parameters. Therefore,

they performed a MC simulation to correlate the simultaneous variation
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Table 1
Governing equations for the model at hand.
Name Unknown variable Flux Continuity equation

Ohm’s law for electrons 𝜙𝑒 𝑗𝑒 = −𝜎eff
𝑒 ∇𝜙𝑒 ∇ ⋅ 𝑗𝑒 = 𝑆𝑒 (2)

Ohm’s law for protons 𝜙𝑝 𝑗𝑝 = −𝜎eff
𝑝 ∇𝜙𝑝 ∇ ⋅ 𝑗𝑝 = 𝑆𝑝 (3)

Water transport in ionomer 𝜆 𝑗𝜆 = − 𝐷𝜆

𝑉𝑚
∇𝜆 + 𝜉

𝐹
𝑗𝑝 ∇ ⋅ 𝑗𝜆 = 𝑆𝜆 (4)

Fick’s law for water vapor 𝑥𝐻2𝑂 𝑗𝐻2𝑂 = −𝐶𝐷𝐻2𝑂∇𝑥𝐻2𝑂 ∇ ⋅ 𝑗𝐻2𝑂 = 𝑆𝐻2𝑂 (5)
Fick’s law for oxygen 𝑥𝑂2

𝑗𝑂2
= −𝐶𝐷𝑂2

∇𝑥𝑂2
∇ ⋅ 𝑗𝑂2

= 𝑆𝑂2
(6)

Fick’s law for hydrogen 𝑥𝐻2
𝑗𝐻2

= −𝐶𝐷𝐻2
∇𝑥𝐻2

∇ ⋅ 𝑗𝐻2
= 𝑆𝐻2

(7)
a
a
a
v
t

m

Table 2
Source terms.

Source aPTL aCL PEM cCL cPTL

𝑆𝑒 0 −𝑅𝑎 – 𝑅𝑐 0
𝑆𝑝 – 𝑅𝑎 0 −𝑅𝑐 –
𝑆𝜆 – 𝑆𝑎𝑑 − 𝑆𝐹 0 𝑆𝑎𝑑 –
𝑆𝐻2𝑂 0 −𝑆𝑎𝑑 – −𝑆𝑎𝑑 0
𝑆𝑂2

0 𝑆𝐹 ∕2 – – –
𝑆𝐻2

– – – 𝑆𝐹 0

of the input parameters to the cell performance and to rank the critical
parameters using sensitivity analysis. Pan et al. [24] also stated that the
performance of PEMFCs depends on various parameters, and sensitivity
analysis contributes to the optimization of the fuel cell performance.
Therefore, they used a 3D non-isothermal model and performed a
multi-parameter sensitivity analysis using the MC method.

All the above references have highlighted the importance of SA and
UQ for the efficiency improvement and lifetime prolongation of PEM-
FCs. To the authors’ knowledge, no such studies have been performed
for PEMECs. Thus, this work aims to propagate uncertainties of the
input parameters into the model output and estimate its sensitivity
to them based on PCEs. A prerequisite for this propagation is first
to develop an efficient and robust computational model for PEMECs.
The model includes the five layers, i.e., the anodic porous transport
layer (aPTL), the anodic catalyst layer (aCL), the membrane (MEM), the
cathodic catalyst layer (cCL) and the cathodic porous transport layer
(cPTL) between the anodic channel (aCH) and cathodic channel (cCH).
These channels are not considered in the current implementation. The
electrochemistry model comprises the charge balance equations for
electrons and protons, the transport of water in ionomer, and the conti-
nuity equations for all gas species in our system, which are three in total
(e.g., hydrogen, oxygen, and water vapor). Moreover, the reactions
respect Butler–Volmer kinetics in the main application of this work.

The high-aspect-ratio PEMEC lends itself to a 1D analysis, meaning
the electrochemistry model consists of a set of 1D steady ODEs. This
1D model is very cost-efficient and enables later development towards
‘‘real-time’’ simulations. It is also a prerequisite for our UQ and global
SA purposes, which require numerous model evaluations for sam-
pling the uncertainty space. Specifically, we have conducted an initial
sensitivity-analysis study using the libraries Chaospy [25] and Uncer-
tainpy [26] in combination with the PEMEC solver to determine which
input parameters (i.e., conductivity coefficients and transport parame-
ters) mainly influence the quantities of interest, e.g., the cell voltage.

In the following sections of this publication, the mathematical
model with the governing equations and the corresponding computa-
tional models are presented, followed by a discussion on SA and UQ.
Additionally, we validate our computational results against experimen-
tal data and perform SA. We finalize this work with a summary, some
concluding remarks, and future plans.

2. Mathematical model

An electrolyzer is an electrochemical energy conversion device that
directly converts electrical energy to chemical energy. In PEMECs,
water is supplied to the device, which reaches the aCL through the
aPTL. At the aCL, an oxygen evolution reaction (OER) takes place:

H O →
1O + 2H+ + 2𝑒−,
3

2 2 2 o
which is responsible for the dissociation of water into oxygen, protons,
and electrons. Electrons create an electric current by flowing through
an external circuit, while protons cross the PEM. Finally, in the cCL, a
hydrogen evolution reaction (HER) takes place:

2H+ + 2𝑒− → H2,

where electrons and protons get combined and create gaseous hydro-
gen. The net reaction in PEMECs can be summarized as:

H2O →
1
2
O2 + H2,

In the sections below, we describe thoroughly the one-dimensional
continuum model, further investigated in this work, including its as-
sumptions, equations, boundary conditions, and parameters. This de-
scription is necessary for the reproducibility of our results by the
readers. The mathematical model is based on the work of Trinke
[27] and García-Salaberri [10]. Similar models have been derived for
PEMFCs by Vetter and Schumacher [9],Goshtasbi et al. [28] and Sulzer
et al. [29]. This 1D model serves the purposes of SA and forward prop-
agation of uncertainties very well. Its computational implementation
in Python is very robust and fast, which makes it ideal for uncertainty
quantification with QMC and PCEs.

2.1. Governing equations

The 1D model focuses on the electrochemical processes and trans-
port phenomena occurring in the porous transport layers (PTLs), cat-
alyst layers (CLs), and the PEM, which separates the system into the
anode and cathode sides. The computation domain 𝛺 consists of the
five layer within PEMECs, and each layer denotes a different interval
𝛺𝑖 with 𝑖 ∈ [0, 4]. Furthermore, there are four interfaces between the
domain intervals, denoted as 𝐼𝑗 with 𝑗 ∈ [0, 5]. Here, 𝐼0 and 𝐼5 stand
for the outer boundaries. The supplementary Fig. A.1 shows a schematic
overview of computation domain 𝛺.

All the transport phenomena are assumed to be stationary and
isothermal. As described earlier, it is assumed that gas species are
produced due to OER and HER (oxygen, hydrogen), behave as ideal
gases, and do not cross over PEM. In addition, the reactions respect
Butler–Volmer kinetics. Regarding the material components of MEA,
they are supposed to be macroscopically homogeneous.

The 1D five-layer MEA model can be described by six in total ODEs,
as summarized in Table 1. These ODEs are Poisson-like equations and
can be generalized as:

∇ ⋅
(

𝐅
(

𝐮(𝑥), 𝜕𝐮(𝑥)
𝜕𝑥

))

= 𝐒(𝐮(𝑥)), (1)

where the term 𝐅
(

𝐮(𝑥), 𝜕𝐮(𝑥)𝜕𝑥

)

represents a vector of fluxes (c.f. third
column of Table 1). These fluxes depend on the vector of unknown
variables, 𝐮(𝑥) (c.f. second column of Table 1), containing the electronic
nd protonic potential, 𝜙𝑒 and 𝜙𝑝, respectively, the water-content, 𝜆,
nd the molar fraction of the 𝑘th gas species, 𝑥𝑘. In this model, we
ccount for three gas species, namely oxygen, hydrogen and water
apor. In the right-hand side of Eq. (1), 𝐒(𝐮(𝑥)) is a vector of source
erms. All the right-hand-side terms are defined in Table 2.

From the supporting Fig. A.1, it is evident that different transport
echanisms dominate in disparate components of the domain. On top
f that, discontinuities are also evident. Therefore, adequate boundary
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Table 3
Boundary conditions.
Variable aCH/aPTL aPTL/aCL aCL/PEM PEM/cCL cCL/cPTL cPTL/cCH

𝜙𝑒 Potentiostatic mode:
𝜙𝑒 = 𝑈
Galvanostatic mode:

−𝜎eff
𝑒 ∇𝜙𝑒 = 𝐼

continuity 𝑛 ⋅ 𝑗𝑒 = 0 𝑛 ⋅ 𝑗𝑒 = 0 continuity 𝜙𝑒 = 0

𝜙𝑝 – 𝑛 ⋅ 𝑗𝑝 = 0 continuity continuity 𝑛 ⋅ 𝑗𝑝 = 0 –
𝜆 – 𝑛 ⋅ 𝑗𝜆 = 0 continuity continuity 𝑛 ⋅ 𝑗𝜆 = 0 –
𝑥𝐻2𝑂 𝑥𝐻2𝑂 = 𝑥𝐻2𝑂,𝑎 continuity 𝑛 ⋅ 𝑗𝐻2𝑂 = 0 𝑛 ⋅ 𝑗𝐻2𝑂 = 0 continuity 𝑥𝐻2𝑂 = 𝑥𝐻2𝑂,𝑐
𝑥𝑂2

𝑥𝑂2
= 𝑥𝑂2 ,𝑎 continuity 𝑛 ⋅ 𝑗𝑂2

= 0 – – –
𝑥𝐻2

– – – 𝑛 ⋅ 𝑗𝐻2
= 0 continuity 𝑥𝐻2

= 𝑥𝐻2 ,𝑐
o

I
e
𝜂

𝐸

l
d
𝑠

𝑎

Table 4
Operating conditions and constants for baseline case.

Parameter Symbol Unit Value Reference

Reference temperature 𝑇 ref K 353.15 –
Operating temperature 𝑇 K 353 –
Reference pressure 𝑃 ref

𝑔 Nm−2 1.0135 ⋅105 –
Operating pressure 𝑃𝑔,𝑎∕𝑐 Nm−2 1 ⋅105 –
Relative humidity RH – 0.90 [9]
Water saturation 𝑠 – 0.5 –

conditions (BCs) must be defined for every neighboring component and
all ODEs. These BCs are listed in Table 3. As mentioned above, the
membrane is considered to be impermeable to all gas species and water
vapor. Furthermore, the PEM is not electron conductive. Therefore, the
normal fluxes of gas species, water vapor, and electrons are equal to
zero on the interface between the PEM and catalyst layers. Protons
and dissolved water content are only transported in CLs and PEM.
Thus, zero-flux BCs are applied to the interfaces between CLs and the
PTLs. Regarding the electrostatic potential, it is set to zero at the outer
boundary of cPTL, whereas either constant voltage or current can be
applied on the aPTL boundary, as illustrated in Table 3. On the rest of
the inner interfaces, continuity is assumed.

In the later sections, we will give a more detailed overview of all
the transport mechanisms in PEMECs. The required input parameters
and the operating conditions are also explained thoroughly, but they
are also summarized in Tables 4–6.

2.1.1. Electronic charge (aPTL , aCL, cCL, cPTL) and protonic charge (aCL,
PEM, cCL)

Eqs. (2) and (3) describe the potential distribution and have already
been given in Table 1 (first two rows). The same holds for the source
terms and boundary conditions (Tables 2 and 3, respectively). In the
catalyst layers, the OER and HER occur, resulting in the production
and consumption of protons and electrons, respectively. As supporting
information, we provide the supplementary Fig. A.2, where the local
potential distribution of electron (𝜙𝑒) and proton (𝜙𝑝) is presented. The
boundary conditions are also included in this schematic overview.

Here, let us focus on some terms and input parameters in Eqs. (2)
and (3). For example, the effective electron conductivity is noted by 𝜎eff𝑒
nd varies between the different components in PEMECs but remains
onstant in each of them (please see Table 6). The effective proton
onductivity, 𝜎eff𝑝 , locally varies within CLs and PEM since it depends
n the water content, 𝜆. Its local variation will be further commented
n Section 5.1. It is also a function of the ionomer volume fraction, 𝜀𝑚,
nd temperature, 𝑇 , as shown below:

eff
𝑝 = 𝜀1.5𝑚 110(𝑓𝑣 − 0.06)1.5 exp

[

𝐸𝜎
𝑅

( 1
𝑇 ref

− 1
𝑇

)

]

, (8)

here 𝑓𝑣 is the water volume fraction in the ionomer phase and is
enoted as:

𝑣 =
𝜆𝑉𝑤 . (9)
4

𝜆𝑉𝑤 + 𝑉𝑚 a
with 𝑉𝑚∕𝑤 being the molar volume of dry electrolyte per SO−
3 group

r the molar volume of liquid water and equal to 𝐸𝑊𝑚∕𝑤
𝜌𝑚∕𝑤

. The term
𝐸𝑊𝑚∕𝑤 is the equivalent weight of the dry membrane (membrane mass
per SO−

3 group) or water, and 𝜌𝑚∕𝑤 is the density of electrolyte or
water. In Eq. (8), 𝐸𝜎 stands for the activation energy, 𝑅 is the ideal
gas constant, and 𝑇 ref is a reference temperature.

Reaction rates 𝑅𝑎∕𝑐 : As mentioned earlier, the corresponding reaction
rates are described by Butler–Volmer kinetics, and further information
about them can be found in the work of García-Salaberri [10], Trinke
[27]:

𝑅𝑎∕𝑐 = 𝑖0,𝑎∕𝑐𝑎
cat
𝑎∕𝑐

[

exp
(2𝑎𝑎∕𝑐𝐹

𝑅𝑇
𝜂𝑎∕𝑐

)

− exp

(

−
2
(

1 − 𝑎𝑎∕𝑐
)

𝐹
𝑅𝑇

𝜂𝑎∕𝑐

)]

.

(10)

n Eq. (10), 𝐹 is Faraday’s constant, 𝑎𝑎∕𝑐 is the charge transfer co-
fficient of the half-reactions, 𝑎cat𝑎∕𝑐 is the CLs-specific surface area,
𝑎∕𝑐 is the activation overpotential, and 𝑖0,𝑎∕𝑐 is the exchange current

density. The subscript, a∕c, in all the symbols above stands for anodic
or cathodic. The exchange current density 𝑖0,𝑎∕𝑐 is calculated by the
Arrhenius temperature correction [30,31]:

𝑖0,𝑎∕𝑐 = 𝑖ref0,𝑎∕𝑐 exp
[𝐸𝐴,𝑎∕𝑐

𝑅

( 1
𝑇 ref

− 1
𝑇

)

]

, (11)

where 𝑖ref0,𝑎∕𝑐 is the reference exchange current density and 𝐸𝐴,𝑎∕𝑐 is the
activation energy of the respective evolution reaction. Trinke [27] has
simplified this approach for the isothermal case to:

𝑖0,𝑎∕𝑐 = 𝑖ref0,𝑎∕𝑐 exp
(𝐸A,𝑎∕𝑐

𝑅 𝑇

)

. (12)

Moreover, the activation overpotentials at the anode and the cath-
ode side are respectively defined as:

𝜂𝑎 = 𝜙𝑒 − 𝜙𝑝 − 𝐸rev
𝑎 , and (13)

𝜂𝑐 = 𝜙𝑝 − 𝜙𝑒 − 𝐸rev
𝑐 , (14)

where the reversible voltage of the OER or HER are denoted as 𝐸rev
𝑎∕𝑐

and computed based on the Nernst equation:

𝐸rev
𝑎 =

𝛥𝐻𝑎 − 𝑇𝛥𝑆𝑎
2𝐹

+ 𝑅𝑇
4𝐹

log

(

𝑃O2

𝑃 ref
𝑔

)

, and (15)

rev
𝑐 =

𝛥𝐻𝑐 − 𝑇𝛥𝑆𝑐
2𝐹

+ 𝑅𝑇
2𝐹

log

(

𝑃H2

𝑃 ref
𝑔

)

. (16)

The value for the CLs-specific surface area varies highly in the
iterature [32]. García-Salaberri [10] and Chen et al. [33] consider the
ependency of the specific surface area to the liquid water saturation
, as in the relation below:
cat
𝑎∕𝑐 = 𝑎cat0,𝑎∕𝑐 ⋅ 𝑠

𝑛s , (17)

with 𝑛s being a coverage factor (𝑛s = 0 for the cCL and 𝑛s = 2 for the
CL [10]) and 𝑎cat = 0.5 ⋅ 107 m−1 for both CLs in García-Salaberri
0,𝑎∕𝑐
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Table 5
Base-case parameters and constants.
Parameter Symbol Unit Value Reference

Faraday constant 𝐹 Cmol−1 96 485.33 –
Gas constant 𝑅 J K−1 mol−1 8.314 –
Density of dry membrane 𝜌𝑚 kgm−3 1.97 ⋅103 [10,34]
Equivalent weight of dry membrane 𝐸𝑊𝑚 kgmol−1 1.02 [10,35]
Density of water 𝜌𝑤 kgm−3 0.997 ⋅103 [10]
Equivalent weight of water 𝐸𝑊𝑤 kgmol−1 18 ⋅10−3 [10]
Activation energy of proton conduction 𝐸𝜎 Jmol−1 8 ⋅103 [9,10]
Diffusion activation energy 𝐸𝜆 Jmol−1 2 ⋅104 [9,10]
Sorption/Desorption activation energy 𝐸𝑎∕𝑑 Jmol−1 2 ⋅104 [9,10]
Ref. sorption coefficient 𝑘ref𝑎 ms−1 3.53 ⋅10−4 [9,10]
Ref. desorption coefficient 𝑘ref𝑑 ms−1 1.42 ⋅10−3 [9,10]
Table 6
Structural, reaction-kinetic, and transport properties.

Parameter Symbol Unit aPTL aCL PEM cCL cPTL Reference

Material – – Ti IrO2 Nafion Pt/C Carbon –
Cat. particle diameter 𝑑cat

𝑎∕𝑐 nm – 8 – 5 – [27,36,37]
Cat. volume fraction 𝜀cat𝑎∕𝑐 – – 0.45 0 0.45 – [27,38]
Ionomer volume fraction 𝜀𝑚 – – 0.3 1 0.3 – [10,35,39]
Pore volume fraction 𝜀𝑝 – 0.4 0.4 – 0.4 0.4 [9,35]
Pore tortuosity 𝜏𝑝 – 1.6 1.6 – 1.6 1.6 [9]
Layer thickness 𝑙𝛺𝑖

mm 20 12 ⋅10−3 180 ⋅10−3 12 ⋅10−3 20 [10]
Ref. exchange current density 𝑖ref0,𝑎∕𝑐 Am−2 – 10−3 – 10 –
Activation energy 𝐸𝐴,𝑎∕𝑐 Jmol−1 – 4 ⋅104 – 2 ⋅104 – [10]
Charge transfer coefficient 𝑎𝑎∕𝑐 – – 0.5 – 0.5 – [31,40]
Cat. layer specific surface area 𝑎cat𝑎∕𝑐 m−1 – 2 ⋅ 107 – 2 ⋅ 107 –
Eff. electric conductivity 𝜎eff

𝑒 Sm−1 1250 350 – 350 1250 [9,10,39,41]
Enthalpy change of OER/HER 𝛥𝐻𝑎∕𝑐 Jmol−1 – 285.83 ⋅103 – 0 – [9,10,42]
Entropy change of OER/HER 𝛥𝑆𝑎∕𝑐 Jmol−1 K−1 – 163.3 – −0.104 – [9,10,42]
Ref. diffusivity of water vapor 𝐷ref

𝐻2𝑂,𝑎∕𝑐 m2 s−1 0.36 ⋅10−4 0.36 ⋅10−4 – 1.24 ⋅10−4 1.24 ⋅10−4 [9,10,40,43]
a
w
t

𝜉

A

𝜉

t
H
a
m

𝜉

[10]. Trinke [27] calculates the specific surface area from the catalyst
layer’s properties as follows:

𝑎cat𝑎∕𝑐 = 6
𝜀cat𝑎∕𝑐

𝑑cat𝑎∕𝑐
. (18)

n Eq. (18), 𝜀cat𝑎∕𝑐 is the catalyst fraction, and 𝑑cat𝑎∕𝑐 is the catalyst particle
iameter. This leads to 𝑎cat𝑎 = 33.57 ⋅ 107 and 𝑎cat𝑐 = 54 ⋅ 107 m−1.
hereby, the variability in calculations of CLs-specific surface area is an
ncertainty factor in predictive modeling and will be discussed further
n Section 5.1.

.1.2 Water transport in ionomer (aCL , PEM, cCL)
Another critical process in the system is the transport of dissolved

ater in the ionomer phase, referred to as water content, 𝜆. It expresses
he humidification level and equals the water molecules per acidic
roup. The water content diffuses within the ionomer phase of the
embrane and catalysts due to moisture gradient and the electro-

smotic drag, as explained by Trinke [27]. The equation describing
his transport mechanism is Eq. in Table 1. In this equation, the water
iffusivity in the ionomer phase is denoted as 𝐷𝜆, and is equal to:

𝜆 = 𝜀1.5𝑚
3.842𝜆3 − 32.03𝜆2 + 67.74𝜆

𝜆3 − 2.115𝜆2 − 33.013𝜆 + 103.37
10−10 exp

[

𝐸𝜆
𝑅

( 1
𝑇 ref

− 1
𝑇

)

]

,

(19)

where 𝐸𝜆 is the activation energy of water-content diffusion. Eq. (19)
is provided by Vetter and Schumacher [9], who refitted a 𝜆-dependent
polynomial to experimental data for Nafion membranes of Mittelsteadt
and Staser [44].

Further description should be given for electro-osmotic drag (EOD)
term 𝜉

𝐹 𝑗𝑝∇ ⋅ 𝑗𝜆 and the source term, 𝑆𝜆, in . Here, 𝑆𝜆 includes the
orption/desorption of liquid/dissolved water in the ionomer of both
atalysts layers (𝑆𝑎𝑑) and the electrochemical consumption of water
5

ontent in the anode catalyst layer (𝑆𝐹 ).
EOD term 𝜉
𝐹 𝑗𝑝∇ ⋅ 𝑗𝜆: In , the symbol, 𝜉, stands for the EOD coefficient

and is a linear function of 𝜆:

𝜉 = 2.5𝜆
22

(20)

Berning [45] has conducted a thorough review of EOD and its
coefficient, which indicates the number of water molecules transported
by each proton. Eq. (20) has been formulated by Springer et al. [46]
and was calculated out of two measurement points (𝜆 = 11, 𝜉 = 0.9)
nd (𝜆 = 22, 𝜉 = 2.5) [47]. The work of Zawodzinski et al. [47], which
as done at the same working group as Springer et al. [46], corrected

he expression shown in Eq. (20) to:

= 1, 1.4 < 𝜆 < 14. (21)

similar expression was measured by Fuller and Newman [48] with:

= 1.4, 2 < 𝜆 < 14. (22)

Eq. (20) is a highly recommended expression for 𝜉 and is used in
he model of Vetter and Schumacher [9] and García-Salaberri [10].
owever, in the models of Zhang [49] and Chen et al. [33], the
pproach of Zawodzinski et al. [47] is adapted based on the second
easurement point of Springer et al. [46] to the following expression:

=

{

1, 𝜆 ≤ 14 or
1 + 1.5

8 (𝜆 − 14), 𝜆 > 14
(23)

Later, in Section 5.1, we further investigate the effect of these
different definitions of EOD coefficients on the polarization behavior
of PEMECs.

Water sorption/desorption 𝑆𝑎𝑑 : The source term related to water sorp-
tion/desorption is specified below:

𝑆𝑎𝑑 =

⎧

⎪

⎨

⎪

𝑘𝑎
𝑙𝑐𝑙𝑉𝑚

(𝜆𝑒𝑞 − 𝜆), 𝜆 ≤ 𝜆𝑒𝑞 (sorption) or
𝑘𝑑 (𝜆𝑒𝑞 − 𝜆), 𝜆 ≥ 𝜆𝑒𝑞 (desorption),

(24)
⎩

𝑙𝑐𝑙𝑉𝑚



Journal of Power Sources 600 (2024) 234209V. Karyofylli et al.

w
d

a
t

𝜆

v
v

R

w
[

l

w
s

𝐷

i
c
[
I
m
s
t

s
b
s
d
d

c
f
a
t
s
b
s

s
B
t

where 𝑙𝐶𝐿 is the CLs thickness. Here, the symbol 𝑘𝑎∕𝑑 is the sorp-
tion/desorption mass-transfer coefficient, which depends on the volume
fraction of water and temperature as:

𝑘𝑎∕𝑑 = 𝑘ref𝑎∕𝑑𝑓𝑣 exp
[𝐸𝑎∕𝑑

𝑅

( 1
𝑇 ref

− 1
𝑇

)

]

, (25)

ith 𝑘ref𝑎∕𝑑 being the reference mass-transfer coefficient of sorption/
esorption.

In Eq. (24), 𝜆𝑒𝑞 describes the equilibrium water content in ionomer
nd is a function of relative humidity, RH, temperature, 𝑇 , and satura-
ion, 𝑠:

𝑒𝑞 =
(

0.05 + 20.45RH − 42.8RH2 + 36RH3)
[

1 + 0.2RH2
(𝑇 − 303.1

30

)]

+ 6.5𝑠.

(26)

In this work, we assume that RH and 𝑠 are constant. However, we
should introduce the dependency of RH on the mole fraction of water
apor 𝑥H2O, the gas pressure, 𝑃𝑔,𝑎∕𝑐 , and the saturation pressure of water
apor, 𝑃 sat

𝐻2𝑂
in future work. It can be easily computed as:

H = 𝑥H2O
𝑃𝑔,𝑎∕𝑐

𝑃 sat
H2O

, (27)

here 𝑃𝑔,𝑎∕𝑐 is the gas pressure. According to Vetter and Schumacher
9], 𝑃 sat

𝐻2𝑂
can be estimated through Antoine equation, as follows:

n

[𝑃 sat
H2O

1 Pa

]

= 23.1963 − 3816.44K
𝑇 − 46.13K

. (28)

Lastly, assuming that liquid saturation remains constant in our
model is an oversimplification. For now, it does not harm our predic-
tions concerning the polarization behavior of a PEMEC. In later work,
we will enhance our implementation with an appropriate model for
liquid water and gas saturation, as proposed by Zinser et al. [50], and
investigate further drying-out effects.

Water consumption 𝑆𝐹 : The consumption of water by the OER can be
calculated by Faraday’s law:

𝑆𝐹 =
𝑅𝑎

𝑧H2O𝐹
(29)

Finally, the water content in the ionomer phase is highly influential
for the polarization behavior of PEMECs, as we see in Section 5.1.
Other properties, such the effective protonic conductivity in Eq. (8),
depend on it. A careful selection of model, describing all its transport
mechanism, is a prerequisite for precise predictions.

2.1.3 Transport of gas species (aPTL , aCL, cCL, cPTL)
In this study, the main transport mechanism of gas species in the

porous structure of the CLs and PTLs is assumed to be diffusion, as
described by Fick’s law, which can be an oversimplification of the
complex transport phenomena in these porous structures. However, the
overall focus of this paper is to propose an uncertainty quantification
and global sensitivity analysis framework. Thus, this oversimplification
is, for now, acceptable. Later, we should enhance further the modeling
mechanism of gas-species transport via Darcy’s law since it is capillary-
dominated. Moreover, the gas-pressure distribution is presumed to be
uniform, the gas species are assumed to follow the ideal gas law, so
that the molar gas-phase concentration can be calculated by:

𝐶𝑔,𝑎∕𝑐 =
𝑃𝑔,𝑎∕𝑐

𝑅𝑇
. (30)

As already mentioned above, gas crossover is not considered in this
study. Thus, a binary gas mixture of oxygen and water vapor exists at
the anode side, whereas hydrogen mixed with water vapor exists at the
cathode side. Moreover, effective diffusivities of each species in the CLs
and PTLs are assumed to be equal, thus:

𝑥 = 1 − 𝑥
Eq. (30)
⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇒ 𝑃 = 𝑃 − 𝑃 sat (anode side), and (31)
6

O2 H2O O2 𝑔,𝑎 H2O e
𝑥H2
= 1 − 𝑥H2O

Eq. (30)
⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇐⇒ 𝑃H2

= 𝑃𝑔,𝑐 − 𝑃 sat
H2O

(cathode side). (32)

According to Vetter and Schumacher [9] and García-Salaberri [10], the
effective diffusivity of water vapor in species 𝑖 (𝑖 = O2 in the anode and
𝑖 = H2 in the cathode), is equal to:

𝐷eff ,wet
H2O,𝑖

= 𝐷H2O,𝑖
𝜀𝑝
𝜏2𝑝

(1 − 𝑠)3, (33)

ith 𝐷H2O,𝑖 being the molecular diffusivity of water vapor in the bulk
pace and defined as:

H2O,O2
= 𝐷ref

H2O,𝑎

( 𝑇
𝑇 ref

)1.5
(

𝑃 ref
𝑔

𝑃𝑔,𝑎

)

, and (34)

𝐷H2O,H2
= 𝐷ref

H2O,𝑐

( 𝑇
𝑇 ref

)1.5
(

𝑃 ref
𝑔

𝑃𝑔,𝑐

)

. (35)

Finally, regarding the source terms in the species transport equa-
tions, they have already been defined in Table 2 and thoroughly
described in Section 2.1.2.

3 Computational model

The mathematical model is entirely implemented in Python since
t is among the most popular programming languages nowadays ac-
ording to the PopularitY of Programming Language (PYPL) index PYP
51]. Python’s popularity is based on the fact that it is user-friendly.
t leads to the development of numerous open-source packages, which
akes further exploration possible. In addition to that, plenty of open-

ource libraries originally written in C++ provide a Python interface
hese days, which makes them more accessible.

Algorithm 1: Reformulation of second-order ODEs in (1)
1 Define as symbolic expression the left-hand side of the system

(1)
2 Differentiate the symbolic expression in Step 1 with sympy.diff

to get the following:

𝐚(𝑥)𝑑
2𝐮

𝑑𝑥2
+ 𝐛(𝑥)𝑑𝐮

𝑑𝑥
+ 𝐜(𝑥)

3 After differentiation, reformulate the system (1) into:

𝑑2𝐮
𝑑𝑥2

=
−𝐛(𝑥) 𝑑𝐮𝑑𝑥 − 𝐜(𝑥) + 𝐒(𝐮(𝑥))

𝐚(𝑥)

For solving the system of second-order ODEs (1), the solve_bvp
olver from the submodule scipy.integrate is used. The solve_bvp solver is
ased on a fourth-order collocation method. Since the Jacobian of the
ystem is not computed manually, it will be estimated by forward finite
ifferences. Detailed information about it can be found in its online
ocumentation.

However, this solver can only handle systems of first-order ODEs
ontingent on two-point boundary conditions. Therefore, we need to
ollow some steps before being able to solve the system. First of
ll, the system of second-order ODEs (1) needs to be reformulated
hrough sympy.diff, as step-wisely explained in Algorithm 1. The method
ympy.diff differentiates mathematical expressions with variables and
elongs to the library SymPy, which is written in Python and is for
ymbolic mathematics.

Unlike bvp4c and bvp5c solvers, provided by MATLAB, the solve_bvp
olver cannot explicitly handle multi-point BCs, but only two-point
Cs. In Algorithm 2, we illustrate how to prepare multi-point BVPs for
wo-point BVP codes. This can be achieved by solving the system at
ach domain interval, 𝛺 (please see Fig. A.1), and ensuring continuity
𝑖
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Algorithm 2: Preparation of multi-point boundary value prob-
ems (BVPs) for two-point BVP codes
1 Introduce unknowns, parameters, and source terms for each

interval of the domain (e.g., 𝐮𝑖(𝑥) instead of 𝐮(𝑥)):

𝑑2𝐮𝑖
𝑑𝑥2

=
−𝐛𝑖(𝑥)

𝑑𝐮𝑖
𝑑𝑥 − 𝐜𝑖(𝑥) + 𝐒𝑖(𝐮𝑖(𝑥))

𝐚𝑖(𝑥)

2 Apply continuity conditions to the interfaces between intervals:

𝐮𝑖(𝑥𝐼𝑗 ) = 𝐮𝑖+1(𝑥𝐼𝑗 )

𝑑𝐮𝑖
𝑑𝑥

|

|

|

|𝑥𝐼𝑗

=
𝑑𝐮𝑖+1
𝑑𝑥

|

|

|

|𝑥𝐼𝑗

3 Solve all ODEs simultaneously on the same interval, by
mapping each [𝑥𝐼𝑗 , 𝑥𝐼𝑗+1 ] onto [0, 1] through a new
independent variable:

𝜉 =
𝑥 − 𝑥𝐼𝑗

𝑥𝐼𝑗+1 − 𝑥𝐼𝑗
⇒

𝑑𝜉
𝑑𝑥

= 1
𝑥𝐼𝑗+1 − 𝑥𝐼𝑗

4 Apply chain rule to the equation of Step 3 in Algorithm 1:

𝑑2𝐮𝑖
𝑑𝜉2

= 𝑙2𝑖
− 𝐛𝑖(𝜉)

𝑙𝑖
𝑑𝐮𝑖
𝑑𝜉 − 𝐜𝑖(𝜉) + 𝐒𝑖(𝐮𝑖(𝜉))

𝐚𝑖(𝜉)
,

where 𝐝(𝜉) = 𝐝((𝑥𝐼𝑗+1 − 𝑥𝐼𝑗 )𝜉 + 𝑥𝐼𝑗 ) and 𝑙𝑖 = 𝑥𝐼𝑗+1 − 𝑥𝐼𝑗

on the interfaces between them. Finally, the system of second-order
ODEs (1) is transformed into a system of first-order ODEs, as carefully
described in Algorithm 3.

Algorithm 3: Converting system of second-order ODEs to one of
irst-order ODEs
1 Replace 𝑑𝐮𝑖

𝑑𝜉 with 𝐲𝑖(𝜉) in equation of Step 4 in Algorithm 2:

System of f irst-order ODEs ⟶

⎧

⎪

⎨

⎪

⎩

𝑑𝐮𝑖
𝜕𝜉 = 𝐲𝑖(𝜉)

𝑑𝐲𝑖
𝑑𝜉 = 𝑙2𝑖

− 𝐛𝑖 (𝜉)
𝑙𝑖

𝐲𝑖(𝜉)−𝐜𝑖(𝜉)+𝐒𝑖(𝐮𝑖(𝜉))

𝐚𝑖(𝜉)

4 Sensitivity analysis and uncertainty quantification

UQ and SA play a crucial role in analyzing, characterizing, and
optimizing the impact of parameters and their uncertainties on the
output of the PEMEC model. We present their importance for accurate
predictions and the tools used to incorporate them in our simulations.
Before giving more specific details about the framework, we would like
to give a brief overview of predictive simulations and their sources of
uncertainty. Oden et al. [52] stated the special meaning of predictive
imulation:

‘‘The systematic treatment of model and data uncertainties, and
their propagation through a computational model to produce pre-
dictions of quantities of interest with quantified uncertainty’’.

urthermore, Oden [53] listed the following sources of uncertainty in
redictive computational engineering science:
7

0

• P uncertainty, which is the systemic uncertainty and is related
to the mathematical framework in which we perform uncertainty
quantification.

• Y uncertainty, which incorporates uncertainty in observational
data due to pollution with experimental noise.

• M uncertainty, which is related to the selection of the mathemat-
ical model itself. It determines how parameter sets X are mapped
into the theoretical observation Y (see the supporting Fig. A.3).

• 𝜃 uncertainty, which embodies the uncertainty in parameter val-
ues or constitutive relations. Knowledge about these values and
relations is gathered from the literature, previous experiments, or
archival databases.

• ℎ uncertainty, which is the uncertainty concerning the numerical
discretization process leading to the computational model.

After introducing sources of uncertainty in numerical predictions,
e comment that the approaches for UQ and SA can be classified

nto global and local methods. For more information, please check the
upporting Fig. A.4. As already commented in the introduction, mainly
or PEMFCs, local SA investigates how the model output depends on
mall perturbations around a nominal value of each parameter. Local
A is often limited to one parameter at a time, whereas global SA
onsiders the whole parameter space.

For this work, global SA is employed. Global SA approaches can be
urther categorized into intrusive and non-intrusive methods. Intrusive
ethods can sometimes be challenging since the basic model equations
ust be changed. On the contrary, non-intrusive methods treat the
odel as a black box (see the supporting Fig. A.3) and can be combined
ith any model. Their significant advantage is that modification of the
odel equations or implementation is unnecessary.

Our UQ and SA framework is about forward propagating uncer-
ainties and is based on the python package Uncertainpy, implemented

by Tennøe et al. [26]. Uncertainpy depends on the python packages
Chaospy [25], and SALib (Iwanaga et al. [54] and Herman and Usher
[55]). It performs UQ and SA through QMC or PCEs.

The QMC method is preferred to the standard (MC) method when
the parameter space is small enough and the parameters sufficiently
smooth. The QMC method is faster than the MC method [56]. The
QMC method improves upon the MC approach by employing a low-
discrepancy sequence, e.g., the Hammersley sequence, for sampling the
parameter space. Thus, the samples are more evenly distributed.

Another mathematical framework for efficient UQ and SA is PCEs
[57]. PCEs are usually faster than the QMC method as long as the
parameter space is small enough (parameters less than about 20).
Thus, PCEs require fewer model evaluations than the QMC method
while achieving the same accuracy. However, they exhibit two main
limitations. The larger the parameter space, the worse the required
model-evaluation number scales. In addition, their performance is re-
duced if the output depends on the input parameters in a non-smooth
manner.

The overall goal behind UQ and SA is to quantify how the uncertain
parameters influence the model output employing the following statis-
tical metrics, which can be further explained in the work of Tennøe
et al. [26]:

• The mean E (the expectation value): E[𝑌 ] = ∫𝛺𝑌
𝑦𝑓𝑌 (𝑦)𝑑𝑦

• The variance V: V[𝑌 ] = ∫𝛺𝑌
(𝑦 − E[𝑌 ])2𝑓𝑌 (𝑦)𝑑𝑦

• The (100 ⋅ 𝜒)th percentile: 𝜒 = ∫ 𝑃𝜒
−∞ 𝑓𝑌 (𝑦)𝑑𝑦

• The prediction interval 𝐼𝜒 : 𝐼𝜒 = [𝑃(𝜒∕2), 𝑃(1−𝜒∕2)]
• The first-order Sobol sensitivity index 𝑆𝑖: 𝑆𝑖 =

V[E[𝑌 |𝑋𝑖]]
V[𝑌 ]

.1 Benchmark case

To explore the capabilities of the UQ and SA framework, we use a
D semi-empirical model that computes the polarization behavior of a
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Table 7
Parameters for the 0D model with respect to a cell temperature of 80 ◦C, as reported by Schalenbach et al. [58].
Parameter Unit Minimum value (min) Maximum value (max)

Separator resistance, 𝑅sep Ω cm2 𝟎.𝟏𝟐𝟔 − 0.013 𝟎.𝟏𝟐𝟔 + 0.013
Electrode resistance, 𝑅𝑒 Ω cm2 𝟎.𝟎𝟐𝟗 − 0.01 𝟎.𝟎𝟐𝟗 + 0.01
Tafel slope, 𝛼 V 𝟎.𝟎𝟏𝟑𝟑 − 0.000133 𝟎.𝟎𝟏𝟑𝟑 + 0.000133
Exchange current density, 𝑖0 A cm−2 0.9 ⋅ 𝟐.𝟔𝟎𝟐 ⋅ 𝟏𝟎−𝟏𝟎 1.1 ⋅ 𝟐.𝟔𝟎𝟐 ⋅ 𝟏𝟎−𝟏𝟎

Partial pressure increase factors, 𝑌𝐻2
and 𝑌𝑂2

bar cm2 A−1 𝟑.𝟎 − 1.0 𝟑.𝟎 + 1.0
T
m
a
s
a
m
i
b
i

PEMEC and was presented by Schalenbach et al. [58]. This model is
extensively used in the literature, and can be easily evaluated without
employing the computation model described in Section 3, but pro-
vides an excellent basis to evaluate our UQ and SA framework. The
current–voltage characteristics of PEMECs are described by:

𝑈𝑐𝑒𝑙𝑙 = 𝑈𝑁 + 𝑈kin + 𝑈𝛺 , (36)

where the terms 𝑈𝑁 , 𝑈kin, and 𝑈𝛺 express the Nernst voltage, the
kinetic overpotential, and the Ohmic drop due to electron and ion
conduction, respectively. Their definition is summarized in the list
below:

• Nernst voltage: 𝑈𝑁 = 𝑈rev +
𝑅𝑇
2𝐹 ln

(

𝑃H2 ,𝑐
√

𝑃O2 ,𝑎

𝑃 3∕2
0 𝑎H2O

)

,

• Kinetic overpotential: 𝑈kin = 𝛼ln
(

𝑖
𝑖0

)

(Tafel equation),

• Ohmic drop due to electron and ion conduction: 𝑈𝛺 =
(

𝑅𝑒 + 𝑅sep
)

𝑖,
and

• Reversible cell voltage: 𝑈rev = 1.229 V − 0.000846 V K−1(𝑇 −
298.15 K).

In this 0D semi-empirical model, the kinetic overpotential is de-
cribed by Tafel equation, which is a limiting case of the Butler–Volmer
quation and only holds in the high overpotential region. For the results
n Section 5, the Butler–Volmer equation was used instead. According
o this model, the polarization behavior of a cell is a function of current
ensity, 𝑖, partial pressures of hydrogen at the cathode and oxygen at
he anode, 𝑃H2 ,𝑐 and 𝑃O2 ,𝑎, and temperature, T, and can be recapped
n 𝑈𝑐𝑒𝑙𝑙 = 𝑈 (𝑖, 𝑃O2 ,𝑎, 𝑃H2 ,𝑐 , 𝑇 ). The partial pressures of hydrogen at the
athode and oxygen at the anode can be computed with the help of the
ollowing equation:

O2∕H2 ,𝑎∕𝑐 = 𝑃𝑔,𝑎∕𝑐 + 𝑌O2∕H2
𝑖 − 𝑃𝑠𝑣(𝑇 ) (37)

ith 𝑃𝑠𝑣(𝑇 ) being the saturated vapor pressure of water at 80 ◦C, which
s equal to 0.49 bar. For further details, we encourage the readers to
ead the work of Schalenbach et al. [58], where the model of the
oltage–current characteristics was originally presented.

From the above description, it is clear that the cell voltage de-
ends on several other input parameters, which are encapsulated in
able 7 and can influence its prediction accuracy. The model is initially
valuated deterministically, meaning that the input parameters do not
nclude any uncertainties, and single numerical values are assigned to
hem (mean value of Table 7, represented in bold). The computed po-
arization behavior of a PEMEC is depicted in Fig. 1(a). The polarization
urve can be split into two primary regions. The kinetic overpotential
ominates the region at low current densities. The second region from
oderate to high current densities shows a linear behavior, which is

losely related to the Ohmic losses. There can be a third region, which
s not depicted in Fig. 1(a) because it is omitted from the model. It
sually becomes apparent at very high current densities, where mass
ransport losses strongly increase.

Regarding model predictions and their accuracy, Schalenbach et al.
58] stated in his publication the following:

‘‘Uncertainties that affect the model predictions arise from the errors
of the parameters and the assumptions or simplifications used.
All parameters that were experimentally determined or that were
extracted from the literature were characterized by an error’’.
8

herefore, instead of assuming fixed model parameters as in a deter-
inistic model, one can consider these parameters as random variables

nd assign a distribution of possible values to each. We then set up a
tochastic analytical model with these random variables as coefficients
nd quantify the uncertainty in model predictions via either the QMC
ethod or PCEs (Fig. 1(b)). The parameters range was chosen to

nclude values of previous numerical studies (e.g., the work of Schalen-
ach et al. [58]). We assume that the uncertain input parameters are
ndependent of each other and assign them a uniform distribution: 𝐗,

with 𝑋𝑖 ∼ U (min,max), where min and max were taken from Table 7.
In Fig. 1(b), we present the mean, standard deviation (SD), and

90% prediction interval (PI), whereas in Fig. 1(c), the first-order SI.
The 1st-order SI quantify the share of variance in the model output,
Y, for every input parameter, 𝑋𝑖. As the mean (blue line) in Fig. 1(b)
shows, the voltage rises linearly when the current density becomes
higher than 0.5A cm2. From the sensitivity analysis (Fig. 1(c)), we see
that the polarization behavior of the PEMEC is most sensitive to the
resistances for current densities higher than 0.5A cm2. This finding
is to be expected and well-known in the literature. Nevertheless, it
serves well our purposes to validate our framework, understand better
how global sensitivity analysis works, and choose which method (QMC
or PCEs) is preferable for the more complex 1D mathematical model,
whose results are reported in Section 5.

Following the example of Tennøe et al. [26], we compare the
efficiency of the QMC method and PCEs by calculating the absolute
relative error (ARE) of the UQ for this 0D semi-empirical model when
varying the number of model evaluations, 𝑁𝑠. For the definition of
ARE, please see Appendix A.1. Fig. 2 shows the error of the mean,
variance, and first-order SI of the two methods. We observe the same
as Tennøe et al. [26], namely that PCEs are much faster than the
QMC method for the 0D analytical model with six uncertain input
parameters. Therefore, a specific error is achieved with fewer model
evaluations, 𝑁𝑠. For our later studies with the 1D model, we will use
only PCEs to perform UQ and SA and further investigate how its several
uncertain input parameters influence its output and, consequently, its
prediction accuracy.

5 Results

In this section, we perform a UQ study and SA, but first, we validate
our computational results against experimental data, taken from Chan-
desris et al. [43], by means of deterministic and stochastic simulations.
These experimental data were also used by García-Salaberri [10] for
validation. For the later computations, we use the base-case parameters
and operating conditions as shown in Tables 4–6, unless we defined
them differently below. These model input parameters are taken from
the work of García-Salaberri [10], assumed well-tuned, and calibrated
for the computational model.

However, we need to draw the reader’s attention to the nontriv-
ial procedure of calibrating the model parameters and constitutive
relations. Calibration plays a particular role in physics-based models,
whose independent variables and material-related input parameters are
numerous. The traditional way of calibration is via manual tuning,
e.g., a trial-and-error approach. Manual tuning usually requires stren-
uous efforts but does not provide any UQ and cannot guarantee the
degree of parameter-set uniqueness, as highlighted by Nguyen et al.

[59]. Thus, calibration by trial and error might lead to inaccurate
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Fig. 1. Polarization behavior at 80 ◦C by means of the 0D semi-empirical model (1(a) and 1(b)). SA of the polarization behavior 1(c), while using PCEs.
predictions. Other experiments than the main application of interest,
which needs to be precisely simulated by physics-based models, need
to be thoughtfully designed and conducted for parameter estimation
and calibration.

5.1 Comments on 𝜃 uncertainty in predictive modeling for PEMEC

In Section 4, we summarized the uncertainties in predictive simu-
lation, and here, we will take a closer look at 𝜃 uncertainty, the un-
certainty concerning input parameters of physics-based models. These
input parameters include material properties, transport parameters,
or other constitutive relations and are usually estimated based on
literature, archival databases, or experiments, as we described earlier.
Unfortunately, Vetter and Schumacher [14] pointed out the following:

‘‘Experimental data published on several transport coefficients are
scattered over orders of magnitude, even for the most extensively
studied materials such as Nafion membranes, for instance’’.
9

Thus, our goal to have well-calibrated input parameters for our physics-
based model is not trivial. Manual calibration is not the way to go.
Instead, sophisticated methods, such as Bayesian inference, should be
applied to calculate these parameters within a PI and provide the uncer-
tainty level in their estimated values by accounting for the considerable
variability of experimental observation.

In this work, we use two exemplary parameters to demonstrate how
uncertainty in their values can lead to discrepancies. These input pa-
rameters can be complex to be determined from experimental studies;
their values vary widely within the literature. They are the following:
the electro-osmotic drag (EOD) coefficient and the product of reference
exchange current density with the volume-specific surface area of the
catalyst layers.

EOD coefficient In Section, we described two constitutive relations for
the EOD coefficient, one provided by Springer et al. [46] (Eq. (20)) and
one by Zawodzinski et al. [47] as adapted by Zhang [49] (Eq. (23)). The
second one was actually the correction outcome of misfitted models on
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Fig. 2. The error of the mean, variance, and first-order SI while using either the QMC
method or PCEs for the UQ and SA of the PEMEC polarization behavior at 80 ◦C. A
0D semi-empirical model is used as the black box model.

experimental data. Both expressions for 𝜉 were implemented in the 1D
in-house solver for PEMEC and compared with each other. Fig. 3 shows
the resulting polarization curves and water content distribution inside
the MEA.

As we realize from Fig. 3(a), the variation of the definition of the
EOD coefficient leads to different shapes of the polarization curve.
With a closer look at the polarization curves, both approaches lead to
a nearly identical curve for low current densities up to 1A cm−2. For
igher current densities, the cell voltage increases non-linear with the
se of the definition of Springer et al. [46], while the cell voltage re-
ulting from the definition of Zawodzinski et al. [47] increases linearly
ith increasing current densities. In addition to that, the distribution of
lectronic and protonic potentials also varies, especially on the anode
ide (see Fig. 3(b)).

In Fig. 3(c), the water-content distribution through the MEA re-
ulting from the 1D model while using the different definitions of the
OD coefficient shows a qualitatively similar shape. However, with the
se of the definition formulated by Springer et al. [46], the values
f water content vary more widely with a decreasing water content
hrough the aCL and the membrane and a sharp increase towards the
CL. Using the EOD coefficient according to Zawodzinski et al. [47], the
ater content results in a more constant shape. Of course, the observed
ariation in the water-content distribution affects the profile of effective
rotonic conductivity since it is a function of 𝜆 (see Fig. 3(d)). The
iscontinuities in its distribution between the PEM and CLs are due to
he lower ionomer volume fraction in the CLs (see Table 6).

Lastly, we provide the supporting Fig. A.5, showing the through-
lane potential profiles, water-content distribution, and 𝜎eff𝑝 -distribution
t different current densities. We again draw readers’ attention to the
act that electronic and protonic potentials, and the water content are
oupled. This can be realized by taking a careful look at the Eqs. (2),
3), (4), and (8). The EOD term in strongly depends on the flux of
rotons 𝑗𝑝, whereas the proton conductivity is a function of water
ontent, 𝜆. Furthermore, the electronic and protonic potentials are
utually related via the reactions in CLs. The supporting Fig. A.5
nderscores how the two different models for the EOD coefficient leads
o varying water-content distribution, especially at high current densi-
ies. Therefore, the profile of proton conductivity and the protonic and
lectronic potentials are strongly influenced, resulting in the deviations
f the polarization curves discussed earlier.

eference exchange current density and volume-specific surface area of the
atalyst layer Similar to the EOD coefficient, values for the reference
xchange current density 𝑖ref0,𝑎∕𝑐 and the activation energy 𝐸A,𝑎∕𝑐 must
lso be chosen from literature or based on experiments. Carmo et al.
60] reported their values for 𝑇 = 80 ◦C:
10

ref
Table 8
Literature data for the product, 𝑎cat𝑎∕𝑐 ⋅ 𝑖0,𝑎∕𝑐 , at 𝑇 = 80 ◦C.

Case Reference 𝑎cat𝑎 ⋅ 𝑖0,𝑎
[

Acm−3] 𝑎cat𝑐 ⋅ 𝑖0,𝑐
[

Acm−3]

1 [10] 5 ⋅ 10−3 50
2 [10] 0.02 200
3 [10] 0.04 400
4 [27] 0.066 24 495.68

• Pt-Ir anode: 𝑖ref0,𝑎 ≈ 1 ⋅ 10−7 Acm−2 with a large variability
• Pt cathode: 𝑖ref0,𝑐 ≈ 1 ⋅ 10−3 Acm−2

The chosen values for 𝑖ref0,𝑎∕𝑐 by García-Salaberri [10] and Trinke
[27] refer to the model of García-Valverde et al. [30], whose values
are close to the ones reported by Carmo et al. [60]. The CL-specific
surface area also exhibits high variability in its values in the literature.
For instance, García-Salaberri [10] and Chen et al. [33] consider its
dependency on the liquid water saturation. Other papers specify values
for the product of the exchange current density with the specific surface
area. Moreover, Goshtasbi et al. [16] pointed out that the exchange
current density with the specific surface area always appears as a prod-
uct in the Butler–Volmer Eq. (10), which makes these two parameters
non-identifiable. Pant et al. [17] also indicated the same. Therefore, we
considered their uncertainty as a product in the model. In future work,
we could apply the Rosenblatt transformation [61] to decorrelate the
parameters before applying SA.

In Table 8, we present the calculated values of the product, 𝑎cat𝑎∕𝑐 ⋅

0,𝑎∕𝑐 , at 𝑇 = 80 ◦C without considering 𝑎cat𝑎∕𝑐 -dependence on the liquid
water saturation. We also realize the wide range in their resulting val-
ues, whose impact on the polarization behavior of PEMECs is depicted
in Fig. 4. For the computations in Fig. 4, the EOD coefficient in Eq. (23)
is used.

The resulting polarization curves highly differ from each other. Case
1 from García-Salaberri [10] shows an increased cell voltage for the
whole range of considered current densities of nearly 0.1V. Here, the
polarization curve is quantitatively affected by the different cases in
Table 8, but not qualitatively.

5.2 Validation against experimental data

To validate the 1D PEMEC model, the experimental data of Chan-
desris et al. [43] are consulted. For the comparison between the com-
puted polarization behavior and the experimental one, we use the
parameter setup in Table 6, but we adjust the layer thicknesses for aPTL
and cPTL, as reported by Chandesris et al. [43] and García-Salaberri
[10]. For example, 𝑙aPTL = 1.4mm, and 𝑙cPTL = 0.235mm. In addition,
we have to adopt the values for the product of 𝑎cat𝑎∕𝑐 ⋅𝑖

ref
0,𝑎∕𝑐 . In the previous

section, we commented on the variability in its values. Therefore, we
use two different approaches for our validation to tackle issues related
to its variability and uncertainty.

5.2.1 Deterministic approach
We first simulate the polarization behavior of a PEMEC, using

constant (i.e., non-random) values for the product of 𝑎cat𝑎∕𝑐 ⋅𝑖
ref
0,𝑎∕𝑐 . Its value

for the anode is equal to 0.021A cm−3, whereas for the cathode is equal
to 210A cm−3. These values were reported by García-Salaberri [10] and
most probably computed based on least-squares fitting.

In Fig. 5, we observe that the computed polarization curve is in good
agreement with the experimental data for 𝑇 = 80 ◦C and 𝑇 = 60 ◦C.
However, a deviation is noted for 𝑇 = 40 ◦C. This discrepancy can
be associated with the simplifying assumptions in the mathematical
model (e.g., isothermal conditions, constant RH and 𝑠). Furthermore,
insufficient measurement data to adequately infer, learn, and calibrate
the constitutive relations, which hold for different model parameters,
can also cause this deviation.
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Fig. 3. Comparison of the polarization curve and the through-plane potential profiles, water-content distribution, and 𝜎eff
𝑝 -distribution at 𝐼 = 2.0A cm−2 resulting from the different

EOD-coefficient models, as proposed by Springer et al. [46] vs. Zawodzinski et al. [47].
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Fig. 4. Comparison of the polarization curve resulting from different values of the
product, 𝑎cat𝑎∕𝑐 ⋅ 𝑖0,𝑎∕𝑐 (see Table 8).
11

f

Table 9
Uncertainty range and probability distribution functions (PDF) of the 𝑎cat𝑎∕𝑐 ⋅ 𝑖

ref
0,𝑎∕𝑐 values

for the stochastic modeling. Here, U (⋅, ⋅) indicates the uniform probability distribution.
Parameter Unit Uncertainty range Distribution

𝑎cat𝑎 ⋅ 𝑖ref0,𝑎 Acm−3 [0.005, 0.04] U (0.005, 0.04)
𝑎cat𝑐 ⋅ 𝑖ref0,𝑐 Acm−3 [50, 400] U (50, 400)

5.2.2 Stochastic approach
To account for uncertainty and variability of the 𝑎cat𝑎∕𝑐 ⋅ 𝑖

ref
0,𝑎∕𝑐 values,

e model it as stochastic (random) variables and assign to it a uniform
robability distribution function (PDF), as shown in Table 9. Fig. 6
ompares the polarization behavior computed from the 1D PEMEC
odel, described earlier, with the corresponding experimental data

rom Chandesris et al. [43]. In this figure, the blue shaded area shows
he PI of our model prediction. The experimental observations are rep-
esented in magenta color and lie within the 90% prediction interval,
ven in the case of 𝑇 = 40 ◦C.

.3 Sensitivity analyses

Finally, the SA result for the 1D PEMEC model, when accounting
or uncertainty and variability of the 𝑎cat ⋅ 𝑖ref values (two in total
𝑎∕𝑐 0,𝑎∕𝑐
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Fig. 5. Validation against experimental data from Chandesris et al. [43] by means of deterministic modeling.
Fig. 6. Validation against experimental data from Chandesris et al. [43] by means of stochastic modeling.
Fig. 7. First-order SI for the uncertain product, 𝑎cat𝑎∕𝑐 ⋅ 𝑖
ref
0,𝑎∕𝑐 .
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arameters for this SA scenario, Table 9), is shown in Fig. 7. SI are
mployed as a sensitivity measure of the modeling outcome on the
ndividual input parameters. Since we did not observe a significant
ifference between first-order and total SI, meaning that these two
nput parameters do not significantly interact with each other, we only
lot the first-order indices in Fig. 7. We observe that the 𝑎cat𝑎 ⋅ 𝑖ref0,𝑎 plays
crucial role when the current density is lower than 0.5A∕cm2. Thus,

he reaction kinetics of OER seem to be highly influential at low current
ensities compared to HER. Furthermore, different operating conditions
lso impact the sensitivity of the computed polarization behavior.
12
We are conducting another SA study (Figs. 8 and A.6) to under-
tand better the interplay between different layer thicknesses and the
olarization behavior of PEMECs. We assume that the layer thicknesses
ehave as random variables, are independent of each other, and assign
hem a uniform PDF as presented in Table 10. In Fig. 8, we present
he first-order SI. Therefore, we can explain which layer is responsible
or deviations from the mean polarization curve in the range of investi-
ated current densities. The PEM thickness influences the polarization
ehavior for higher current densities than 1.0A∕cm2.
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Fig. 8. UQ and SA of the polarization behavior at 80 ◦C for 𝑖ref0,𝑎 = 10−7 Acm−2 and 𝑖ref0,𝑐 = 10−3 Acm−2 by means of the 1D PEMEC model, while assuming the layer thicknesses as
random variables.
t

Table 10
Uncertainty range and probability distribution functions (PDF) of the layer thicknesses,
taken into account for the global SA.

Parameter Unit Uncertainty range Distribution

MEM thickness, 𝑙PEM μm [170, 190] U (170, 190)
aCL thickness, 𝑙aCL μm [11, 13] U (11, 13)
cCL thickness, 𝑙cCL μm [11, 13] U (11, 13)
PTLs thickness, 𝑙PTL μm [150, 250] U (150, 250)

On the contrary, the PTL thicknesses do not show any effects within
he entire current-density range. Electron conduction within the PTLs
nd CLs does not influence much the cell voltage because of the
igh values of the effective electronic conductivity within these layers
Table 6). The electronic potential linearly drops within PTLs, but the
ecrease is really small compared to the ones in CLs and PEM.

Regarding the CL thicknesses, the SA in Fig. 8 shows that the anode
atalyst layer is more crucial than the cathode one, in the regime
f low current densities. This is mainly due to the difference of the
eference exchange current density in the aCL and cCL. Carmo et al.
60] reported four orders of magnitude difference, which is used in our
imulations and for the SA in Fig. 8. For example, when we decrease the
eference exchange current density of cCL (supporting Fig. A.6), then
oth CLs exhibit similar reaction kinetics. As a consequence, their layer
hicknesses influence almost the same the polarization behavior. How-
ver, we observe that the cell voltage increases (supporting Fig. A.6(a))
ompared to the initial configuration (Fig. 8(a)).

Our 1D macroscopic model might be expanded with a 1D micro-
copic model for CLs, as already reported for PEMFCs [32,62,63]. This
D microscopic model, then, would offer to explore the effects of
Ls structure, and especially its loading, volume-specific surface area,
nd thickness, on PEMEC performance. Thankfully, the computational
odel and framework presented in this work can be easily expanded
pon and serve as a starting point for further investigation.

Conclusions

In this work, we presented a one-dimensional mathematical model
hat describes six transport phenomena taking place in a five-layer PE-
EC. We implemented this model in Python and demonstrated how it

an be evaluated numerically with the help of the solve_bvp solver from
he submodule scipy.integrate. The computational model robustness led
13
to a reduced simulation time of a few minutes, which was an asset for
our UQ and SA purposes. A framework for UQ and global SA based
on the libraries Chaospy [25] and Uncertainpy [26] was implemented
and used to study the prediction capabilities and accuracy of the 1D
model. The QMC method and PCEs were two methods available in this
framework. As already reported by Tennøe et al. [26], PCEs proved to
be more efficient in our test cases as well, where the parameter space
was small enough.

We have demonstrated how PEMECs benefit from UQ and SA. Un-
derstanding the interplay between input parameters and model output
contributes to improving model adequacy and measurement accuracy
for parameter estimation and, ultimately, to the PEMEC optimization
and better design. To a similar conclusion, Xie et al. [64] has also
pointed out that global SA provides valuable information for analysis
and design in the field of chemical engineering, in general. In the
SA studies, we observed that the anode kinetics have higher impact
on the polarization behavior than the cathode kinetics. Furthermore,
the membrane thickness, closely related to ohmic losses, is another
critical parameter. Moreover, many of the input parameters, e.g., the
exchange current density, the CL volume-specific surface area, the EOD
coefficient, highly vary in literature. Thus, appropriate experiments
for their precise measurement are required and will contribute to the
improvement of the model accuracy. In future work, we should perform
an exhaustive analysis by investigating the influence of every input pa-
rameter on the polarization behavior and assigning realistic uncertainty
distribution to them. In the former sensitivity analyses, we used uni-
form distributions, but distributions, estimated on experimental data,
would have been preferred.
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Appendix. Supporting material

A.1. Definition of ARE

In Section 4.1, we used the absolute relative error averaged over
current density to compare QMC against PCEs:

𝜀 = 1
𝐼 ∫

𝛹𝑒𝑥𝑎𝑐𝑡 − 𝛹
𝛹𝑒𝑥𝑎𝑐𝑡

𝑑𝑖 (38)

with 𝛹 representing in general either the mean, variance, or first-order
SI. Since an exact solution is not known for this problem, we employ
the QMC method with 𝑁𝑠 = 200000 to calculate 𝛹𝑒𝑥𝑎𝑐𝑡. The 𝛹 without
subscript is computed via either the QMC method or PCEs. The total
range of current densities is represented by I.

Acronyms

Notation Description
aCH anodic channel
aCL anodic catalyst layer
AEL alkaline electrolysis
aPTL anodic porous transport layer
ARE absolute relative error
BC boundary condition
BoP balance of plant
BVP boundary value problem
CAPEX capital expenditure
cCH cathodic channel
cCL cathodic catalyst layer
CL catalyst layer
cPTL cathodic porous transport layer
EC electrolytic cell
EOD electro-osmotic drag
GUI graphical user interface
HER hydrogen evolution reaction
MATLAB matrix laboratory
MC Monte Carlo
MEA membrane-electrode assembly
MEM membrane
ODE ordinary differential equation
OER oxygen evolution reaction
OpenFOAM open source field operation and manipulation
PCE polynomial chaos expansion
PEM proton-exchange membrane
PEMEC PEM electrolytic cell
14
Notation Description
PEMEL PEM electrolysis
PEMFC PEM fuel cell
PI prediction interval
Pt platinum
PTLs porous transport layers
PYPL PopularitY of Programming Language
QMC quasi-Monte Carlo
QoIs quantities of interest
SA sensitivity analysis
SD standard deviation
SI Sobol indices
UQ uncertainty quantification
VB variational Bayes

List of Symbols

Sign Description Unit
𝐷𝜆 water diffusivity in the ionomer

phase
m2 s−1

𝐷ref
𝐻2𝑂,𝑎∕𝑐 reference diffusivity of water vapor m2 s−1

𝐸𝑊𝑚 equivalent weight of dry membrane kg mol−1

𝐸𝑊𝑤 equivalent weight of water kg mol−1

𝐸𝐴,𝑎∕𝑐 activation energy J mol−1

𝐸𝜆 diffusion activation energy J mol−1

𝐸𝜎 activation energy of proton
conduction

J mol−1

𝐸rev
𝑎∕𝑐 reversible voltage of the OER or

HER
V

𝐸𝑎∕𝑑 sorption/desorption activation
energy

J mol−1

𝐹 Faraday constant C mol−1

𝐼𝜒 prediction interval −
𝐼𝑗 interfaces between the domain

intervals
−

𝑁𝑠 number of model evaluations −
𝑃 ref
𝑔 reference pressure Pa

𝑃 sat
𝐻2𝑂

saturation pressure of water vapor Pa
𝑃𝑔,𝑎∕𝑐 operating pressure at the anode or

cathode
Pa

𝑅sep separator resistance Ω cm2

𝑅𝑎∕𝑐 anodic or cathodic reaction rates A m−3

𝑅𝑒 electrode resistance Ω cm2

𝑅 gas constant J K−1 mol−1

𝑆𝑖 first-order Sobol sensitivity index −
𝑇 ref reference temperature K
𝑇 operating temperature K
𝑈𝑁 Nernst voltage V
𝑈𝛺 ohmic drop due to electron and ion

conduction
V

𝑈kin kinetic overpotential V
𝑉𝑚∕𝑤 molar volume of dry electrolyte per

𝑆𝑂−
3 group or liquid water

m3 mol−1

𝑌𝐻2
partial pressure increase factors for
hydrogen (cathode)

bar cm2 A−1

𝑌𝑂2
partial pressure increase factors for
oxygen (anode)

bar cm2 A−1

𝛥𝐻𝑎∕𝑐 enthalpy change of OER (anode) or
HER (cathode)

J mol−1

𝛥𝑆𝑎∕𝑐 entropy change of OER (anode) or
HER (cathode)

J mol−1 K−1

𝛺𝑖 domain interval, corresponding to a
layer

−
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Fig. A.1. Schematic overview of five layers within PEMECs: Computational domain and equations included in the model.
Sign Description Unit
𝛺 computational domain −
𝛼 Tafel slope V
𝜒 the (100 ⋅ 𝜒)th percentile −
𝜂𝑎∕𝑐 anodic or cathodic activation

overpotential
V

𝜆𝑒𝑞 equilibrium water content in
ionomer

−

𝜆 water content in ionomer phase −
E mean (expectation) value −
V variance −
RH relative humidity −
𝜙𝑒 electronic potential V
𝜙𝑝 protonic potential V
𝜌𝑚 density of dry membrane kg m−3

𝜌𝑤 density of water kg m−3

𝜎eff𝑒 effective electron conductivity S m−1

𝜎eff𝑝 effective proton conductivity S m−1

𝜏𝑝 pore tortuosity −
𝜀cat𝑎∕𝑐 catalyst volume fraction −
𝜀𝑚 ionomer volume fraction −
𝜀𝑝 pore volume fraction −
𝜉 EOD coefficient −
𝑎cat𝑎∕𝑐 volume-specific surface area of

anode or cathode catalyst layer
m−1

𝑎𝑎∕𝑐 charge transfer coefficient −
𝑑cat𝑎∕𝑐 catalyst particle diameter at the

anode or cathode
m

𝑓𝑣 water volume fraction in the
ionomer phase

−

𝑖0 exchange current density A m−2

𝑖ref0,𝑎∕𝑐 anodic or cathodic reference
exchange current density

A m−2

𝑖0,𝑎∕𝑐 anodic or cathodic exchange
current density

A m−2

𝑘ref𝑎 reference sorption coefficient m s−1

𝑘ref𝑑 reference desorption coefficient m s−1

𝑘𝑎∕𝑑 sorption/desorption mass-transfer
coefficient

m s−1

𝑙𝛺𝑖
layer thickness m

𝑛s coverage factor −
𝑠 liquid water saturation −
𝑥𝑘 molar fraction of the 𝑘th gas species −
15
Fig. A.2. Schematic overview of local electron- and proton-potential distribution within
the computational domain.

Fig. A.3. Black box model for UQ and SA in PEMEC.
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Fig. A.4. Classification of methods for UQ and SA.
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Fig. A.5. Comparison of the through-plane potential profiles, water-content distribution, and 𝜎eff
𝑝 -distribution, resulting from the different EOD-coefficient models, as proposed

by Springer et al. [46] vs. Zawodzinski et al. [47], at different current densities.
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Fig. A.6. UQ and SA of the polarization behavior at 80 ◦C for 𝑖ref0,𝑎 = 10−7 Acm−2 and 𝑖ref0,𝑐 = 10−5 Acm−2 by means of the 1D PEMEC model, while assuming the layer thicknesses
as random variables.
A.2. Supporting figures

See Figs. A.1–A.6.
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