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Abstract

The PEM fuel cell simulation package developed by AVL List
GmbH is coupled with a semi-empirical degradation model
describing the dependency of material parameters on operat-
ing conditions. The CFD model calculates the 3D distribu-
tions of electronic/ionic potentials, velocity, pressure, phase
volume fractions, gas species mass fractions, and tempera-
ture in all solids and fluids of PEM fuel cell stacks, as well as
water concentration and hydraulic pressure in the mem-
brane. The degradation model modifies membrane and cata-
lyst layer parameters according to local operating conditions
and given operating time during the simulation run-time.

Calculated distributions of current density and temperature
are compared to experimental data of an air-cooled PEM fuel
cell stack obtained with segmented measurement plates. For
the validation of the degradation model, calculated current
density decay vs. operating time are compared to through-
life polarization measurements. The good agreement
between measurement and simulation demonstrates the abil-
ity of the model to predict the complex physical phenomena
taking place in PEM fuel cells with high accuracy.

Keywords: Air Cooling, CFD Simulation, Degradation
Model, Electrochemistry, Fuel Cells, Heat Transfer

1 Introduction

The transport processes taking place in polymer electrolyte
membrane (PEM) fuel cells as well as their interactions are
very complex. 3D computational fluid dynamics (CFD) simu-
lation in combination with electrochemical models helps to
understand the physical behavior of PEM fuel cells and, thus,
reduce development time and costs dramatically. One of the
first efforts using CFD simulation to study PEM fuel cells
appeared fifteen years ago [1] and was focused on the optimi-
zation of flow-field design. Since that time, CFD simulation
tools have been extensively developed and applied to investi-
gate and design fuel cell systems. The investigations can be
divided into four main categories:

(i) Optimization and design of the fuel cell components such
as membrane electrode assembly (MEA), gas diffusion
layer (GDL), bipolar plates with flow field, or cooling
channels [2–6];

(ii) Study of the influence of material properties on the fuel
cell performance [7–10];

(iii) Investigation of the effects of operating parameters such
as gas flow rates, stoichiometries, relative humidity, tem-
perature and pressure along with transient operation or
voltage cycling [11–13];

(iv) Analysis of the inner phenomena such as water droplet
emergence, transport of gas species, electric charge and
heat as well as electrochemical reactions [14, 15].

Using CFD simulation, critical regions in fuel cells and criti-
cal operating conditions can be identified and, furthermore,
optimized. Moreover, the effects of material parameters can be
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investigated allowing an optimal compromise between mate-
rial costs and performance to be found.

A current challenge in the CFD modeling of the PEM fuel
cell is the simulation of degradation phenomena in the materi-
als and the prediction of the cell performance during the life-
time of the fuel cell. CFD simulation has been used to investi-
gate the displacement, mechanical deformation, and stresses
inside the fuel cell occurring during the cell operation due to
the changes of temperature and relative humidity [16]. Since
2002, Franco et al. [17] have been developing a transient,
multi-scale and multi-physics single cell model. In 2007, this
model was applied to analyze the effect of catalyst layer aging
on the cell behavior [18]. Here, density functional theory and
molecular dynamics were used to calculate the kinetic param-
eters of the electrochemical reaction, the Monte Carlo method
was applied to simulate properties of the platinum catalyst in
the degraded state, and the efficiency of the fuel cell was pre-
dicted using CFD. The approach was also applied to study the
impact of CO contamination on the electrochemical activity of
catalysts and cell degradation [19, 20]. Robin et al. [21] devel-
oped the multi-scale model further and used it in order to
compare the influence of nominal operating conditions and
power cycling on the cell performance decay. Ozden and Tari
[22] studied changes in the performance of degraded PEM fuel
cells by modifying the material parameters affected by degra-
dation. The modified parameters were bipolar plate contact
resistance, the membrane equivalent weight, the porosity and
viscous resistance of the catalyst layer and GDL. The calcu-
lated polarization curves of healthy and degraded cells were
found to be in good agreement with experimental data. It was
pointed out, that the bipolar plate conductivity affected the
fuel cell performance more than other studied material proper-
ties. The cited degradation models [18, 21, 22], however, have
the two key shortcomings in common: (i) they do not consider
changes of geometry parameters, such as membrane or GDL
thickness, and (ii) they do not take into account a dependence
of the material degradation rates on local operating conditions
in the fuel cell.

In the present work, a semi-empirical degradation model
describing the dependency of geometry and material parame-
ters on operating conditions is implemented into a commercial
CFD software package [23]. The overall model enables the pre-
diction of the fuel cell performance as a function of operating
time, and can be applied to simulate complete PEM fuel cell
stacks. Moreover, the model considers the influence of local
operating conditions such as relative humidity, temperature,
pressure and electric potential on the degradation rates of the
polymer electrolyte membrane and catalyst layer. It enables
the analysis of non-uniform changes in material properties,
their functionality and effect on the cell behavior. In section 2
both basic and degradation models are described while sec-
tion 3 contains simulation setup, experimental validation, and
interpretation of 3D simulation results.

2 Model Description

2.1 Basic Model

The basic PEM fuel cell model [23] calculates the 3D trans-
port processes of electrons, ions, gas species, gas mixture, liq-
uid water, and heat in all fuel cell domains as well as electro-
chemical reactions and interphase heat and mass transfer (see
Figure 1). The model is based on the following assumptions:
(i) Volume averaging approach for porous media: The solid

structure of the porous GDL and microporous layer
(MPL) is not locally resolved, but, instead, the porous
medium is divided into a number of representative ele-
mentary volumes (REVs) [24], i.e. the smallest volume
that represents a meaningful statistical average of local
properties. This homogenization technique leads to a
characterization of the porous medium by average prop-
erties such as porosity, tortuosity, or permeability.

(ii) For the interphase mass, momentum, and heat transfer
between gas and liquid, spherical droplets are assumed
both in the flow channel and in the GDL.

(iii) For the heat transfer between porous solid and fluid, the
porous medium is assumed to consist of spherical solid
particles.

(iv) The catalyst layer is modeled as a 2D interface, i.e. it is not
meshed. Consequently, the electrochemical reaction is
assumed to occur at the interface membrane/GDL (or
membrane/MPL). Hence, the reaction current density is
used as an (inner) boundary condition for the electronic
charge conservation equation in the GDL (or MPL) and for
the ionic charge conservation equation in the membrane.

(v) The model is suited for stationary fuel cell operation, i.e.
transient effects are not considered;

(vi) The gas phase is ideal;
(vii) The influence of gravity is neglected.

2.1.1 Catalyst Layer

The electrochemical half-cell reactions (see Figure 1) are
described with the Butler-Volmer equation [23]:

ir ¼ i0 exp
2 ka F
R Ts

h

� �
� exp � 2 kc F

R Ts
h

� �� �
(1)

with the activation overpotential

h ¼ fele � fion � foc (2)

and the exchange current density

i0 ¼ i0;ref
pO2

pref

 !bO2 pH2

pref

 !bH2 pH2O

pref

 !bH2O

ag

e
exp �

Ea;i0

R
1
Ts
� 1

Tref ;i0

 !" # (3)
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The reference pressure pref is 101,325 Pa. fele and fion in
Eq. (2) are electronic and ionic potential in the catalyst layer,
respectively. The open circuit potential foc is calculated with
the Nernst equation according to

foc;cat ¼ 1:498� 9 · 10�4 Tg;cat þ
RTg;cat

4 F
ln

pO2;catpref

p2
H2O;cat

(4)

at the cathode and

foc;ano ¼
RTg;ano

2 F
ln

pref

pH2;ano
(5)

at the anode. The parameters i0;ref , kc, ka, bH2
, bH2O, and bO2

can
be used as fitting parameters for the activation overpotential.
The existence of fitting parameters in the model is a necessary
evil due to the volume averaging method of the porous media
and the treatment of the catalyst layer as interface.

2.1.2 Membrane

In the membrane hydrogen can be found in three groups:
(i) H2O: free water;
(ii) H3O+: hydronium ions;
(iii) SO3

–H+: hydrogen protons bound to the fixed charged
acid groups.

An electrochemical equilibrium between these groups is
assumed. Free water and hydronium ions are moving across
the membrane. Therefore, proper transport equations for these
quantities have to be solved inside the membrane. The quanti-
ties of interest in this context are the water concentration Cw

and the ionic potential fion. The water concentration Cw is the
result of the following water transport mechanisms:

(i) Diffusion: The driving force is the water con-
centration difference between cathode and an-
ode catalyst layer.

(ii) Electro-osmotic drag: Hydrogen protons drag
water molecules from the anode to the cathode.

(iii) Convection: The driving force for this transport
mechanism is the (hydraulic) pressure difference
between the electrodes. Water is pushed from the
electrode with higher hydraulic pressure across
the membrane towards the other electrode.

The ionic potential results from the ionic charge
conservation in the membrane. Beside water and ions,
heat is transported across the membrane. The non-
dimensional water concentration Cw, i.e. water concen-
tration normalized by the sulfonic acid group concen-
tration a, is solved from the water mass balance

� �~_nw ¼ 0 (6)

in which the membrane water flux is calculated with
the Nernst-Planck equation according to

~_nw ¼ �a Dw�Cw þ Cdrag

~iion

F
� a emem Cw

Kp

mw
�pl (7)

The three terms in Eq. (7) can be attributed to the three
water transport effects, i.e. (from left to right) diffusion, elec-
tro-osmotic drag, and convection. Water diffusion coefficient
Dw and osmotic drag coefficient Cdrag depend on water con-
centration and temperature as follows:

Dw ¼ Dw;ref Cwexp �Ea;D

R
1
T
� 1

Tref ;D

 !" #
(8)

Cdrag ¼ Cdrag;ref Cwexp �
Ea;Cdrag

R
1
T
� 1

Tref ;Cdrag

 !" #
(9)

The boundary conditions for Eq. (6) are the water fluxes in
the catalyst layers which are calculated as follows:

~_n
f
w;cat �~nf ¼ C�w;cat � Cf

w;cat

� �
gw;cat a� ir;cat

2F
(10)

~_n
f
w;ano �~nf ¼ C�w;ano � Cf

w;ano

� �
gw;ano a (11)

The superscript f denotes the interface membrane/catalyst
layer. gw is a mass transfer coefficient [23] and C�w, the mem-
brane equilibrium sorption value of the water concentration, is
a function of the relative humidity and the temperature. The
following water sorption isotherm is applied [25]:

C�w ¼ 1:55þ 13:71 jw � 24:37 j2
w þ 21:87 j3

w

� 	
f Cw;max;jw

� �
(12)

Fig. 1 Working principle of a PEM fuel cell: transport quantities and reactions [23].
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Eq. (12) includes Schroeder’s paradox, i.e. the sudden
increase of the water concentration at the interface membrane/
catalyst layer under super-saturated gas conditions and the
temperature effect on the membrane water sorption via the
maximum membrane water concentration

Cw;max ¼ 0:138 T � 28:31 (13)

The hydraulic pressure pl in Eq. (7) is assumed to have a lin-
ear distribution in the membrane, i.e.

� � �pl ¼ 0 (14)

The ionic potential fion is calculated from the ionic charge
conservation according to

� �~iion ¼ 0 (15)

with the ionic current density

~iion ¼ �sion�fion (16)

The ionic conductivity depends on water concentration and
temperature as follows:

sion ¼ sion;ref Cwexp �Ea;s

R
1
T
� 1

Tref ;s

 !" #
(17)

At the interface between membrane and catalyst layer the
reaction current density (Eq. (1)) is used as a boundary condi-
tion for Eq. (15), i.e. at this interface ionic and reaction current
density are equal:

~ifion �~n
f ¼ ir (18)

The local temperature in the membrane is calculated from
the energy equation under the assumption of pure heat con-
duction and with an ohmic heat source caused by the ion
transport:

� � �lmem�Tð Þ ¼ �~iion � �fion (19)

2.1.3 Flow Channel and Gas Diffusion Layer

In the flow channels and gas diffusion layers, the distribu-
tions of fluid velocities, fluid volume fractions, pressure, gas
species mass fractions, and fluid temperatures are calculated.
In the gas diffusion layers, additionally, the solid temperature
and the electronic potential are solved. Below, the respective
transport equations are mentioned. A detailed description of
the source terms would go beyond the scope of the present
work and can be found in [26].
(i) Velocities of phase p from momentum equations:

� � aprp~up~up

� �
¼ �ap�pþ � � aptp

� �
þ~Sp þ~Spc;p for p ¼ g; l

(20)

(ii) Volume fractions of phase p from phase mass balances:

� � aprp~up

� �
¼ _Mpc;p for p ¼ g; l (21)

(iii) Pressure from continuity equation (together with mo-
mentum equations):

� � agrg~ug þ alrl~ul

� �
¼ 0 (22)

(iv) Mass fractions of gas species i from species mass bal-
ances:

� � agrgyi~ug þ ag
~ji

� �
¼ _Mpc;i for i ¼ O2;N2;H2;H2O (23)

(v) Temperatures of phase p from energy equations:

� � aprpHp~up � aplp�Tp

� �
¼� � aptp �~up

� �
þ _Qp þ _QD;p

þ _Qpc;p for p ¼ g; l
(24)

� � �asls�Tsð Þ ¼ _Qs �~iele � �fele (25)

(vi) Electronic potential of solid phase from charge conserva-
tion equation:

� � ~iele

� �
¼ 0 (26)

with

~iele ¼ �assele�fele (27)

In the catalyst layers, mass, heat, and current sources for
the GDL (or MPL) arise due to the electrochemical reactions
and the transport processes across the membrane. These
sources cannot be found in the transport equations above,
since they are surface rather than volume sources and, hence,
are treated as internal boundary conditions. The gas species
mass sources for Eq. (23) read

~_m
f
O2;cat �~nf ¼ �

ir;cat MO2

4 F
(28)

~_m
f
H2O;cat �~nf ¼

ir;cat MH2O

2 F
þMH2O

~_n
f
w;cat �~n

f
� �

(29)

~_m
f
H2;ano �~nf ¼

ir;ano MH2

2 F
(30)

~_m
f
H2O;ano �~nf ¼MH2O

~_n
f
w;ano �~n

f
� �

(31)
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The sum over all gas species mass sources yields the gas
phase mass sources for Eqs. (21) and (22):

~_m
f
cat �~nf ¼ �

ir;cat MO2

4 F
þ

ir;cat MH2O

2F
þMH2O

~_n
f
w;cat �~n

f
� �

(32)

~_m
f
ano �~nf ¼

ir;ano MH2

2 F
þMH2O

~_n
f
w;ano �~n

f
� �

(33)

The current source for Eq. (26) reads

~ifele �~n
f ¼ ir (34)

and the heat source for Eq. (25) reads

_qf ¼ ir hþ Tg
¶foc

¶T

� �
(35)

with

¶foc

¶T

� �
cat
¼ �9 · 10�4 þ R

4 F
ln

pO2;catpref

p2
H2O;cat

(36)

¶foc

¶T

� �
ano
¼ R

2 F
ln

pref

pH2;ano
(37)

2.1.4 Bipolar Plate

In the bipolar plate only heat and electron conduction takes
place. Solid temperature and electronic potential are obtained
from the following equations:

� � �ls�Tsð Þ ¼ sele � �feleð Þ2 (38)

� � �sele�feleð Þ ¼ 0 (39)

2.2 Degradation Model

The basic model is coupled with a semi-empirical degrada-
tion model. The purpose of the degradation model is to
describe geometry and material parameter changes due to
degradation of the membrane and the catalyst layers. As an
additional independent variable the fuel cell operating time is
introduced. The calculated degradation rate of the polymer
electrolyte membrane depends on local physical conditions
such as temperature, humidity, pressure, and voltage. The cal-
culation of the membrane degradation rate is based on an
assumption that the changes in the membrane properties are
caused by interaction of the membrane polymer chains with
hydroxyl radicals. Wong et al. [27] suggested the following
degradation mechanisms of the perfluorinated membrane
based on the experimental data published in [28, 29]:

(i) Degradation of the main chains of the perfluorinated
membrane:

Rp � CF2COOH þOH �fiRp � CF2 � þCO2 þH2O (40)

Rp � CF2 � þOH �fiRp � CF2OHfiRp � COFþHF (41)

Rp � COFþH2OfiRp � COOH þHF (42)

(ii) Degradation of the side chains of the membrane:

Rp �OCF2CFðCF3ÞOðCF2Þ2SO�3 þOH �fi Rp �OH

þOCF2CFðCF3ÞOðCF2Þ2SO�3 (43)

Rp �OCF2CFðCF3ÞOðCF2Þ2SO�3 þOH �fiRp�
OCF2CFðCF3ÞO � þHOðCF2Þ2SO�3

(44)

Rp �OCF2CFðCF3ÞO � þH2OþOH �fiRp

� ðCF2ÞnCOOH þHF (45)

Both degradation mechanisms result in a decrease in the
equivalent weight of the polymer. By losing the parts of the
polymer, the membrane becomes thinner during the degrada-
tion as observed in [30]. The second mechanism leads to split-
ting of parts of the side chains containing the acid groups,
which are responsible for the membrane functionality such as
ionic conductivity, proton and water transport. Since the con-
centration of the hydroxyl radicals correlates with the oxygen
crossover flux through the membrane [30], we assume the
degradation rates of the membrane properties to be propor-
tional to the oxygen crossover:

_ry

_rref ;y
¼ JO2

JO2 ;ref
(46)

Eq. (46) can be used in order to calculate membrane degra-
dation rates at arbitrary operating conditions in case a degrada-
tion rate is known at a certain reference operating condition.
The development and approach of the membrane degradation
model are described in [31]. For the operating conditions of
interest, i.e. difference between anode and cathode pressure
between 0 Pa and 50,000 Pa and cell voltage between 0.4 V and
1 V, the membrane degradation rates are calculated as follows:

_ry ¼
_rref ;y

JO2 ;ref

�6:97 · 104 þ 180 T þ 36 jw þ
1:09 · 105

lnLt¼0
mem

þ 0:06 pcat � panoð Þ
� �
1:12 V � 0:06ð Þ

(47)
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where y is one out of membrane properties: membrane thick-
ness Lmem, ionic conductivity sion, or acid group concentration
a. The derivation of Eq. (47) [32] is based on the experimental
data from [33]. The membrane parameters y at an operating
time t are calculated via

yt ¼ yt¼0 1� _ry t
� 	

for y ¼ Lmem; sion; a (48)

The degradation of the cathode catalyst layer is modeled
using the experimental data reported in [34, 35] and taking
into account the operating conditions of the tested stack. The
reference exchange current density at the cathode at time t is
calculated from the initial value according to

it0;ref ;cat ¼ it¼0
0;ref ;cat

1� 1:4 · 10�3 tþ 1:3 · 10�6 t2 � 5 · 10�10 t3 þ 6:6 · 10�14 t4

0:4� 2:8 · 10�5 t

( )

for
t £ 1; 564h

t > 1; 564h



(49)

The modified geometry and material parameters are
applied to the basic model in order to calculate the stationary
fuel cell performance for a fixed operating time.

3 Results and Discussion

Simulation results of an air-cooled PEM fuel cell stack are
compared to measurements by Intelligent Energy. First, the
simulation is adjusted to a measured reference polar-
ization curve using fitting parameters from the But-
ler-Volmer Eq. (1). Then, the calculated current den-
sity and temperature distributions are compared to
values measured using S++-sensor plates [36]. For
the validation of the degradation model, the model
is adjusted to a measured voltage decay for a fixed
current density and, after that, calculated current
density decay vs. operating time are compared to
through-life polarization measurements. Addition-
ally, 3D simulation results are analyzed in detail.

3.1 Simulation Setup

The computational mesh consisting of 9,114,628
computational cells is shown in Figure 2. The stack
has an open cathode and no external humidification.
Ambient air, provided by a fan, is used as both oxi-
dant and coolant. There are two cathodic GDLs and
one anodic GDL. The GDLs touching the MEA have
additional MPLs which are considered as additional
computational domains. Hydrogen is forced to flow
around the anodic GDL, thus enforcing lateral H2

diffusion across GDL and MPL to the catalyst layer.
In Table 1 the material and transport parameters are

listed. All parameters except the membrane parameters are de-
termined from measurements at a compression of 148 N cm–2.
The membrane parameters are taken from [25, 26]. The GDL/
MPL conductivities and permeabilities from Table 1 are
through-plane values. The in-plane values are assumed to be
tenfold (for thermal conductivity fivefold) of the through-
plane values. The GDL/MPL tortuosities are calculated via
the Bruggeman relation with the gas volume fraction accord-
ing to t ¼ ag

�0:5. Boundary and operating conditions are listed
in Table 2. Table 3 contains the kinetic parameters from the
Butler-Volmer Eq. (1). The values marked with an asterisk are
used as fitting parameters. They are obtained from fitting the
calculated average current densities to a measured reference
polarization curve (see Figure 3). The fitting parameters for
the membrane degradation model are the reference degrada-
tion rates _rref ;y from Eq. (47). Their values are obtained from
fitting the model to a measured voltage decay at a current
density of 10,000 A m–2:

_rref ;Lmem
¼ 1:35 · 10�5h�1; _rref ;sion

¼ _rref ;a ¼ 2:7 · 10�5h�1 (50)

The value of the reference oxygen crossover rate is

JO2;ref ¼ 4; 500 mol m�2 s�1 (51)

The computational time for one stationary operating point
is about 26 h using 64 CPUs on quad-core Intel Xeon E5620
processors with a frequency of 2.4 GHz.

Fig. 2 Computational mesh of air-cooled 5-cell stack (geometry not to scale).
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3.2 Experimental Validation

Figure 3 shows the polarization curve in simulation and
experiment. The calculated curve is obtained from a fit to the
measured curve with the fitting parameters from Table 3. The
agreement is excellent with a maximum deviation of 2%. Also
shown is the polarization curve with an IR-correction, i.e.
without the ohmic contribution to the voltage loss. The high

frequency resistance used to evaluate the ohmic loss was
obtained by evaluating the impedance at 8 kHz. Also here, a
maximum deviation between simulation and experiment of
2% can be achieved. Figure 3 further presents a comparison
between calculated and measured average temperature in the
catalyst layer vs. current density. The experimental data are
measured using S++-sensor plates. In both simulation and
experiment a strong temperature rise of about 40 K occurs in
the current density range from 0 to 10,000 A m–2. The average
temperature is predicted with a maximum error of 10%.

Figure 4 shows the current density decay vs. operating time
at cell voltages of 0.66 V and 0.78 V. The calculated current
densities are compared to through-life polarization measure-
ments. For the sake of better visualization, the current density
curves are divided by the values of the current density at a
time of 0 h. The trends of the performance decay are predicted
correctly by the simulation: A steep current density drop in
the first 1,000 hours is followed by an approximately linear
part and a stronger decrease at the end of the fuel cell life. In
order to understand these trends, changes of material para-
meters as a function of operating time have to be analyzed.
Figure 5 shows membrane thickness, average ionic conductiv-
ity, average acid group concentration, and average cathode

Table 1 Material and transport parameters.

Conductivity / porous media transport parameter Symbol GDL A GDL B MPL Membrane Bipolar plate

Electronic conductivity / S m–1 sele 3,931 1,312 1,312 0 1.35 · 106

Thermal conductivity / W m–1 K–1 ls 63.6 76.6 27.5 0.67 13.4

Porosity / – e 0.72 0.77 0.36 0.28 –

Permeability / m2 K 2.3 · 10–13 2.6 · 10–12 2.3 · 10–14 1.8 · 10–18 –

Membrane transport parameter Reference value Activation energy / J mol–1 Reference temperature / K

Ionic conductivity / S m–1 sion,ref 0.55 Ea,s 9,713 Tref,s 298.15

Water diffusion coefficient / m2 s–1 Dw,ref 2.7 · 10–11 Ea,D 19,809 Tref,D 298.15

Electro-osmotic drag coefficient / – Cdrag,ref 0.11 Ea,Cdrag 7,418 Tref,Cdrag 298.15

Table 2 Boundary and operating conditions.

Cathode Inlet Velocity / m s–1 3.32 @ 0 – 3,500 A m–2, linear rise: 3.32 @ 3,500 A m–2 – 8.4 @ 9,000 A m–2

Relative humidity / – 0.29

Temperature / K 295.15

Outlet Pressure / Pa 1 · 105

End plate Electric potential / V 2.94 – 5.085 (stack voltage)

Anode Inlet Pressure / Pa 1.39 · 105

Relative humidity / – 0

Temperature / K 295.15

Outlet Pressure / Pa Linear fall: 1.39 · 105 @ 200 A m–2 – 1.37 · 105 @ 9,000 A m–2

End plate Electric potential / V 0

Remaining boundaries Heat flux / W m–2 0

Current density / A m–2 0

Operating time / h 0 @ 2.94 V – 5.085 V (stack voltage), 500 – 7,000 @ 0.66 V & 0.78 V (cell voltage)

Table 3 Kinetic parameters in basic model. Fitting parameter values are
marked with an asterisk.

Symbol Cathode Anode

Reference exchange current density / A m–2 i0;ref 7.18e-5 * 1,000 *

Reference temperature / K Tref ;i0
353.15 353.15

Activation energy / J mol–1 Ea;i0
66,000 0

Anodic transfer coefficient / – ka 0.5 0.5

Cathodic transfer coefficient / – kc 0.7 * 0.5

O2 exponent / – bO2
2 * 0

H2 exponent / – bH2
0 0.5

H2O exponent / – bH2O 0.1 * 0
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exchange current density vs. operating time normalized with
the material parameter at operating time 0 h. From these
results can be concluded that
(i) the sudden initial current density drop is a consequence

of catalyst layer degradation. Although the reference ex-
change current density in Eq. (49) depends only on the
operating time, the value of the relative exchange current
density calculated from Eq. (3) is slightly larger for the
higher cell voltage. The reason for this behavior is the
temperature dependency of the exchange current density
in combination with the smaller temperature decay vs.
operating time for higher voltages (less efficient cooling).

(ii) the stronger performance loss at 0.78 V compared to
0.66 V is caused by the change of the ionic conductivity
due to membrane degradation in the first 1,000 hours.
Mainly, the absolute value of the voltage itself is respon-
sible for the stronger degradation at 0.78 V – see Eq. (47).

As already pointed out in Section 2.2, the main
focus of the developed degradation model is on the
polymer electrolyte membrane rather than on the
catalyst layer. Additionally, the catalyst layer is trea-
ted as an interface rather than a 3D domain as men-
tioned in Section 2.1. At the present time, it is not
clear, how these two restrictions in the catalyst layer
model affect the simulation results and, especially,
the exchange current density vs. operating time
shown in Figure 5. Currently ongoing modeling
activities focus on this topic.

Now calculated current density and temperature
distributions are compared to measurements
obtained with S++-measurement plates [36] for two
operating points: 2,494 A m–2 (OP1) and 9,448 A m–2

(OP2) – see vertical dotted lines in Figure 3. Figures 6
and 8 show the results in the form of color plots for
OP1 and OP2, respectively. In Figures 7 and 9 results
averaged in H2- and air-flow direction are presented
for both operating points. The simulation results are

displayed in the spatial resolution of both the measurement
plate and the computational mesh. In air-flow direction, cur-
rent density and temperature distributions are qualitatively
similar in simulation and experiment: Towards the air outlet
the temperature increases and the current density decreases.
Whereas calculated and measured current density gradients
are in agreement, the temperature gradients in air-flow direc-
tion are underestimated by the simulation. The current density
and temperature gradients in H2-flow direction are smaller
than in air-flow direction. Here we see some differences
between simulation and experiment: The current density has a
convex shape in the simulation and a concave shape in the
experiment. Approximately in the middle of the H2 flow path,
a temperature maximum occurs in both simulation and
experiment. However, again, calculated temperature gradients
are smaller than in the experiment. Reasons for the deviations
between simulation and experiment could be uncertainties in
material parameters, especially of the porous GDLs and MPLs,
or the fact that the number of segments of the measurement
plates is far too small in order to catch the strongly varying
current density differences in H2-flow direction (see simula-
tion results at the resolution of the computational mesh).

3.3 Interpretation of 3D Simulation Results

3.3.1 Healthy Stack

Current density and temperature distributions in the res-
olution of the computational mesh have already been pre-
sented in Figures 6 and 8 bottom. Figures 10 and 11, addition-
ally, show H2/O2 mole fractions in the catalyst layers and
water concentration/water flux in the membrane, respectively.
The 3D results obtained can be explained as follows:
(i) The current density decrease in air-flow direction

(Figures 6 and 8 bottom left) can be attributed to the
membrane water concentration decrease in this direction

Fig. 3 Polarization curve, IR-corrected polarization curve, and average temperature
vs. current density in simulation (lines) and experiment (symbols).

Fig. 4 Normalized current density vs. operating time for cell voltages of
0.66 V and 0.78 V in simulation (lines) and experiment (symbols).
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(Figure 11 left) which, in turn, is caused by the tempera-
ture increase towards the air outlet (Figures 6 and 8 bot-
tom right).

(ii) The current density below the air channels is higher than
below the lands of the bipolar plate due to better oxygen
access – see low O2 mol fraction below the lands in Fig-
ure 10 right.

(iii) The strong temperature gradient in air-flow direction is a
consequence of using air as a coolant. The cooling perfor-
mance of air is much worse than of liquids, mainly due
to its lower heat capacity.

(iv) Figure 10 shows a stronger depletion of O2 than of H2 in
the cathode and anode catalyst layers, respectively. Long
diffusion paths through both cathodic GDLs and the fact
that O2 has a smaller diffusion coefficient than H2 are the
reasons for this behavior. On the anode side, 100% H2 is

transported parallel to the membrane from the
channel across the GDL and MPL to the cata-
lyst layer.

(v) The membrane water concentration below the
air channels is lower than below the lands – see
Figure 11 left. At this location the water vapor
produced in the cathode catalyst layer can be
transported more easily to the air channels than
below the lands.

(vi) The higher current density below the air chan-
nels leads to water transport from the anode to
the cathode via electro-osmotic drag – see posi-
tive values of membrane water flux in Figure 11
right. On the other hand, the higher water con-
centration below the lands causes back diffu-
sion, i.e. a water transport from the cathode to
the anode – see negative values of membrane
water flux in Figure 11 right.

Fig. 5 Relative changes of membrane thickness, average ionic conductivity, average acid group concentration, and average cathode exchange cur-
rent density vs. operating time for cell voltages of 0.66 V and 0.78 V.

Fig. 6 Current density / A m–2 (left) and temperature / K (right) in simu-
lation (fine and coarse resolution) and experiment for OP1 (geometry not
to scale).

Fig. 7 Current density (top) and temperature (bottom) averaged in H2-flow direction
(left) and air-flow direction (right) in simulation (fine and coarse resolution) and
experiment for OP1.
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(vii) The higher temperature for OP2 compared to OP1 leads
to a considerably drier membrane for OP2. The gradients
of all quantities in air-flow direction and between channel
and land are more pronounced for OP2 than for OP1.

In Figure 12, temperature and flow lines of the whole stack
are presented. The temperature increase towards the air outlet

as well as cathode and anode gas flow directions can
be identified.

3.3.2 Degraded Stack

Figures 13 and 14 show current density, ionic
conductivity in a mid-plane of the membrane, and
temperature at 0.66 V after operating times of 0 h,
2,000 h, 4,000 h, and 6,000 h. Figure 13 shows the
results in the form of color plots and in Figure 14
averages in H2 and air-flow direction are presented.
The following observations can be made:
(i) The change of the local current density in air-

flow direction with proceeding operating time is
mainly caused by the change of the ionic con-
ductivity – see Figure 14a) and c): In air-flow di-
rection the gradients for both quantities become
smaller, i.e. their distributions become more
homogeneous. Moreover, with proceeding oper-
ating time the maximum of the current density
is shifted towards the air outlet due to the small
value of the ionic conductivity at the air inlet.

(ii) As pointed out in the previous section, the cur-
rent density difference between the regions be-
low channel and land, i.e. current density maxi-
mum below channel and minimum below
lands, is originating from the O2 depletion be-
low the lands. In the first 4,000 operating hours
the current density gradients between land and
channel in H2-flow direction decrease – see
Figure 14b) – due to less pronounced O2 deple-
tion (smaller absolute value of current density).
After about 4,000 hours the current density
maximum begins shifting away from the region
below the channel towards the region below
the land (see also Figure 13 top) due to the
strong decrease of the ionic conductivity below

the channel – see Figure 14d) – leading to an increase of
the current density gradients again. This means, after
4,000 hours the current density distribution is clearly
determined by membrane degradation.

(iii) In air-flow direction the ionic conductivity gradient at the
air inlet decreases with proceeding operating time – see

Fig. 8 Current density / A m–2 (left) and temperature / K (right) in simulation (fine
and coarse resolution) and experiment for OP2 (geometry not to scale).

Fig. 9 Current density (top) and temperature (bottom) averaged in H2-flow direction
(left) and air-flow direction (right) in simulation (fine and coarse resolution) and
experiment for OP2.

Fig. 10 Mole fractions of H2 (left) and O2 (right) in catalyst layers for OP1 (top) and OP2 (bottom).
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Figure 14c) – which is caused by the faster degradation of
hotter locations – see Figure 14e) and Eq. (47).

(iv) Since the applied membrane degradation model is based
on gas crossover effects and gas crossover is favored by
higher relative humidity, more humid locations in the
membrane lead to faster membrane degradation – see rel-
ative humidity influence in Eq. (47). The decrease of the
conductivity gradient between land and air channel with
proceeding operating time – see Figure 14d) – therefore
can be explained as follows: The regions below the cath-
ode lands are more humid than below the air channels
and, hence, decrease faster leading to the observed gradi-
ent changes.

(v) The temperature distribution, shown in Figure 14e) and
f), is basically shifted vertically with proceeding operat-
ing time, i.e. a qualitative change in the temperature field
due to degradation cannot be observed.

It must be noted here that the degradation model does not
consider local catalyst layer degradation. Therefore, all the
local current density changes due to degradation are attribut-
ed to membrane degradation, i.e. changes of the ionic conduc-
tivity due to chemical destruction of the polymer matrix. In
reality local loss in cathode catalyst results in an increase in
overpotential and, hence, higher thermodynamic losses, heat

output and operating temperature. This in-turn increases the
ohmic resistance of the membrane, which could then lead to
local current density shifts. In such cases the membrane is not
necessarily degraded – it is just unable to be operated at opti-
mum conditions. These effects are addressed in a currently
ongoing further development of the degradation model.

4 Conclusions

A comprehensive 3D PEM fuel cell model has been coupled
with a semi-empirical degradation model in order to predict
the performance loss as a function of operating time. The over-
all model has been validated against experimental data of an
air-cooled PEM fuel cell stack. In the polarization curve and in
the average temperature, maximum deviations between simu-
lation and measurement of 2% and 10%, respectively, could be
achieved. The current density decay with proceeding operat-
ing time has been predicted with sufficient accuracy. The
trends in current density and temperature distribution have
been predicted correctly whereas the calculated temperature
gradients were too small. With the help of 3D simulation
results, a reasonable connection between current density, tem-
perature, membrane water concentration, and oxygen concen-

Fig. 11 Water concentration / – (left) and water flux component normal to the membrane / kg m–2 s–1 (right) in a mid-plane of the membrane for OP1
(top) and OP2 (bottom).

Fig. 12 Temperature / K (left) and flow lines (right) of whole stack at 0.66 V (geometry not to scale).
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tration could be established. In the investigation of
3D simulation results as a function of operating
time, changes of the local current density could be
attributed mainly to local changes of the ionic con-
ductivity due to the destruction of the membrane
polymer matrix. Since the degradation model pre-
sented in this paper is of empirical nature, it requires
parameter fitting to a reference experiment. In
future, the degradation model will be improved by
replacing the empirical relations with chemically
based equations with a focus on local catalyst layer
degradation. Further development topics are a 3D
description of the catalyst layers and an extension of
the basic PEM fuel cell model to transient operating
conditions.
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List of Symbols

Latin letters

a Sulfonic acid group concentration
/ mol m–3

bi Partial pressure exponent
of gas species i / –

Cdrag Electro-osmotic drag coefficient / –
Cw Membrane water concentration divided

by a / –
C�w Membrane equilibrium sorption value of

the water concentration / –
Dw Water diffusion coefficient in membrane

/ m2 s–1

Ea Activation energy / J mol–1

F Faraday constant, F = 96,485 A s mol–1

H Specific total enthalpy / J kg–1

~i Current density / A m–2

i0 Exchange current density / A m–2

ir Reaction current density / A m–2

~j Diffusive mass flux / kg m–2 s–1

JO2
Molar crossover flux of oxygen
/ mol m–2 s–1

ka Anodic transfer coefficient / –
kc Cathodic transfer coefficient / –
K Permeability tensor / m2

Kp Hydraulic permeability of membrane / m2

Lmem Membrane thickness / m
~_m Mass flux / kg m–2 s–1

M Molar mass / kg mol–1

_Mpc Mass transfer rate from phase change
/ kg m–3 s–1

Fig. 13 Current density / A m–2 (top), ionic conductivity / S m–1 (center), and tem-
perature / K (bottom) at 0.66 V after 0 h, 2,000 h, 4,000 h, and 6,000 h (geometry
not to scale).

Fig. 14 Current density (top), ionic conductivity (center), and temperature (bottom)
averaged in H2-flow direction (left) and air-flow direction (right) at 0.66 V after 0 h,
2,000 h, 4,000 h, and 6,000 h.
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~n Unit normal vector pointing towards the
membrane / –

~_nw Molar membrane water flux / mol m–2 s–1

p Pressure / Pa
pi Partial pressure of gas species i / Pa
_q Heat flux / W m–2

_QD Volumetric heat transfer rate from gas species
diffusion / W m–3

_Q Volumetric heat transfer rate / W m–3

_Qpc Volumetric heat transfer rate from phase change / W m–3

_ry Degradation rate for quantity y / h–1

R Universal gas constant, R = 8.314 J mol–1 K–1

~S Volumetric momentum transfer force / N m–3

~Spc Momentum source from phase change / N m–3

t Operating time / h
T Temperature / K
~u Velocity / m s–1

V Cell voltage / V
y Gas species mass fraction / –

Greek letters

a Volume fraction / –
gw Mass transfer coefficient / m s–1

e Porosity / –
h Activation overpotential / V
l Thermal conductivity / W m–1 K–1

l Thermal conductivity tensor / W m–1 K–1

mw Water dynamic viscosity in membrane / Pa s
r Density / kg m–3

s Electrical conductivity / S m–1

s Electrical conductivity tensor / S m–1

t Tortuosity / –
t Shear stress tensor / N m–1

f Electric potential / V
foc Open circuit potential / V
jw Relative humidity / –

Superscripts

f Interface membrane / catalyst layer
t Value after operating time t

Subscripts

ano Anode catalyst layer
cat Cathode catalyst layer
ele Electronic phase
g Gaseous phase
i Gas species index
ion Ionic phase
l Liquid phase
mem Membrane
p Phase index
ref Reference value
s Solid phase

Abbreviations

CFD Computational Fluid Dynamics
CPU Central Processing Unit
GDL Gas Diffusion Layer
MEA Membrane Electrode Assembly
MPL Microporous Layer
OP Operating Point
PEM Polymer Electrolyte Membrane
REV Representative Elementary Volume
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