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a b s t r a c t

This work presents the development of a 1D model describing water and charge transport

through the polymer electrolyte membrane (PEM) in the fuel cell. The considered driving

forces are electrical potential, concentration and pressure gradients. The membrane

properties such as water diffusion and electro-osmotic coefficients, water sorption and

ionic conductivity are treated as temperature dependent functions. The dependencies of

diffusion and electro-osmotic coefficients on the membrane water concentration are

described by linear functions. The membrane conductivity is computed in the framework

of the percolation theory under consideration that the conducting phase in the PEM is

formed by a hydrated functional groups and absorbed water. This developed membrane

model was implemented in the CFD code AVL FIRE using 1D/3D coupling. The simulated

polarization curves at various humidification of the cathode are found in good agreement

with the experiments thus confirming the validity of the model.

Copyright ª 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

Introduction

Currently, hydrogen Polymer Electrolyte Membrane Fuel Cells

(PEMFCs) are one of the most promising devices as high effi-

cient sources of electric power for electric vehicles. The main

advantages of the fuel cells are their high energy conversion

efficiency and low noise, as well as their high power and en-

ergy density even under consideration of the H2-tank [1e4].

The main goal of the PEMFC modeling is to calculate the cell

potential and its efficiency. For this purpose it is necessary to

find outwhich processes contribute to the potential losses and

the extent of their contribution. If Ohmic voltage drops across

GDLs and bipolar plates are neglected, the PEMFC potential is

expressed by the equation:

Ucell ¼ Uoc � hc � ha � hmem (1)

Ucell e cell potential; Uoc e open-circuit voltage; hc, ha e po-

tential losses at cathode and anode; hmem e membrane over-

potential.

The main purpose of a membrane transport model is to

calculate themembrane over-potential. Fig. 1 depicts themost

important processes in the proton exchange membrane

coated with a catalyst layer (PEMCC) taking place in a fuel cell

at operation. These are the proton and electro-osmotic

transports, the water generation resulted by the electro-

* Corresponding author. Tel.: þ43 316 873 32241; fax: þ43 316 873 32202.
E-mail address: larisa.karpenko-jereb@tugraz.at (L. Karpenko-Jereb).

Available online at www.sciencedirect.com

ScienceDirect

journal homepage: www.elsevier .com/locate/he

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 9 ( 2 0 1 4 ) 7 0 7 7e7 0 8 8

http://dx.doi.org/10.1016/j.ijhydene.2014.02.083
0360-3199/Copyright ª 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights reserved.



Author's personal copy

chemical reaction, the water diffusion and convection. Water

diffusion arises due to a water concentration difference be-

tween the cathode side and the anode side. Usually the

cathode has a higher water concentration caused by water

formation as a result of the chemical reaction between Hþ and

O2. The electro-osmosis (often called electro-osmotic flux or

water drag) is caused by the conjugated transport of the water

molecules with the protons in the electric field: the water

molecules mainly move in the protons’ solvation shells. The

convective flux of water is caused by a pressure gradient.

Theoretical modeling of the transport in an ion-exchange

membrane (IEM) is based usually on structural and transport

models [2,5,6]. The structural models give a simplified concept

of the inner structure of the membranes. Currently, the

following structural models of the IEMs are known: cluster-

network [7,8], dusty-fluid [9,10], capillary [11,12], micro-

heterogeneous two-phase [13,14] and percolation [15e17]. The

transportmodels describe the transport of ions, water and gases

through the membrane.

Table 1 displays a comparison of several membrane trans-

portmodelspublished in thescientificpapers [18e28].Basedon

the governing equations used for calculating membrane over-

potential, the membrane transport models can be separated

into threemain groups: firsteStefaneMaxwell equationbased

models [18,19]; second e NernstePlanck equation based

models [20,21]; third - Ohm’s law basedmodels [6,22e28]. Most

of themodels are known in the third group. Fromexperimental

investigations it is known that the temperature and pressure

gradients have aweak influence on fuel cell voltage. Therefore

most of the membrane transport models only consider two

driving forces: the gradients of water concentration and those

of electrical potential. Models such as those fromof Rowe et al.

[21], Senn and Poulikakos [24] additionally take into account

the pressure gradient. Table 1 also displays the approaches to

the description of the membrane transport properties (water

diffusion and electro-osmotic coefficients) and the proton

concentration as a function of the membrane water concen-

tration as well as approximations in the calculations of the

total water flux through the membrane. Most of the models

take into account the dependencies of the water diffusion and

electro-osmotic coefficients on the membrane water

concentration. The simplified model of Berg et al. [20] sets the

electro-osmotic coefficient (Cdrag) in the perfluorinated mem-

brane equal to unity and considers the dependence of the

proton concentration on the membrane hydration level. Usu-

ally, the total water flux via the membrane is considered as a

sum of diffusion and electro-osmotic flows. Kulikovsky pro-

posed [6,22] a description of the transport phenomena in PEM

based on the approximation that the water back diffusion is

completely compensated by the electro-osmotic transport.

This approach allows calculating the total water flux through

themembraneanalytically. But thismodel isnotable topredict

electrode water flooding effects. The membrane transport

models differ also in the formulation of boundary conditions

and in the definition of thewater concentration at interfaces of

PEM/CL, CL/GDL as well as in the calculation of the water

concentration profile in the fuel cell. In Berg’s model [20] the

water sorption isotherm is used for the calculations of the

water concentrations at the interfaces GDL/CL (Fig. 1), Ca�
w ,Cc�

w ,

while inothermodels [6,22,24,28] it is used for the computation

of thewater concentrations at themembrane boundarieswith

CLs,Ca
w andCc

w.Whereas the influenceof temperatureonwater

sorptionpropertiesof themembrane isdescribed insufficiently

in the models [6,18e33], however the experimental in-

vestigations [34e36] showed the temperature effect on the

membrane water sorption isotherm, which is especially pro-

nounced for the equilibrium of the membrane with the satu-

rated water vapor and liquid water.

The aim of this present work was the development of a

membrane transport model for PEMFC simulations, which

describes water and charge transports through the polymer

electrolyte membrane, and considers the influence of tem-

perature and water concentration on the important mem-

brane properties such as the water sorption isotherm, the

water diffusion and electro-osmotic coefficients as well as on

ionic conductivity.

Membrane transport model

Approximations

The developed membrane transport model is based on the

approximations summarized below:

1. The transport of water and protons is considered only in

one dimension.

2. It is a steady-state model.

3. Three driving forces are considered to describe the

transport: gradients of electrical potential, concentra-

tion and pressure.

4. The model is an isothermal model, i.e. it does not take

into account an effect of temperature gradient across

the membrane on the water transport. For the calcula-

tions in the membrane transport model an average

value between the temperatures at the membrane in-

terfaces at the cathode and anode sides is taken.

5. Four types of water motions are considered in the

model, as shown in Fig. 1: water formation at the

cathode, water diffusion, electro-osmosis and water

convection.

Fig. 1 e Transport and chemical phenomena in proton

exchange membrane coated by catalyst in an operating

PEMFC. These phenomena are considered in the developed

membrane transport model.
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6. The boundary conditions of water transport utilize the

modified equations from Berg’s et al. model, 2005 [20].

7. The membrane over-potential is calculated using

Ohm’s Law.

8. Water diffusion and electro-osmotic coefficient, as well

as membrane conductivity, are functions of the mem-

brane water concentration Cw and temperature.

9. Water sorption isotherm depends on the temperature.

10. The activation energies of water diffusion, electro-

osmotic coefficient and membrane conductivity do not

depend on membrane water concentration.

The development of the auxiliary equations was based on

analysis of experimental data for perfluorinated membranes

of Nafion type.

Governing equations

All symbols are explained in the “Nomenclature” at the end of

the paper.

The water diffusion is expressed by Fick’s Law:

�Dw
dCw

dz
¼ jdifw

a
; jdifw ¼ �a$Dw$

dCw

dz
(2)

The electro-osmotic flux is expressed by:

jdragw ¼ Cdrag$
i
F

(3)

The convective flux is calculated from:

jconvw ¼ Khyd$
pl;a � pl;c

Lmem
(4)

At 4 < 1, water vapor operating condition, the convective

flux is negligible and the total water flux through the mem-

brane is found from the sum of diffusive and electro-osmotic

fluxes:

jmw ¼ �a$Dw
dCw

dz
þ Cdrag$

i
F

(5)

At 4 � 1, if liquid water is formed at both boundaries CL/

PEM, the water concentrations at anode and cathode sites are

equal Ca
w ¼ Cc

w. In this case the diffusive flux is zero, but the

convective flux is taken into account and consequently the

total water flux through the membrane is described by:

jmw ¼ Cdrag$
i
F
þ Khyd$

pl;a � pl;c

Lmem
(6)

The membrane over-potential is calculated based on

Ohm’s law and expressed by:

hmem ¼ i
smem

$Lmem (7)

Boundary conditions

The balance of water fluxes between the polymer electrolyte

membrane and catalyst layer is based on the boundary con-

ditions proposed by Berg et al. [20]: at anode catalyst layer
jmw ¼ �a$gH2O;a

�
Ca
w � Ca�

w

�
(8)

at cathode catalyst layer

jmw þ i
2F

¼ a$gH2O;c

�
Cc
w � Cc�

w

�
(9)

At 4 < 1 the balance of the water fluxes in PEM and catalyst

layers are expressed as:

�a$Dw
dCw

dz
þ Cdrag

i
F
¼ �a$gH2O;a

�
Ca
w � Ca�

w

�
(10)

�a$Dw
dCw

dz
þ Cdrag

i
F
þ i
2F

¼ a$gH2O;c

�
Cc
w � Cc�

w

�
(11)

g e the mass transfer coefficient of water from the GDL to

the catalyst layer is calculated via the equation:

gH2O ¼ DGDL
w

dn þ 0:5$LCL
(12)

The water activity inside the GDL close to the interface of

the membrane C�
w, is calculated from the water sorption

Table 1 e Comparison of the membrane transport models.

Model Driving forces Approximations

D4 DCw Dp Dw Cþ Cdrag jmw

1. StefaneMaxwell equation

Carnes, Djilali, [18] þ þ � f(Cw) Const f(Cw) s0

Baschuk, Li [19] þ þ � f(Cw) Const f(Cw) s0

2. NernstePlanck equation

Berg et al. [20] þ þ � f(Cw) f(Cw) ¼1 s0

Rowe, Li [21] þ þ þ f(Cw) Const f(Cw) s0

3. Ohm’s law

Kulikovsky A. [6,22] þ þ � Const Const f(Cw) ¼0

Bao et al. [23] þ þ � Const Const f(Cw) s0

Senn, Poulikakos [24] þ þ þ Const Const f(Cw) s0

Gurau, Mann [25] þ þ � f(Cw) Const f(Cw) s0

Wu et al. [26] þ þ � f(Cw) Const f(Cw) s0

Sui et al. [27] þ þ � f(Cw) Const f(Cw) s0

del Real et al. [28] þ þ � f(Cw) Const f(Cw) s0

D4, DCw, Dp e gradients of the electrical potential, water concentration and pressure correspondingly; Dw e water diffusion coefficient; Cþ e

proton concentration; Cdrag e electro-osmotic coefficient; jmwe total water flux throughout the membrane; Cw e water concentration in the

membrane.
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isotherm, which defines the dependence of membrane water

concentration on equilibrium water vapor.

The development of the auxiliary equations

Thedevelopmentof theauxiliary equations inorder todescribe

the dependences of membrane properties on the relative hu-

midity or membrane water concentration and temperature

was based on the thoroughly analysis of experimental data

available in the scientific papers [16,18e29,34,55,62e67]. Most

of the experimental investigations on the Cdrag, Dw, smem as a

function of Cw, reported in the scientific literature, were per-

formed at 25 �C. In order to describe the transport properties of

themembrane at other temperatures Arrhenius’ equationwas

appliedwith an assumption that the activation energies do not

depend on the membrane water concentration.

Water sorption isotherm
In order to define the water concentration at the membrane

boundaries, knowledge of the equilibrium between the water

concentrations in the membrane and catalyst/gas diffusion

layers is required. This equilibrium can be described by a water

sorption isotherm e the relation between the membrane hy-

dration number (number of watermolecules per one functional

group) and the equilibrium humidity. The water sorption

isotherm by the polymer electrolyte membranes is intensively

studied using different experimental methods [34e39]. Special

attention is focused on the difference between the equilibriums

of themembranewith thesaturatedwatervaporandwith liquid

water. For the first time Schroeder [40] indicated that gelatin, an

amino acid related to natural polyelectrolytes, absorbs signifi-

cantly less water from saturated water vapor than at contact

with liquid water. At present, this phenomenon is well-known

as Schroeder’s paradox and currently being intensively dis-

cussed in the scientific literature [39,41e46]. The existence of

this phenomenon has theoretically been proven [41,42]. How-

ever, it is an interesting fact, that several experimental in-

vestigations [39,43,44] did not confirm the presence of

Schroeder’s paradox. Utilizing the thermodynamic model ap-

proaches, Lu [41] as well as Eikerling and Berg [42] showed that

the transition of water from gas to liquid phase attains a

discontinuous jump in the totalwater concentration inpolymer

electrolyte membranes. In the numerical modeling of PEMFCs,

this discontinuity of the membrane property can cause diffi-

culties. Therefore,most of thepublishedmodelsdonot take into

account Schroeder’s paradox and describe the water sorption

isotherms by continuous polynomial functions [18e29].

In the present work a mathematical function for the

membrane water sorption isotherm was developed based on

the analysis of the published experimental investigations

[34,35,37,38] and the following assumptions:

1) The maximal membrane water concentration grows with

increasing temperature.

2) The appearance of liquid water in the system causes a

sharp but continuous rise of the membrane water

concentration.

The second statement was guided by the following con-

siderations: at convenient operating conditions of the PEMFC,

water is present in both vapor and condensed (liquid) states.

Consequently, both phases contact the membrane simulta-

neously. Thus, the water at the membrane boundary most

likely represents a mixture of vapor with droplets of the liquid

water. Based on the theory proposed by Eikerling and Berg [42],

we can assume that water droplets will be more easily

absorbed by the membrane compared to water vapor. But a

few water droplets will not be enough in order to increase the

membrane water concentration to the maximal value. Thus,

at the occurrence of the liquid water in the real PEMFC most

possibly the growth of the water content will transit contin-

uously in the membrane.

Fig. 2 displays the dependencies of the membrane water

concentration for Nafionmembranes, equilibrated with liquid

water at various temperatures. These data were reported by

Morris [34] and Hinatsu [35]. As can be seen in the figure, the

membrane water concentration grows linearly with

increasing temperature and the two data sets are found in

complete agreement and are well described by the linear

function:

cmax
w ¼ 0:138$T� 28:31 (13)

Fig. 3 presents the experimental data on the water sorption

isotherms of Nafion membranes measured in a wide range of

water vapor activity [34,35,37,38]. We should note that

different methods were applied for the measurements, and

different devices for controlling the establishment of the

equilibrium between the membrane and water vapor were

used. Therefore, the data determined, for example, at 25 �C by

different research groups do not demonstrate complete

agreement. We have tried to find a correlation between the

water sorption isotherm shape and temperature from these

data. On the one hand, Morris [34] showed that themembrane

water sorption is higher at 50 �C than at 25 �C, but on other

hand the data of Hinatsu [35] measured at 80 �C lie below the

values obtained by Pimenov at 25 �C [37] and byMorris at 50 �C

[34]. Perhaps the functions Cw ¼ f(4) have different trends at

different temperatures but currently this trend cannot be

Fig. 2 e Temperature dependence of the specific water

concentration in Nafion membrane equilibrated with

liquid water.
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accurately formulated from the available experimental data.

Therefore, we assume that at 0 < 4 < 0.97 the shape of the

water sorption isotherm practically does not depend on the

temperature (Fig. 3a), but at 4 � 0.97 the growth of membrane

water concentration increases with the temperature (Fig. 3b).

The suggested fitting describing the water sorption isotherm

is expressed by the equation:

C�
w ¼ 1:55þ 13:71$f� 24:37$f2 þ 21:87$f3

� � � f cmax
w ;f

� �
(14)

where fðcmax
w ;4Þ is a multiplier, which is directly proportional

to themaximalmembranewater concentration cmax
w described

by Eq. (13) and the relative humidity 4.

As seen from Fig. 3b the maximal water concentrations (at

4 ¼ 1) computed by Eq. (14) are found in quite good agreement

with experimental data.

Water diffusion coefficient vs. membrane water concentration
Fig. 4 displays the dependencies of the water diffusion coef-

ficient on the hydration number of Nafion membranes

measured at 25 �C by Volino 1982 [47], Zawodzinski 1991 [48],

Rivin 2001 [49], Jayakody 2004 [50], Suresh 2005 [51] and

Majsztrik 2008 [52]. As seen in the figure, the values have the

same order of magnitude and lie in a range from 0.39 � 10�10

to 5.80 � 10�10 m2/s. The water diffusion coefficients obtained

by Rivin and Zawodzinski grow directly with the rising hy-

dration number of the membrane. The water diffusion coef-

ficient reported by Jayakody agrees with data measured by

Zawodzinski, and the value of Volino is compared with the

data published by Rivin. In the presentedmodel a linear fit (Eq.

(15)) of the experimental relationship of Dw vs. the membrane

hydration number is suggested, which starts at zero and

represents the average of the presented experimental points.

Dw ¼ dT1
w $Cw (15)

where dT1
w is the slope of the straight line fitting, where

dT1
w ¼ 2:65� 10�11m2=s at T ¼ 298.15 K.

Electro-osmotic coefficient vs. membrane water concentration
Fig. 5 presents the electro-osmotic coefficients in the per-

fluorinated membranes as a function of membrane water

concentration measured by Luo at 25 �C [53], Ise at 27 �C [54]

and Springer at 30 �C [29]. The linear fit was performed on the

data reported by Luo [53], because the data evaluation for the

development of themodel was carried out at 25 �C. No electro-

osmosis is possible in the dry membrane. Therefore the sug-

gested fit passes through the origin of the coordinates. Thus

the electro-osmotic coefficient is expressed by the equation:

Cdrag ¼ cT1
drag$Cw (16)

for Nafion membrane cT1
drag ¼ 0:11 at T ¼ 298.15 K.

Fig. 3 e The specific water concentration of Nafion

membrane as a function of the equilibrium relative water

vapor humidity: a) in the wide range of 4 [ 0L1.0; b) for

high 4 [ 0.96L1. The points are experimental data from

Refs. [34,35,37,38], lines are the suggested fittings.

0

2

4

6

0 4 8 12 16 20

Rivin, 2001 suggested fitting

Suresh, 2005 Volino, 1982

Jayakody, 2004 Majsztrik, 2008

Zawodzinski, 1991

Cw

sm

Dw

2

1010⋅

Fig. 4 e Thewater diffusion coefficient of Nafionmembrane

as a function of the specific water concentration, T [ 25 �C.
The points are experimental data from Refs. [47e52], the

straight line is the suggested fitting.
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Ionic conductivity vs. membrane water concentration
As shown in the investigations [15e17] the dependence of

membrane conductivity on the water concentration can suc-

cessfully be described by the equation of the percolation

theory. The basic ideas of this theory were formulated by

Broadbent and Hammersly in 1957 [55]. According to the

percolation theory, after reaching some critical volume frac-

tion of the conducting phase fcr, the conductivity of a

composition consisting of dielectric and conductor dramati-

cally begins to growwith the increasing fraction of this phase.

This change from dielectric to conductor has been called the

percolation transition and the critical content of the con-

ducting phase fcr is a threshold of the percolation. At f> fcr the

dependence of the conductivity on the conducting phase

fraction is described by the equation:

smem ¼ sT1$
�
f � fcr

�t
(17)

where s - pre-factor of percolation equation, t e percolation

exponent, f e volume fraction of the conducting phase; fcr e

critical volume fraction of the conducting phase. The quanti-

ties s, fcr and t are the parameters of the percolation equation.

Calculations based on the theory of probability as well as

experimental investigations have shown that the percolation

parameters lie in the intervals f ¼ 0.15 � 0.03, t ¼ 1.6 � 0.4

[56e60].

The conducting phase in perfluorinated membranes rep-

resents the connected hydrophilic cluster domains consisting

of hydrated functional groups and networked absorbedwater.

The following equation was suggested [16,61] in order to

calculate the volume fraction of the conducting phase in ion-

exchange membranes:

f ¼ a$MSO3
þW (18)

where a e ion-exchange capacity, i.e. the concentration of

acid groups;MSO3
-molecularweight of the acid group andWe

water mass fraction in PEM.

The derivation of the equation is described in detail in the

same references [16,61].

Fig. 6a demonstrates the dependences of Nafion conduc-

tivity measured by Luo et al. [53] as a function of the volume

fraction of the conducting phase calculated using Eq. (18).

From these experimental data the estimated critical volume

fraction of the conducting phase is fcr ¼ 0.15 which corre-

sponds well to the theoretical range. The treatment of these

data in bi-logarithmic coordinates lg(smem) � lg(f � fcr) (Fig. 6b)

has allowed the determination of the parameters s and t.

Taken into account that fcr ¼ 0.15 the obtained values of these

parameters are: t ¼ 1.2 and sT1 ¼ 1:16½S=cm� at T ¼ 298.15 K

(Fig. 6).

Temperature dependencies of the membrane transport
characteristics
Since the temperature dependencies of the water diffusion,

electro-osmotic coefficients and proton conductivity of the

perfluorinated membranes are well described by Arrhenius’

equation as shown in the investigations [29,62e65], the ex-

pressions (15e17) can be transformed in (19e21)

DT2
w ¼ dT1

w $Cw$exp

"
� Edif

a

R
$

�
1
T2

� 1
T1

�#
(19)

CT2
drag ¼ cT1

drag$Cw$exp

"
� Edrag

a

R
$

�
1
T2

� 1
T1

�#
(20)

sT2
mem ¼ sT1$

�
f � fcr

�t
$exp

�
� Es

a

R
$

�
1
T2

� 1
T1

��
(21)

0

0.5

1

1.5

2

2.5

0 5 10 15 20

Luo, 2010

Ise, 1999 

Springer, 1991

suggested fitting

Cw

Cdrag

Fig. 5 e The electro-osmotic coefficient of Nafion

membrane as a function of the membrane water

concentration. The points are the experimental data from

Refs. [29,53,54], the straight line is the suggested fitting.

Fig. 6 e a) The dependence of the specific conductivity of

Nafionmembrane on the volume fraction of the conducting

phase; b) bi-logarithmic dependence lg(smem) L lg(f L fcr),

used for the determination of the exponent s of the

percolation theory equation. The points are experimental

data [53]; the line on (a) is the suggested fitting.
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Table 2 presents the values of the activation energies of

Cdrag and smem, which were determined in this work from the

temperature dependencies of the experimental data [54,66,67]

using a linear fit of ln(Cdrag,smem) versus (1/T) as shown in Fig. 7.

The table also contains the activation energy values of Dw and

smem published in Refs. [29,64,65]. As seen from the table the

activation energy of the water diffusion coefficient of Nafion

membrane reported by Kreuer [64] decreases with the growth

of membrane hydration level. Unfortunately, any consider-

ation of the mathematical correlation of this dependence

would significantly complicate the numerical solution for the

total water flux. For this reason it has been assumed that the

activation energies do not depend onwater concentration and

therefore the average values were taken for the simulations.

Results and discussion

Programming of the developed membrane transport model

was carried out in Fortran95. The general sequence of the

calculation of the membrane over-potential is depicted in

Fig. 8. In order to determine the total water flux in the mem-

brane and membrane water concentration the following pa-

rameters are needed: dw, cdrag, Edif
a , Edrag

a , Es
a. Water

concentrations at the boundaries of GDL/CL are calculated

from the water sorption isotherm. The total water flux jmw is

Fig. 7 e Temperature dependence of the electro-osmotic coefficient (a) and specific conductivity (b) of Nafion membranes in

coordinates: a) ln(Cdrag) L (L1000/T); b) ln(smem) L (L1000/T). The points are experimental data from Refs. [54,66,67], the

straight lines are linear trends fitting the experimental data.

Table 2 e The values of the activation energy of water
diffusion coefficient, electro-osmotic coefficient and ionic
conductivity of Nafion membrane.

Reference Cw Ea � 103, [J/mol]

Water diffusion coefficient

Kreuer K., 1997 [64] 3 22.960

5 19.776

10 16.690

Electro-osmotic coefficient

Ren X., Gottesfeld S., 2001 [66] 22 6.818a

Luo Z. et al., 2010 [54] 22 8.019a

Ionic membrane conductivity

Meier F., Eisenberg G., 2004 [65] e 9.889

Springer T. et al., 1991 [29] e 10.537

Luo Z. et al., 2010 [54] 22 9.980a

Saito M. et al., 2005 [67] 21 8.445a

a The values were calculated in the present work from the exper-

imental data (Fig. 7) published in Refs. [53,54,66].

Input 
iT ,2

σ
a

drag
a

dif
a

T
drag

T
w EEEcd ,,,, 11

** , c
w

a
w CC

m
wj

2T
memσ

memη

Output 
( ) mem

m
ww jzC η,,  

mean
wC

( )zCCC w
c
w

a
w ,,

Fig. 8 e Flow chart of the calculation steps in the developed

membrane transport model.
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found iteratively by Newton’s method, and the calculation of

the water concentration profile Cw(z) is performed by Run-

geeKutta’s method. From the average membrane water con-

centration Cmean
w the membrane conductivity smem is

calculated using the equation of the percolation theory and

then the membrane over-potential hmem is determined based

on Ohm’s Law.

The developed PEM Model was implemented in the CFD

CodeAVL FIRE [68]. The convergence of AVL FIREwith this new

PEM Model was carefully tested using a Single Channel Fuel

Cell (Fig. 9(a)) in around 300 calculations of FC performance at

various operating parameters: p, T, 4, l. The voltageecurrent

characteristics simulated for varied p, T and l are presented in

Figures S1eS4 (Appendix). The model calculations indicate a

visible growth of the fuel cell current density with increasing

temperature andoutlet pressure. Raising the cell temperatures

enhances reaction kinetics and contributes to obtain lower

activation losses. Higher pressuresmean higher hydrogen and

oxygen concentrations, which result in enhanced reaction

rates and thus increasing current densities. The change of the

anode gas stoichiometric ratio does not lead to a visible effect

on the cell performance. The increasing cathode stoichio-

metric flow ratio results in a light enhancement of the current

densities, it is linked to increasing reaction kinetics at the

higher amount of oxygen delivered to the cathode catalyst

layer. The computational results are found in qualitative

agreement with experimental observations [69e71].

Advanced validation of the developed PEM Model was car-

ried out using a Full Coupled Fuel Cell (Fig. 9(b)) at various

relative humidities at the cathode inlet. The computational

geometry consists of four parts: the first part is themainpart of

the co-simulation, containing fuel cell and gas channels with

677,264 computational cells (CCs); the secondpartwith bipolar

plates is represented by 994,532 CCs; the third part is the end

plates with 36,154 CCs; fourth e the cooling channels divided

into 23,408 CCs. In the first part of the simulation cell themass

transport is calculated, in the other three partsmainly theheat

transport between the cell elements is computed. More

detailed descriptions of the simulation procedure of PEMFC by

CFD Code AVL FIRE are found in Refs. [68,72].

The experimental measurements were carried out in the

Christian-Doppler (CD) Laboratory for Fuel Cell Systems using

a fully automated test rig [73,74]. The test rig is capable of

supplying well defined mixtures of hydrogen, nitrogen, oxy-

gen, and air by using mass flow controllers. Bubble humidi-

fiers are utilized for gas humidification, and the humidity

levels are checked with downstream humidity sensors. Elec-

trochemical potentials are measured utilizing a USB multi-

flexer card from National Instruments (NI USB-6218). The fuel

cell is composed of carbon bipolar plates with 13 straight

parallel flow channels (Fig. 9(c)). The cathode bipolar plate is

segmented into 10 individual elements, which are electroni-

cally insulated from each other (Fig. 9(d)). The bipolar plates

are embedded between two end platesmade of stainless steel.

Cooling channels are installed in the end plates, which pro-

vide a precise temperature control of the fuel cell by applying

water as the cooling fluid. The active area of the single fuel cell

is 25 cm2. The fuel cell assembly shown in Fig. 9(b) completely

corresponds to the fuel cell construction (Fig. 9(d)) used for the

experimental measurements. The material characteristics

and operating conditions applied in the simulations are pre-

sented in Tables 3 and 4 correspondingly.

Fig. 9 e Computational meshes of a) single channel cell, b) Full coupled cell. Images of the experimental cell: c) cathode

bipolar plate and end plate, d) whole assembly.
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Fig. 10 displays the polarization curves of the fuel cell for

varying relative humidity at the cathode inlet, calculated by

the CFD code AVL FIRE andmeasured experimentally. A lower

inlet relative humidity leads to a decrease of the membrane

water concentration and, hence, to a lower proton conduc-

tivity and current density. This performance decrease occurs

in both the experiment and simulation. However, at a lower

humidity the current density is overestimated by the

simulation.

For two cell voltage values, which are marked by blue

dotted lines on Fig. 10, the distributions of the current density

along the gas channel were calculated (Fig. 11). As seen from

the figure the dependencies of current densities on the

channel length at 4in¼ 0.9 and 4in¼ 0.6 are found in quite good

agreement with the experimental data. In both the experi-

ment and simulation a lower humidity moves the current

density maximum towards the cathode outlet (y ¼ 0 cm).

However, in the simulation this happens to a greater extent,

especially for 4in ¼ 0.3.

Conclusion

In the present work a new 1Dmembrane transport model was

developed. In this model the calculation of the membrane

over-potential is based on Ohm’s Law. The boundary condi-

tions describing the equilibrium between the water fluxes

through CL and PEM utilized the modified boundary condi-

tions from Berg’s et al. [20] model. The dependencies of water

diffusion and electro-osmotic coefficients are considered as a

linear function of the membrane water concentration, their

temperature functions are described using Arrhenius’ equa-

tion. The membrane conductivity is computed from the

equation of the percolation theory. The feature of the applied

approach that the volume fraction of the conducting phase in

the membrane is considered as a sum of the volume fractions

of the functional groups and absorbed water, is described in

detail in Refs. [16,61].

For thefirst time, thedevelopedmodelconsiders temperature

influence on the maximal water concentration in the polymer

electrolyte membrane. The jumping growth in the membrane

waterconcentrationat thetransitionfromsaturatedwatervapor

to liquid water is considered as a continuous process.

The developed model was implemented in CFD code AVL

FIRE. The validation of the model was carried out using the

Table 3 e Values of materials parameters applied in the
simulations.

Parameter Symbol Value Unit

GDL

Thickness lGDL 3.00$10�5 [m]

Thermal conductivity ss 4.5 [W/mK]

Permeability

Inplane KII 2.33$10�12 [m2]

Through plane Kt 1.07$10�14 [m2]

Porosity ˛ 0.78 [�]

Tortuosity s 1.5 [�]

Average contact angle q 122 [�]
Catalyst layers

Thickness

Cathode LCL,c 1.125$10�5 [m]

Anode LCL,a 1.125$10�5 [m]

Exchange current density

Cathode i0c 3.2.105 [A/m3]

Anode i0a 1.0.1011 [A/m3]

Transfer coefficient

Cathode ke,c 0.1 [�]

Anode ke,a 0.5 [�]

Membrane

Membrane thickness Lmem 35$10�6 m

Sulfonic acid group concentration a 1900.0 mol/m3

Hydraulic permeability of

membrane

Khyd 1$10�11 mol/

(m Pa s)

Activation energy of water

diffusion

Edif
a 19.809$103 J/mol

Activation energy of electro-

osmosis

Edrag
a 7.418$103 J/mol

Activation energy of membrane

conductivity

Es
a 9.713$103 J/mol

Constants

Faraday constant F 96485.309 C/mol

Universal Gas Constant R 8.31451 J/(K mol)

Table 4 e Operating conditions of PEMFC applied
in the simulations.

Parameter Values

Inlet temperature, [K] 343.15

Outlet gas pressure, [bar]

At cathode 1.0

At anode 1.0

Stoichiometric flow ratio

At cathode 2.2

At anode 1.5

Relative humidity

At cathode 0.9/0.6/0.3

At anode 0.9

Voltage, [V] 0.420e0.855

Fig. 10 e Polarization curves of PEMFC with perfluorinated

membrane: simulation results (lines); experimental data

(points). The operating conditions la/lc [ 2.2/1.5; T[ 70 �C;
P [ 101325 Pa. The experimental polarization curves were

measured with sulfo-cationic perfluorinated membrane,

gas diffusion layer SGL-35BC. The GDL and PEM properties

are given in Table 3.
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experimental data obtained on a segmented single fuel cell.

The calculated polarization characteristics of the fuel cell at

the different humidifications of the inlet air at the cathode are

found in quite good agreement with the experimentally

measured curves.

Outlook

The presented model has been extended from 1D to 3D. The

CFD code AVL FIRE with the implemented model will be

commercially available in future releases.
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Nomenclature

Latin symbols

a sulfonic acid group concentration, mol/m3

Cw normalized water concentration in the membrane

cmax
w normalized water concentration in the membrane,

equilibrated with liquid water

Cdrag electro-osmotic coefficient (drag coefficient) in the

membrane

cT1

drag electro-osmotic coefficient in the membrane at

Cw ¼ 1 and T1

Dw water diffusion coefficient in the membrane, m2/s

dT1
w water diffusion coefficient in the membrane at

Cw ¼ 1 and T1, m
2/s

Ea activation energy, J/mol

F Faraday constant, (A s)/mol

f volume fraction of the conducting phase in the

membrane

fcr critical volume fraction of the conducting phase

i electric current density, A/m2

jw water flux, mol/m2s

jmw total water flux through the membrane, mol/m2s

Khyd hydraulic permeability of the membrane, mol/

(m Pa s)

Lmem membrane thickness, m

p pressure, Pa

R universal gas constant, J/(mol K)

T temperature, K

t exponent of the equation of the percolation theory,e

U Potential, V

y channel length, cm

z normal direction to the membrane, m

Greek symbols

4 water activity in gas phase, relative humidity

gH2O water transfer coefficient, m/s

h potential loss, V

Fig. 11 e The distribution of the current density along the

channel from inlet (y [ 0 cm) to outlet (y [ 12 cm). Points

are experimental data, lines are simulation results.
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l stoichiometric coefficient

s pre-factor of the equation of the percolation theory,

S/m

smem specific membrane conductivity, S/m

Subscripts and superscripts

a anode

c cathode

m; mem membrane

mean related to an average value

l related to liquid water

CL related to catalyst layer

GDL related to gas diffusion layer

w; H2O water

drag related to electro-osmotic transport of water

dif diffusion

conv related to convective flux

s related to membrane conductivity

Abbreviations

CFD computational fluid dynamics

CL catalyst layer

FC fuel cell

IEM ion exchange membrane

GDL gas diffusion layer

PEM polymer electrolyte membrane

PEMCC polymer electrolyte membrane coated with catalyst

layer

PEMFC polymer electrolyte membrane fuel cell

RH relative humidity
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