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Abstract: With increasing interest in clean energy generation in the transportation sector, increasing
attention has been given to polymer-electrolyte-membrane fuel cells as viable power sources. One issue,
the widespread application of this technology faces, is the insufficient knowledge regarding the transient
behaviour of fuel cells, for instance, following a short-circuit event. In this paper, an agglomerate
model is presented and validated, which enables the transient simulation of short-circuit events to
predict the resulting peak current and discharge of the double layer capacity. The model allows for
the incorporation of detailed morphological and compositional information regarding all fuel cell
components. This information is used to calculate the reaction rate, diffusional and convectional species
transfer, and the momentum transport. It can be shown that the charge in the double layer capacitance
of the fuel cell is key to predicting the peak current and its charge is dependent on the operating
conditions of the fuel cell. Further, the effects of the magnitude of the double layer capacity, current rise
time and stoichiometry on the dynamic behaviour of the fuel cell are investigated. It can be shown that
the discharge of the double layer capacity proceeds from the membrane through the catalyst layer to
the gas diffusion layer and that the stoichiometry of the gas supply does not significantly change the
absolute peak value of the short-circuit current.

Keywords: agglomerate model; short-circuit; pemfc; transient behaviour

1. Introduction

In an effort to reduce the emissions of climate gasses, all sectors of the energy system are incorporating
larger fractions of renewable energies. For the electric grid in particular, the intermittent nature of the
energy supply is a challenge, as larger fluctuations need to be buffered by storage systems. Especially
for large scale and long-term storage hydrogen in combination with polymer-electrolyte-membrane
fuel cells (PEMFC) and electrolysis is considered to be a viable path. This system also shows potential
in long distance mobility applications such as aircraft [1–3], ships [4], long haul trucks and trains.
In these applications, purely battery electric systems would be too heavy, therefore, a coupling with
PEMFCs to extend the range is a promising approach. In order to omit additional storage devices (1),
layout protection devices (2), and to improve the design as well as the control algorithms of connected
DC/DC-converters (3), the dynamic behaviour of the PEMFC needs to be known. All of this could
help to reduce the cost of such a PEMFC powered system.

(1) Storage devices, such as super-capacitors or batteries, are usually connected in parallel to fuel cell
systems via DC/DC-converters in order to stabilise the grid voltage during load changes [5–7]. Exact
knowledge of the transient currents provided by PEMFCs could lead to a reduction of the required
storage capacity. A lower storage capacity reduces the nominal power of the DC/DC-converter.
Weight and costs of the additional storage device and its components are reduced.
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(2) Grumm et al. [8] state that a short-circuited PEMFC cannot trip current-based protection devices
such as fuses or circuit breakers and, therefore, introduce a new primary protection device. One
aim of the following studies is to provide insight as to whether PEMFC current is sufficient for
melting fuses or triggering the magnetic release of circuit breakers in the event of a short-circuit
(SC). This potentially shortens the development time of new PEMFC systems and increases
reliability, since state of the art protection devices can be used.

(3) DC/DC-converters have input filters that protect the converter from source transient currents and
reduce the ripple of the source current [9]. The combination of the filter and source impedance forms
the converter’s input-source impedance. This input-source impedance affects the performance
(stability and efficiency) of DC/DC-converters. An incorrect filter design, which is caused by
unknown dynamic behaviour of the PEMFC, leads to instabilities and increases the power losses.

Modelling of the transient behaviour of PEMFC in conjunction with experimental work can
provide an understanding of the different processes within the PEMFC and thereby allow an optimised
system design. The dynamic behaviour of PEMFCs can be separated into different processes, each
with their own time constants. The quickest of these processes is the charging and discharging of the
double layer (DL) capacitance, followed by the diffusive and convective transport of the reactants
and products. Slower still is the thermal behaviour, which will be neglected in the presented work.
Lastly, membrane hydration is influenced by the operating regime of the fuel cell. Proper hydration or
dehydration of the membrane, as well as the overall thermal behaviour of the cell occurs slowly when
compared to the other processes mentioned.

Different investigations into the dynamic behaviour of PEMFCs have been conducted. The experimental
investigations in [10] show influences of the stoichiometry on the dynamic behaviour of load changes
over several seconds. Further investigations focus on the over- and undershoot behaviour of the cell
voltage for different transients in the operational voltage band of the fuel cell [10–12]. So far, modelling
efforts were mostly restricted to one-dimensional (1D)-simulations or equivalent circuits [13–15].
Shen et al. [16] formulated a three-dimensional (3D) model; however, this model was solely focused on
the transport of water droplets in the flow channels of the cathode compartment and largely neglected
the electrochemical behaviour of the other components of the PEMFC.

In this work, a numerical model for PEMFC behaviour is developed, using aspects of models
found in the literature [17–19], implemented in Comsol Multiphysics R© and adapted to experimental
data already published in [14] (Section 3). Two parameters are varied to obtain the closest possible
fit between the experimentally measured polarisation curve of the cell and the simulation result
(Section 4.1). The model is applied next to analyse SC behaviour as one example of a highly dynamic
process (Section 4.2). This is a first step in the development of a model to simulate the behaviour
of electrically controllable PEMFCs with integrated electric field modifier electrodes, as proposed
in [20–22].

2. Experimental Work

The simulations that are presented in this paper rely on experimental data published earlier by the
authors in [14]. All experiments were conducted using a single fuel cell with an active area of 25 cm2.
The membrane electrode assembly (MEA) was composed of a membrane (NafionTM 212 [23]) and two
carbon cloth electrodes (QuinTech EC-10-05-7CT [24]) with a catalyst loading of 0.5 mg cm−2 platinum for
the anode and cathode. The MEA was manufactured by hot pressing the electrode–membrane–electrode
configuration at 130 ◦C with a pressure of 400 N cm−2 for 3 min.

A qCF25 quickCONNECTfixture from balticFuelCells GmbH was used as the housing for the MEA in
all experiments. To ensure a homogenous distribution of the reactant gasses, the housing uses serpentine
flow fields with five parallel channels and four twists, as shown in Figure 1. Further, the operating
temperature is controlled via a temperature controlled water circuit, and the used operating conditions
are listed in Table 1.
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Figure 1. Cathode flow field of the qCF25 quickCONNECTfixture with geometric dimensions. The simplified
representation of the flow field, which will be used in the simulation, is highlighted in red.

Table 1. Operating conditions as used in the experiments described in [14].

Property Variable Value Unit

Cell temperature T 80 ◦C
Anode flow V̇an 1.5 NL/min
Cathode flow V̇c 3.0 NL/min
Anode humidity ϕan 93 %
Cathode humidity ϕc 70 %

In Figure 2, the general experimental setup for the SC tests is shown. Parallel to the electrical load
a relay was installed, which can be controlled by a microcontroller changing the state of the MOSFET
SB. Due to the relay’s contact resistance, there was a residual current IL flowing through RL.

Figure 2. Experimental setup for external short-circuit (SC) tests [14].

Figure 3 shows the overall experimental sequence for the experiments conducted in [14].
After manufacturing the cell, a so-called cell break-in over a time period of about 48 h was carried
out, which enabled the cell to reach steady-state conditions. A polarisation curve of the cell was
obtained using galvanostatic operation mode. Each operating point was held for 15 min to reach
steady-state conditions and the cell voltage was measured for another 2 min. Finally, external SC tests
were conducted. Three different operating points were chosen by substituting the external electrical
resistance RL in the setup and SC capability of the fuel cell was analysed for each of these operating
points. To externally short-circuit the fuel cell, the relay was closed for an interval of 0.8 s and, as a
result, current flow through the external electrical resistance RL dropped to almost zero. After SC
voltage and current had been measured, the relay was closed and a new operating point was set.

Detailed information about the used test equipment, the test procedure as well as an overview
of the relevant parts of the experimental setup in Figure 2 and the measurement instruments can be
found in [14].
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(a) (b)

Figure 3. (a) Experimental sequence for the polarisation curve measurement and (b) for the external
SC tests conducted in [14]. The SC tests were done after the polarisation measurements.

3. Model Formulation

The representative simulation domain that is indicated in Figure 1 is built in the simulation
environment and is shown in Figure 4. It only shows one of the five flow channels which is assumed to
be representative of the entire cell. Therefore, differences in the flow through the channels, for example,
caused by droplets blocking one of the channels at high humidity are neglected. Additionally, the
mixing effect of the collector channels recombining the flow of all five channels after each crossing of
the active cell is not taken into account.

At the “Inlet” boundary a medium flow rate is applied according to the volume flux setting for the
cathode channel in [14] given in Table 1. Under the assumption of a constant operating temperature
and a pressure drop of 2.93 kPa over the domain (determined with a preliminary flow simulation), the
mass fractions at the “Inlet” are calculated with the relative humidity at the cathode ϕc from [14] and
the volumetric oxygen content of air εO2 air in Equations (1) and (2). At the operating temperature, the
water vapour pressure ps H2O(T) can be calculated with the Antoine equation [25].

xH2O In =
ϕc ps H2O(T)

pIn
(1)

The molar fraction of oxygen in the inlet gas stream is:

xO2 In = εO2 air
(
1− xH2O In

)
, (2)

with a volumetric oxygen content of εO2 air = 21 %. Further, the volume flux under standard conditions
is given in [14]. Therefore, the real volume flux defined at the “Inlet” boundary is:

V̇In = V̇0
p0T

pInT0
. (3)

For both species and momentum transport an outlet condition without any additional back pressure
is defined at the “Outlet” boundary, as the reference pressure for the entire model is ambient pressure.
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Figure 4. Reduced three-dimensional (3D)-geometry of the complete active cell area (see Figure 1), with
five segments consisting of flow channel, gas diffusion layer (GDL), catalyst layer (CL) and membrane,
connected by the collector channels.

To further reduce the computational effort, the segments of the simulated domain crossing the
active cell area are assumed to be symmetrical, hence, only one half of these is simulated, as shown in
Figure 5a. In Figure 5b, a cross-sectional view of the highlighted area of the cathode compartment is
shown. Since the cathode flow field consists of five parallel channels, the assumption is made that only
one tenth of the total volume flux V̇In flows through the modelled domain of half a flow channel.

At the boundary indicated “Anode” an electrode surface is defined with a thermodynamic
equilibrium condition and an electrical voltage of 0.0 V. Further, on this surface a constant relative
humidity of 93 % is prescribed in accordance with the settings from [14]. The anode side of the fuel cell
usually exhibits significantly faster reaction rates than the cathode side, as the diffusion of the much
smaller hydrogen molecule is faster. Therefore, the anode side of the fuel cell is only modelled in this
reduced way in order to reduce the necessary computational effort.

Anode and cathode of the modelled fuel cell are connected via an idealised electrical circuit with
the resistance RL, which is modelled according to Ohm’s law. Depending on the scenario, the resistance
in the circuit is either dropped incrementally (polarisation curve simulation), or drops continuously
from the value of the load resistance to the SC resistance (transient simulation).

Table A2 lists the measurements of the domain shown in Figure 5a.
All of the gradients of the dependent variables are set to zero at the side faces of the domain,

indicated with “Symmetry” in Figure 5a, since these faces are either in the middle of the flow channel,
or in the middle of the land.

The model that is presented in this section is focused on the catalyst layer (CL) of the cathode of a
PEMFC, as this is the region in which the rate determining reaction, the oxygen reduction reaction
(ORR) (Equation (4)), occurs.

4H+ + 4e− + O2 → 2H2O (4)

Within the CL, catalyst particles (Platinum) are supported on microporous carbon (e.g., Carbon
Black XC-72), as shown in Figure 6. These particles are bound by the electrolyte (NafionTM 212) and
they form agglomerates. Oxygen diffuses, as indicated, into the agglomerate and to the reactive sites,
where the ORR proceeds. The catalyst particles enable the reaction to proceed at moderated conditions,
while the microporous carbon provides a large surface area, electric conductivity for the electrons
and porosity for the gas diffusion. A less complicated system is required to simplify the modelling of
the oxygen diffusion and reaction in the agglomerate. In the model, the agglomerate is viewed as an
idealised sphere of support and catalyst with the radius ragg, coated by a thin film, δf, of the electrolyte.
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The diffusion in the agglomerate is only considered through this thin film, and the reaction is assumed
to occur on the entire surface of the agglomerate.

(a) (b)

Figure 5. (a) Representation of the simulated domain. Boundaries are indicated, the highlighted area is
shown in detail in (b) Schematic representation of the different layers on the cathode side of a PEMFC.

Figure 6. Agglomerate model visualisation showing the catalyst particles supported on the carbon
support and an agglomerate of several carbon particles bound by the electrolyte. This agglomerate is
represented by the simplified agglomerate model.

The modelling equations that are presented in the following are separated according to the
different physical phenomena occurring within the fuel cell and the specific assumptions of the
agglomerate model. In a simplified flow chart, Figure 7 shows how the model is solved in every
element of the domain. This process is repeated for each defined load resistance and time step,
depending on the simulation case, polarisation curve, or transient simulation, respectively. The results
are used as the initial condition for the next load or time step. All material, geometry, model, and
operating parameters can also be found in the appendix in Tables A1–A3.
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Figure 7. Exemplary solution process for the model.

3.1. Agglomerate Model

The agglomerate model postulates that the CL is made up of a packing of idealised agglomerate
spheres. As proposed by Cetinbas et al. [17], the particles are assumed to be in a rhombohedral packing.
The overlapping of the particles can occur if the porosity of the CL is below the critical porosity of
25.95 % [17]. To accurately calculate the specific surface area aagg (Equation (5)) of the CL, the surface
that is covered by the overlapping of particles has to be subtracted from the idealised surface area of
the packing.

aagg =
π

ψrhdagg (1− f )2

(
1− τrh f

2

)
(5)

ψrh is the rhombohedral packing factor giving the ratio of volume occupied by the agglomerate to
the unit volume. For a rhombohedral packing it is defined as 1/

√
2. Further, τrh is the number

of contact points for each particle, which in a rhombohedral packing amounts to twelve points.
The agglomerate diameter dagg can be calculated for the idealised agglomerate as shown in Figure 6
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with dagg = 2(ragg + δf). The overlapping factor f is calculated as the first root of a third order
polynomial that was developed by Cetinbas et al. [17]:

0 =

(
τrhπ

24ψrh
(
1− εp

) + 1

)
f 3 − 3

(
τrhπ

24ψrh
(
1− εp

) + 1

)
f 2 + 3 f +

(
π

6ψrh
(
1− εp

) − 1

)
. (6)

The porosity εp of the CL can be calculated based on the volume fractions of all other components,
platinum, carbon support, and electrolyte in the CL.

εp = 1− εPt − εC − εl (7)

εPt = mPt/(zCLρPt) (8)

εC = mPt(1− PtC)/(zCLρCPtC) (9)

εl = mPtPtE/ [zCLρlPtC(1− PtE)] (10)

PtC is the platinum to carbon mass ratio for the catalyst ink used in the production of the fuel cell,
PtE is the respective ratio for the electrolyte. Table 2 lists all of the material properties and composition
information.

Table 2. Material properties and composition information of the CL.

Property Variable Value Unit Reference

Platinum density ρPt 21,450 kg m−3 [26]
carbon density ρC 1800 kg m−3 [27]
Electrolyte density ρl 1968.5 kg m−3 [23]
Platinum to carbon ratio PtC 10 % [24]
Platinum to electrolyte ratio PtE 10–30 % estimation
Agglomerate radius ragg 1 µm [19]
Film thickness δf 80 nm [19]

Based on the presented data and equations, an accurate estimation of the active specific surface
area of the CL can be given. The volumetric current density of the modelled cathode CL is dependent
on two processes that occur in succession within the CL: diffusion of the oxygen to the catalyst and the
ORR at the catalyst. The following equations will show how the rate determining step of the reaction
changes from the surface reaction to the diffusion of the oxygen to the reactive sites.

Cetinbas et al. [17] derived an equation for calculating the current density j for the CL from
the current generation of a single agglomerate, which becomes the volumetric current i through
multiplication with the specific surface area aagg.

j = −nF
DO2 l(cf − cs)

δf

ragg

ragg + δf
(11)

This describes the diffusion process of oxygen through the film surrounding the agglomerate to
the outer surface of the agglomerate. DO2 l is the respective diffusion coefficient for oxygen diffusion
through the electrolyte, cf = pO2 /H is the concentration of oxygen at the outer surface of the film.
This is calculated based on the partial pressure of oxygen and the respective Henry’s constant. The
consumption of oxygen due to the reaction has to be taken into account in order to calculate the
concentration at the agglomerate surface cs (Equation (12)).

cs = cf/
[

1 +
Deff
DO2 l

δf
ragg + δf

(coth(Th)Th− 1)
]

(12)
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With the Bruggemann approximation (Equation (13)), an effective diffusivity is calculated for the
diffusion of oxygen within the agglomerate.

Deff = DO2 lε
1.5
agg (13)

The volume fraction of the electrolyte in the agglomerate εagg is defined as:

εagg = 1− εPt + εC

4/3bπ2r3
agg

. (14)

Here, b represents the number of agglomerates that fit into a unit volume of the CL:

b =
1− εp

4/3π(ragg + δf)3 . (15)

Further, the Thiele modulus is defined as a dimensionless ratio between surface reaction rate and
diffusion through the agglomerate:

Th = ragg
√

kc/Deff : (16)

To account for the surface reaction, the reaction constant of the cathodic reaction kc is used, as
defined in [18].

kc =
aPt j0

nF
(
1− εp

)
cO2 0

exp
(
−αcFηc

RT

)
(17)

Here, aPt represents the catalytically active platinum surface per unit volume of the CL, which is
defined as a function of the platinum loading, the platinum to carbon ratio, and the thickness of the
CL, as found by Marr et al. [28]:

aPt =
(

2.2779PtC3 − 1.5857PtC2 − 2.0153PtC + 1.5950
)

105 mPt

zCL
. (18)

Further, the reference current density j0 and the cathodic charge transfer coefficient αc are defined
as quasi piecewise functions. The transition occurs, depending on the local cathodic voltage, which
again is defined as the difference of the local electric and electrolyte potentials Uc = Φs −Φl and is
stretched over 0.1 V with continuous first derivatives.

j0 =

 exp
(
(ln(pO2 /p0)− 7.89

)
exp

(
−∆Hh

R (1/T − 1/323 K)
)

Uc > 0.85 V

exp
(
(ln(pO2 /p0)− 5.64

)
exp

(
−∆Hl

R (1/T − 1/323 K)
)

Uc ≤ 0.85 V
(19)

∆Hh =−76.5 kJ mol−1 and ∆Hl =−27.7 kJ mol−1 refer to the activation energies that are required
for the ORR in the high (index h) and low (index l) voltage regime, respectively. These, as well as the
parameters, have been found by Sun et al. [19].

αc =

{
0.495 + 0.0023(T/K− 300) Uc > 0.85 V
0.5 Uc ≤ 0.85 V

(20)

The local overpotential is defined as the difference between the local cathodic voltage and the
equilibrium potential ηc = Uc − Φeq. Using the Nernst equation, the equilibrium potential can be
calculated as a function of temperature and the local partial pressures of the respective species participating
in the reaction with:

Φeq = −
2∆G0 H2O − (T − T0)

(
2∆S0 H2O − ∆S0 O2

)
nF

− RT
nF

ln

[(
pH2O/p0

)2

pO2 /p0

]
. (21)
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For gaseous water, the standard Gibbs free energy of formation ∆G0 H2O is −228.57kJmol−1, and the
standard entropies of gaseous water and oxygen are 188.83 Jmol−1 K−1 and 205.14 Jmol−1 K−1, respectively [29].
The index 0 refers to standard thermodynamic conditions (T = 298.15K, p = 1.01325× 105 Pa).

The volumetric current that results from the product of Equations (5) and (11) is used as a current
source in the secondary current distribution within the CL, as described in the next section.

3.2. Secondary Current Distribution

The secondary current distribution describes the transport of the charged species electrons and
protons through the membrane, GDL and CL respectively. In both cases, the transport of the charged
species occurs through a difference in potential, for electrons the electric and for protons the electrolyte
potential. The resulting transport equations are:

is = −∇ (σs eff∇Φs) , (22)

il = −∇ (σl eff∇Φl) , (23)

with i being the respective source or drain, σ the conductivity and Φ the potential. Within the GDL, the
electric conductivity is modelled as a constant value, taken from the datasheet of the used GDL [24].
Within the CL, the electric conductivity is based on [30], where a linear correlation between electric
conductivity and the volume fraction of carbon εC for the used Carbon Black XC-72 was found.
The correlation between compacting pressure and electrical conductivity found in [31] is used to
extend the data range for the electrical conductivity. Based on the data for a compaction pressure of
400 N cm−2, a maximum value of the electrical conductivity of 400 S m−1 is defined. The electrolytic
conductivity in the CL is approximated with the Bruggemann relation.

σl eff = σlε
1.5
l (24)

Springer et al. [32] found a dependence of the electrolyte conductivity on both the temperature
and water content within the electrolyte phase:

σl = (0.5139λ− 0.326) exp(1268(1/303− 1 K/T)). (25)

The water content inside the electrolyte phase depends on the relative humidity ϕ of the surrounding
gas with the relation:

λ = 0.3 + 10.8ϕ− 16ϕ2 + 14.1ϕ3 (26)

To estimate the water content within the membrane, as proposed in [33], a linear humidity
distribution is assumed based on the respective edges of the membrane domain.

Cathode and anode both also feature a DL capacity, which is dependent on the respective specific
surface area of the agglomerate. The capacity has no influence on the stationary polarisation curve
simulations, however, for the transient simulations, the volumetric current source of the DL capacity is:

idl = Cdlaagg
∂ (Φs −Φl)

∂t
. (27)

Cdl represents the area specific capacitance of the DL. In the presented work, the complete capacitive
behaviour is attributed to the DL capacity of the cathode CL, as the anode side of the fuel cell is not
included in the model.

3.3. Transport of Concentrated Species

In the cathode compartment of the fuel cell oxygen (O2), nitrogen (N2) and water vapour (H2O)
are distributed via diffusion and convective transport. The resulting equation that describes the
transport of the species i is:
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ρm (~u · ∇)ωi −∇ρmωi ∑
k

Dik eff~dk = Qi, (28)

with the ideal gas density of the mixture ρm, the velocity field ~u, the mass fraction of species i ωi, the
effective binary diffusion coefficient Dik eff, and the vector of the diffusional driving force ~dk. Qi is the
source term for the species due to the ORR, which is zero everywhere except for the CL. Within the
CL, the respective source terms depend on the stoichiometry of the reaction (Equation (4)) and the
volumetric fuel cell current, which was explained in detail in Section 3.1. For oxygen, this results in:

QO2 =
−i
nF

, (29)

with the volumetric current i and Faraday’s constant F. The number of electrons participating in the
ORR is n = 4, as can be seen in Equation (4). Due to the electro-osmotic drag, water molecules are
pulled through the membrane along with the protons reacting in the ORR. Therefore, an additional
drag coefficient αOD is defined as a function of the cathodic overpotential for determining the source
term for water.

αOD =


2.0 |ηc| < 0.25 V
92 |ηc|2 − 63.04 |ηc|+ 11.4 0.25 V ≤ |ηc| ≤ 0.35 V
0.6 |ηc| > 0.35 V

(30)

With the additional drag coefficient, the source term for water amounts to:

QH2O =
i (2 + αOD)

nF
. (31)

The density of the gas mixture ρm is calculated by the rule of mixture for a property P, which is
generally defined as:

P = ∑
i

xiPi, (32)

with xi = ωi/Mi Mm and Mm = (∑i ωi/Mi)
−1. The first term of Equation (28) describes the convective

transport of species i, the calculation of the velocity field is presented in Section 3.4.
Distribution of the species by diffusion, which is the second term in Equation (28), is calculated as

Maxwell–Stefan diffusion. The respective binary diffusion coefficients for the Maxwell–Stefan type
diffusion are calculated with:

Dik = kdT1.75/(p(v1/3
i + v1/3

k )2)
√

1/Mi + 1/Mk. (33)

Here, kd is the empirical Maxwell–Stefan diffusivity expression prefactor, T is the absolute
temperature, p the pressure and vi and vk the respective diffusion volumes from the Fuller–Schettler-
Giddings relation [34], the respective parameters can be found in Table A1. The driving force of the
diffusion can be computed with:

~dk = ∇xk +
∇p

p
(xk −ωk) . (34)

Because the modelled domain is a porous medium with only a partial porosity in which diffusion
can occur, the real diffusion pathways are elongated due to the blocking by the solid phase. This is
accounted for with the Bruggeman approximation giving the effective diffusivity in the porous
medium, as:

Dik eff = Dikε1.5
p . (35)
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3.4. Momentum Transport

The equations presented in this section describe the pressure distribution and flow velocities of
the gaseous phase in the porous regions of the modelled domain. With the assumption of low fluid
velocities resulting in a laminar flow, the momentum transport can be described by Darcy’s law:

∇
(
−ρm

κ

µm
∇p
)
= Qm. (36)

In the GDL, the permeability κ is defined as a fixed value according to the value that is found in
the datasheet [24]. In the CL, the permeability is defined as:

κ =
d2

aggε3
p

180
(
1− εp

)2 . (37)

The dynamic viscosity µm of the fluid is calculated with the rule of mixture (Equation (32)) and
the properties of the species from a polynomial approximation [34].

µ = C1 + C2T + C3T2 + C4T3 + C5T4 (38)

C1−5 are coefficients that can be found in Table 3.

Table 3. Coefficients for the approximation of the dynamic viscosity of the ideal gasses [34].

C1 C2 C3 C4 C5

N2 −0.0102× 10−5 0.747 85× 10−7 −0.590 37× 10−10 0.032 30× 10−12 −0.006 73× 10−15

O2 −0.102 57× 10−5 0.926 25× 10−7 −0.806 57× 10−10 0.051 13× 10−12 −0.012 95× 10−15

H2O 0.649 66× 10−5 −0.151 02× 10−7 1.159 35× 10−10 −0.100 80× 10−12 0.031× 10−15

Based on the source terms for the species concentrations defined in Section 3.3, a mass source Qm

is implemented in the CL domain.
Qm = ∑

i
Qi Mi (39)

4. Results

In the following sections, the results of the stationary and transient simulations are presented,
analysed, and compared to the experimental results from the polarisation curve and SC experiments.
In the first section, the correct parameters to model the steady state behaviour of the fuel cell are
determined. To this end, the CL thickness zCL and the platinum to electrolyte ratio PtE have been
identified as fitting variables, since neither is given in the datasheets of the used components. With the
combination of parameters, which allow for the closest replication of the experimental results in steady
state, transient simulations are carried out in order to investigate the SC behaviour of the fuel cell.

4.1. Polarisation Curve

The available combinations resulting in realistic CL compositions need to be identified in order to find
the respective parameters for zCL and PtE. This is done based on the set of porosity Equations (7)–(10).
Starting with the median value of 20 % for PtE, the possible CL thickness is narrowed down to 33−40 µm,
smaller values of zCL result in a negative porosity. Figure 8 displays the resulting polarisation curves
and measurements.
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Figure 8. Polarisation curves for the parameter variation of zCL = 33–40 µm with a constant median
value for PtE =20%.

The closest agreement between simulation and experimental data is achieved with a CL thickness
of between 34 and 36 µm depending on the current density. In the activation regime, with current
densities that are below 0.1 A cm−2, the model predicts a higher voltage than the measurements show
for all parameters. This will be neglected in further investigations, as the experiments and simulations
of transient behaviour focus on the operation of the cell in the lower voltage band. While all of the
parameters yield reasonably accurate results up to a current density of around 0.6 A cm−2, the drop-off
due to the mass transport limitations is steeper in the measurements. Only the simulation with
the smallest CL thickness captures this behaviour, but underestimates the cell voltage in the other
regions. The porosity of the CL increases in the parameter variation with increasing zCL, which, in turn,
increases the permeability of the CL (Equation (37)). Therefore, the mass transfer limitation of the high
current regime is underestimated in these simulations. A second parameter variation for PtE is carried
out with a CL thickness of 36 µm in order to evaluate the possibility of a closer fit, the results of which
are shown in Figure 9.

With the combination of zCL = 36 µm and PtE = 26 or 27 %, a close fit is obtained in the stationary
simulations of the polarisation curve. As the measured result looks to be in between these two parameters,
the transient simulations in the next section will be using zCL = 36 µm and PtE = 26.5 %. When compared
to the parameters used in [17], the PtE is right around the middle of the usual range for this parameter.
However, the CL thickness is slightly larger than comparative values from [17], where this parameter
reaches at maximum 30 µm. Because the catalyst loading mPt was slightly higher in the present work
(0.5 compared to 0.325 mg cm−2), this still seems to be an acceptable parameter combination.

Figure 10 shows the respective polarisation and power curve, which is used to identify the maximum
power point (MPP) of the cell. Based on the current at the MPP, a stoichiometric volume flux for the
cathode supply with a stoichiometry of 2.5 is calculated. In the next section, the transient response of
the cell to a SC is also simulated with a stoichiometric supply, in order to investigate the difference in
behaviour, as the experiments in [14] used a large excess stoichiometry.
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Figure 9. Polarisation curves for the parameter variation of the platinum to electrolyte ratio PtE = 21−
28 % for zCL = 36 µm.
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Figure 10. Polarisation (solid) and power density (dashed) curves for the cell with zCL = 36 µm and
PtE = 26.5 % under the experimental flow conditions (grey) and stoichiometric flow conditions (blue).

Figure 10 shows the maximum of the power density curve, which marks the nominal operating
point, at a current density of 0.55 A cm−2. With this operating point, the stoichiometric volume flux for
the cathode can be calculated as:

V̇st =
IMPP

nF
RT0

p0εO2 air
= 0.2495 NL/min. (40)

The stoichiometry of the measurement is in excess of 12, which resembles unrealistic operating
conditions. In a real application, the stoichiometry of the cathode is chosen between 2.0–2.5. To investigate
the behaviour under these more realistic flow conditions the boundary condition at the “Inlet” is updated
to a volume flux with the stoichiometry of 2.5.

The blue curves presented in Figure 10 clearly show the signifiant influence of the stoichiometry
on the polarisation and power curve of the cell. While the qualitative behaviour stays broadly similar
in both cases, with the reduced but more realistic stoichiometry of 2.5 the cell only achieves about half
of the previous maximum current and power density. This is caused by an earlier onset of the oxygen
starvation occurring in the cell as shown in Figure 11. In both cases, it is clearly visible that the oxygen
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concentration is higher below the flow channels than below the land. In the simulation representing
the experimental conditions (Figure 11a), this characteristic can be seen throughout the entire active
cell area, whereas, under stoichiometric conditions (Figure 11b), the oxygen concentration is below
0.01 mol m−3 in the entire CL after half the length of the flow field. Under these operating conditions
the active cell area is not fully utilised, leading to inhibited cell performance.

(a) (b)

Figure 11. Molar concentration of oxygen at the agglomerate surface cS in mol m−3 at 5 mΩ, active cell
area at the CL/GDL interface (a) with the cathode supply in accordance to the experimental conditions
and (b) with a stoichiometry of 2.5 according to the MPP.

4.2. Short-Circuit

In this section, the transient behaviour of the fuel cell is analysed with the help of the simulation
model. Different parameters for DL capacity, current rise time, and the stoichiometry are simulated
in order to determine the respective influence on the transient behaviour. Figure 12 shows the
measurements of current and voltage in the cell for three different operating points during the switching
of the relay, which is taken here to represent a SC event.

Grumm et al. [14] showed that the magnitude of the peak current delivered by the fuel cell is
dependent on the stationary load prior to the SC event. In all three cases (Figure 12a), an initial peak in
the current at t = 0 ms can be observed, after which a second peak follows starting at around 0.6 ms.
These two peaks can be interpreted as bumping, which occurs when the relay is closing. From 0.8 ms,
the relay is finally closed and the maximum current values are reached at around 1.2 ms, which results
in a current rise time of 0.4 ms. This value is used in the transient simulations, where the load resistance
is defined as function of time yielding:

RL =

{
Rload t < 0.8 ms
RSC t > 1.2 ms

(41)

In the time between 0.8 and 1.2 ms, the value is calculated with a linear interpolation.
In accordance with the experimental work that is shown in [14], three different load resistances,
0.05, 0.1, and 0.2 Ω, were chosen for the stationary operation. Further, the residual resistance under SC
conditions is 5 mΩ, as in [14]. Figure 13 shows the simulation results for cell current and voltage using
the a DL capacity of Cdl = 24.234 F m−2, which is equivalent to a total capacity for the entire cell of
1.5 F, taken from [14].
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Figure 12. Current (solid) and voltage (dashed) measurements [14] for all load variations (0.05 Ω
(black), 0.1 Ω (red) and 0.2 Ω (red)) in the experiment (a) during the switching of the relay and (b) until
50 ms.
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Figure 13. Current (solid) and voltage (dashed) for all load variations (0.05 Ω (black), 0.1 Ω (red) and
0.2 Ω (red)) in the simulation (a) during the switching of the relay and (b) until 50 ms.

In accordance with the experiment, the higher the cell current during stationary operation, the
smaller the current peak at the SC. Because the DL capacity was not changed in all three simulations,
this shows that the magnitude of the DL capacity in the PEMFC, as modelled in this paper, is dependent
on the respective morphology and composition of the CL rather than the operating conditions.
The charge in the DL is continually built up and consumed by the processes within the fuel cell.
At high current density, due to a more voracious consumption of charge carriers, the charge that is
stored in the DL at any given point in time is smaller than at low current density, which results in the
observed difference in the peak current. Figure 13b shows the cell currents for all three simulations for
a longer time period. Especially for the simulations with 0.1 and 0.2 Ω, a bump can be observed in the
curve from around 5 to 15 ms. This bump presented in Figure 13b does not have an equivalent in the
measurements as shown in Figure 12b. A closer investigation of the two components contributing to
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the current behaviour in the simulation is necessary. The cell current being the sum of all sources, as
defined in Equation (22), consists of the current due to the ORR, which is the product of Equations (11)
and (5) and the DL discharge current (Equation (27)). These contributions and the measurement of the
total current are presented in Figure 14a for the stationary load of 0.1 Ω.
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Figure 14. (a) Current contributions from the simulation (solid) and the measurement (dashed) of the
total current for a stationary load of 0.1 Ω prior to the SC. (b) Average oxygen concentration at the
centre of an agglomerate in the CL from the simulation with 0.1 Ω stationary load prior to the SC at
different locations in the CL.

Figure 14a shows that the bump in the total current of the simulation is caused by a fast increase
in the current generation due to the ORR in the agglomerate (IORR). The slight overshoot can be
explained by the faster consumption of oxygen inside the CL as compared to the diffusion of oxygen
into the CL. Figure 14b shows the decrease over time of the average oxygen concentration in the entire
CL, as well as the average concentration at different positions in the CL. Once these concentrations are
close to the stationary value under SC conditions at around 20−30 ms, the behaviour of the current
drop (Figure 14a) resumes the typical discharge characteristic for a capacitance. This behaviour could
be caused by the relatively high CL thickness (as discussed in Section 4.1) resulting in a large oxygen
mass inside the CL. A thinner CL would have less oxygen stored within, resulting in a less pronounced
bump as a result of the increased current generation from the reaction. In reality, the stationary state
of the ORR might be further delayed due to the formation of water droplets in the diffusion path of
oxygen slowing the respective transport. These effects were not considered in the presented model.
Combined with the discharge current from the DL capacity, which causes a higher peak current than
that observed in the measurement, this causes the bump in the curve of the total current. Further,
the measurement has not reached the steady state condition at the end of the displayed time range.
This could be due to a slower discharge of the DL capacity when compared to the simulation, since the
transition resistance from the GDL to the flow field and the electrical resistance of the flow field itself
are not taken into account in the simulation.

Further, as evidenced by Figure 15a, the discharge of the DL proceeds from the membrane
through the CL toward the GDL. The largest current generation occurs directly at the interface between
membrane and CL. Respective peaks in the DL current generation further toward the GDL show a
reduced magnitude and are delayed compared to the current peak of the CL. This behaviour resembles
the current generation from the ORR, where the initial rise due to the changing load resistance is slower
in the direction of the GDL. While this results in an overshoot of the current generation at the interface
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between membrane and CL, the new stationary current shows that the ORR proceeds faster on the
GDL side of the CL, where a higher oxygen concentration is present (Figure 14b). Contrariwise, at low
current densities prior to the SC, the ORR proceeds faster at the membrane-CL interface, indicating that
the oxygen diffusion through the CL is not the rate limiting process under these conditions. Figure 15b
shows the electric and electrolyte potentials at three positions in the CL. While the electric potential
is equal at all positions due to the high electric conductivity of the CL, the much lower electrolytic
conductivity causes different electrolyte potentials across the CL.
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Figure 15. (a) Average DL current generation (idl, solid) and reaction current generation (iORR, dashed)
at three positions in the CL for a stationary load of 0.1 Ω prior to the SC. idl,CL/MEM is plotted on the
secondary y-axis, as the peak is more than one order of magnitude above the other contributions.
(b) Average electric (Φs, solid) and electrolyte potential (Φl, dashed) at three positions in the CL from
the simulation with 0.1 Ω stationary load prior to the SC at different positions.

According to Equation (27), the amplitude of the DL current depends on the capacity of the DL
(Cdl) and the gradients of the electrolyte and electric potentials, which, in turn, are influenced by the
current rise time. Larger and smaller values for the cell capacity (0.15 and 15 F) are investigated in
Figure 16.

For smaller DL capacities, the bump is reduced in size and it is shifted closer to the end of the
current rise time, as visualised in Figure 16a. The lower peak current and reduced discharge time for
the reduced capacity can be seen in Figure 16b. Further, a reduced DL capacity leads to an increase in
the overshoot of the reaction current and accelerates the respective dynamic.

In Figure 17, current and voltage for three different current rise times, 0.4, 4, and 40 ms, are presented.
Short current rise times result in a more rapid discharge of the DL capacity, which, in turn, results in a
higher peak current. Further, the bump in the current curve that can be observed for the two shorter
current rise times vanishes in the simulation with 40 ms current rise time. This can be attributed to
the overall slower dynamics of the process providing enough time for the ORR to consume the excess
oxygen in the CL.

For a more realistic estimation of the SC current of an actual fuel cell during operation the
boundary conditions at the “Inlet” boundary are updated to reflect stoichiometric operating conditions.
The resulting transient response for a stationary load resistance of 0.1 Ω is shown in Figure 18.

Figure 18a shows that the absolute peak current is not significantly reduced by the lower volume
flux under stoichiometric operating conditions. This indicates that the maximum peak current is
mostly dependent on the discharge of the DL capacity. With the stoichiometric operating conditions
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the bump due to the increasing reaction current is smaller than in the simulation under experimental
conditions. Figure 18b shows a significantly lower oxygen concentration in the CL prior to the SC as
compared to the simulation under experimental conditions. The resulting smaller overshoot results in
a reduced increase in the reaction current.
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Figure 16. (a) Current (solid) and voltage (dashed) in the transient simulation of the SC with a variation
in the DL capacity at a stationary load of 0.1 Ω prior to the SC. (b) Total (solid) and reaction current
(dashed) up to 50 ms for the different DL capacities.
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Figure 17. Current (solid) and voltage (dashed) in the transient simulation of the SC with a variation of
the current rise time at a stationary load of 0.1 Ω prior to the SC.
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Figure 18. (a) Current (solid) and voltage (dashed) from the simulation with the experimental and the
stoichiometric volume flux. (b) Average oxygen concentration at the centre of the agglomerate in the
CL from the simulation with 0.1 Ω stationary load prior to the SC at different positions.

5. Conclusions

In the presented work, an agglomerate model considering morphology and composition of the
CL to simulate a PEMFC has been implemented in Comsol Multiphysics R©. In the first step, the model
parameters are adapted in order to validate the accuracy of the model in stationary simulations of the
polarisation curve in Section 4.1. The model is then used to investigate the transient behaviour caused
by a SC of the cell, as one example of a highly dynamic load change. While the stationary polarisation
curve can be matched to the experimental results with high accuracy, the dynamic behaviour of the
model shows a slight deviation when compared to the experimental data in the time range from
5–15 ms.

For stationary simulations, the model allows for making predictions of the oxygen distribution
over the entire active cell area, thus showing the most active areas of the cell. Even at volume fluxes
with a stoichiometry in excess of 12, a significant difference between the beginning and end of the flow
field is visible (Figure 11). Another interesting point is the shift of the most active zone in the CL away
from the membrane and toward the GDL with increasing current (see Figure 15a). This shows how the
effect of oxygen transport becomes the rate limiting step only at high current densities.

Using the model several interesting characteristics of the dynamic processes following the SC
and the resulting peak current and voltage behaviour could be identified in Section 4. Quick current
rise times and high DL capacities both result in larger peak currents when compared to the respective
reference simulation. Further, the experimentally shown characteristic of increasing peak amplitudes
following reduced stationary loads prior to the SC was confirmed by the model. This effect is caused
by the partial charge of the DL capacity, depending on the current operating conditions of the cell.
The model also shows that the ORR kinetics adjust to the new stationary state dependent on the DL
capacity. This transition from one stationary operating point of the ORR to the next is quicker if the
capacity is small, in those cases an overshoot occurs. This is caused by the dampening effect of the DL
capacity on the transients of the electric potential within the CL. The slight inaccuracy in the transient
simulations is due to a relatively large CL thickness, which leads to a large oxygen capacity within
the CL. The quick consumption of this oxygen in the ORR following the SC leads to an overshoot in
the reaction current and causes the observed bump. The agglomerate radius ragg and film thickness δf
are both carried over from [18], since no other data were available. These could be measured using
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a scanning electron microscope to investigate the morphology of the CL used in the experimental
investigations in order to determine the actual values for these parameters.

The model does offer a high level of detail regarding the diffusion and reaction within the CL of
a PEMFC. Water droplet formation and dynamics were not considered by the presented model and
could to be prove an interesting addition for future investigations. Another aspect that is neglected in
the current model are the thermal effects of both the electrochemical reactions and the electric current
that result from the discharge of the DL capacity. Especially the highly concentrated current generation
due to the discharge could lead to a significant, short-term increase in temperature for the conducting
phase due to ohmic losses. Experimentally, this could be difficult to observe, as the generated heat
could be dissipated through additional evaporation of water, or conduction toward the land. Therefore,
a valid model to account for these effects could prove useful in gaining further insight into the thermal
aspects of the transient behaviour of PEMFCs. A more sophisticated model for the transient humidity
of the membrane, including effects, such as back diffusion of water and swelling due to the water
uptake of the membrane, could also improve the results of the simulation. Further accuracy could be
achieved by including the CL, GDL and flow channels on the anode side in the simulation.

Author Contributions: Conceptualization, C.C., M.S. and F.G.; methodology, C.C.; software, C.C.; validation, M.S.
and F.G.; formal analysis, C.C. and D.B.; investigation, C.C.; resources, D.S.; data curation, C.C.; writing—original
draft preparation, C.C. and M.S.; writing—review and editing, D.B. and D.S.; visualization, C.C.; supervision,
D.S.; project administration, D.S.; funding acquisition, D.S.; All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the German Federal Ministry for Economic Affairs and Energy grant
number 03ET6133A.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

CL Catalyst Layer
DL Double Layer
GDL Gas Diffusion Layer
MEA Membrane Electrode Assembly
MEM Membrane
MOSFET Metal-Oxide-Semiconductor Field-Effect Transistor
ORR Oxygen Reduction Reaction
PEMFC Polymer-Electrolyte-Membrane Fuel Cell
SC Short-Circuit

List of Symbols

The following symbols are used in this manuscript:

Cdl specific double layer capacity
D diffusion coefficient
F Faraday’s constant
∆G0 H2O Gibbs free energy of formation of water
H Henry coefficient
∆Hh activation energy (high voltage)
∆Hl activation energy (low voltage)
P example property
PtC platinum to carbon ratio
PtE platinum to electrolyte ratio
Q source term
R ideal gas constant
∆S0 standard entropy
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T temperature
Th Thiele modulus
U voltage
V̇ volume flux
a specific surface area
b number of agglomerates per unit volume
c molar concentration
d diameter
~d diffusional driving force
f overlapping ratio
i volumetric current source/drain
j areal current density
k reaction constant
l length
m area loading
n number of electrons participating in the reaction
p pressure
r radius
t time
~u velocity vector
y dimension in y−direction
x molar fraction
z dimension in z−direction
Φ potential
α transfer coefficient
δ film thickness
ε volume fraction
ηc cathodic overpotential
κ permeability
λ membrane water content
µ viscosity
ν diffusion volume
ϕ relative humidity
ψrh rhombohedral packing factor
ρ density
σ conductivity
τrh contact points in rhombohedral packing
ω mass fraction
Indices:
0 thermodynamic standard conditions
agg agglomerate
C carbon
d diffusion
dl double layer
eff effective
eq equilibrium
exp experimental conditions
f film
FC fuel cell
In inlet conditions
L load
l electrolyte
m mixture
Pt platinum
p pores
s electronic conductor
st stoichiometric conditions
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Appendix A. Simulation Parameters

Table A1. Material parameters used in the final simulation model.

Property Variable Value Unit

Platinum density ρPt 21,450 kg m−3

Carbon density ρC 1800 kg m−3

Electrolyte density ρl 1968.504 kg m−3

Conductivity GDL σs GDL 76.923 S m−1

Conductivity CL σs CL 400 S m−1

Diffusion constant oxygen electrolyte DO2 l 8.7858× 10−10 m2 s−1

Area specific capacity Cdl 24.234 F m−2

Molar mass H2O MH2O 18 g mol−1

Molar mass O2 MO2 32 g mol−1

Molar mass N2 MN2 28 g mol−1

Empirical Maxwell-Stefan coefficient kd 3.16× 10−6 Pa m2 s−1

Diffusion volume H2O vH2O 12.7× 10−6

Diffusion volume O2 vO2 16.6× 10−6

Diffusion volume N2 vN2 17.9× 10−6

Permeability of the GDL κ 1.7822× 10−13 m2

Table A2. Geometric parameters used in the final simulation model.

Parameter Variable Value Unit Reference

Channel length lCH 50 mm measured
Channel width yCH 1.0 mm measured
Land width yLAND 1.0 mm measured
Membrane thickness zMEM 50.8 µm [23]
CL thickness zCL 30–40 µm fitting parameter
GDL thickness zGDL 140 µm [24]
Channel height zCH 1.0 mm measured
Collector channel width yCol 1.5 mm measured
Collector channel length lCol 10.5 mm measured

Table A3. Operating conditions used in the final simulation model.

Property Variable Value Unit

Temperature T 353.15 K
Inlet pressure pIn 1.04× 105 Pa
Standard temperature T0 298.15 K
Standard pressure p0 1.013× 105 Pa
Anode humidity ϕa 93 %
Cathode humidity ϕc 70 %
Volume Flux V̇0 3 L/min
Volumetric oxygen content air εO2 air 21 vol-%

Table A4. Agglomerate model parameters used in the final simulation model.

Property Variable Value Unit

Rhombohedral packing factor ψrh 1/
√

2
Number of contact points τrh 12
Participating electrons n 4
Henry constant oxygen electrolyte H 31,663 Pa m3 mol−1

Platinum loading mPt 0.5 mg cm−2

Platinum to carbon PtC 10 %
Platinum to electrolyte PtE 26.5 %
Activation energy high voltage ∆Hh −76.5 kJ mol−1

Activation energy low voltage ∆Hl −27.7 kJ mol−1

Gibbs energy H2O ∆G0 H2O −228.57 kJ mol−1

Standard entropy H2O ∆S0 H2O 188.83 J mol−1 K−1

Standard entropy O2 ∆S0 O2 −228.57 J mol−1 K−1
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