
at SciVerse ScienceDirect

International Journal of Thermal Sciences 51 (2012) 31e41
Contents lists available
International Journal of Thermal Sciences

journal homepage: www.elsevier .com/locate/ i j ts
Transport phenomena in proton exchange membrane fuel cells and over-potential
distribution of membrane electrode assembly

Dong-Myung Suh*, Seungbae Park
Department of Mechanical Engineering, State University of New York at Binghamton, Binghamton, NY 13902-6000, USA
a r t i c l e i n f o

Article history:
Received 26 April 2011
Received in revised form
16 August 2011
Accepted 22 August 2011
Available online 15 September 2011

Keywords:
Over-potential
PEMFC
MEA
Transport phenomena
Numerical model
Interface boundary model
Potential distribution
* Corresponding author. Tel.: þ1 607 777 3565; fax
E-mail address: dsuh3@binghamton.edu (D.-M. Su

1290-0729/$ e see front matter � 2011 Elsevier Mas
doi:10.1016/j.ijthermalsci.2011.08.013
a b s t r a c t

To study the coupled phenomena occurring in proton exchange membrane fuel cells, a two-phase, one-
dimensional, non-isothermal model is developed. The model includes water phase change, proton
transport in the membrane and electro-osmotic effect. The thinnest, but most complex layer in the
membrane electrode assembly, catalyst layer, is considered an interfacial boundary between the gas
diffusion layer and the membrane. Mass and heat transfer and electro-chemical reaction through the
catalyst layer are formulated into equations, which are applied to boundary conditions for the gas
diffusion layer and the membrane. Detail accounts of the boundary equations and the numerical solving
procedure used in this work are given. The polarization curve is calculated at different oxygen pressures
and compared with the experimental results. When the operating condition is changed along the
polarization curve, the change of physicochemical variables in the membrane electrode assembly is
studied. In particular, the over-potential diagram presents the usage of the electro-chemical energy at
each layer of the membrane electrode assembly. As the fuel cell reaction becomes more limited by mass
transfer, it is found that higher over-potential is uselessly concentrated on the cathode catalyst layer. The
over-potential for the anode reaction was usually ignored in other studies, but the ratio of the anode
over-potential to the cathode over-potential increases at a higher current condition. Water content is
distributed more unevenly in the membrane, as the cell current is increased. That causes the proton
conductivity of membrane to decrease and the water content to increase in the cathode side, which
hampers O2 transfer. The effect of electro-osmotic property, one of important property of membrane, on
cell performance is also studied.

� 2011 Elsevier Masson SAS. All rights reserved.
1. Introduction

Fuel Cells are considered one of the most promising energy
conversion devices for the 21st century, a time of growing concern
about oil supplies and environmental pollution [1,2]. Among
several types of fuel cells currently being studied, Polymer Elec-
trolyte Membrane Fuel Cell (PEMFC) has drawn the most attention
for the next generation power sources for transportation and
portable applications [3]. The durability of membrane electrode
assembly (MEA) has been enhanced and the manufacturing cost of
PEMFC has been reduced. But the commercialization of PEMFC has
not yet been achieved [4e6]. Further technological breakthroughs
based on improved understanding of fuel cell operation, are
required. Mathematical modeling and simulating the coupled
phenomena occurring in MEA play an important role for
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understanding the fuel cell physics and the commercialization of
this technology.

One of the most complicated part in modeling PEMFC is the
catalyst layer. The catalyst layer, about 10 mm, is the thinnest layer
in the MEA, but important reactions for fuel cells, hydrogen
oxidation and oxygen reduction, occur in this layer. Three kinds of
models for the CL can be found in the literature: interfacial model
[7,8,25], pseudo-homogenousmodel [9,10], and agglomeratemodel
[11,12]. In the interfacial model, the CL is assumed to be so thin that
it is considered as an interface between the membrane and the GDL
and all physical or chemical properties are constant throughout it.
The uniform property of CL is also assumed in the pseudo-
homogenous model, but the CL has a separate computational
domain. In the third model, the CL is assumed to be agglomerate of
carbon supported Pt, ionomer, and void space for gas transfer. Even
though the homogenous model and agglomerate model more
rigorously calculate transport phenomena inside the CL, their
computational load is much heavier than that of the first model. In
the simulation based on thesemodels, the computational domain is
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Fig. 2. Flow diagram of the solving procedure.
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limited to the cathode side, and only selected effects are considered
[10,12]. The interfacial model is the simplest one, but it is usually
concerned with only the cathode side [7,8,25]. The over-potential
for cathode reaction is just given as an input parameter or is
calculated in a simple way. The over-potential for the anode reac-
tion, and the potential distribution in the membrane are not
calculated in all these models.

In the present model, the CL is regarded as an interface between
the GDL and the membrane, but the whole range of MEA is con-
cerned. The transport phenomena through the CL are formulated
into the equations as presented in Section 2.3. The equations are
applied to the boundary conditions for GDL and membrane. This
approach can enhance computational stability and assure the
balance of mass, charge and heat through MEA. This model can be
effectively applied to a higher dimensional model which requires
more computational consideration. The simulation results are
compared with the experimental data. The distributions of gas
concentration and potential through MEA are presented, when the
cell condition is changed along polarization curves. In particular,
the over-potential diagram shows how electro-chemical energy is
consumed at each part of fuel cells and which step is a main
hindrance to cell performance. It provides a good understanding of
the cell performance with respect to over-potentials. The over-
potential changes of anode and cathode are studied as the cell
voltage is changed. The water distribution in membrane and its
effect on the ionic conductivity are calculated. As one property of
the membrane, the electro-osmotic effect on cell performance is
also studied.

2. Numerical modeling

The MEA consists of five layers as shown in Fig. 1, viz., the cGDL
(cathode Gas Diffusion Layer), the cCL (cathode Catalyst Layer), the
membrane, the aCL (anode CL), and the aGDL (anode GDL). Oxygen
and Hydrogen gases move through the GDL, and reach the CL.
Electrons and water, which are the products of the reaction, also
move through the GDLs. The water vapor can change into liquid
during its movement when the temperature falls and the pressure
increases. The liquid water can act as a barrier to the passage of
reactant gases and consequently limit the electrical power of the
fuel cell [13]. On the other hand, the membrane needs to be
hydrated to maintain good conductivity for the protons. Therefore,
the management of water becomes a critical factor in the design
and operation of PEMC [14], and the behavior of water should be
incorporated in the MEAmodeling. In the aCL, hydrogen is oxidized
into protons and electrons and in the cCL, oxygen is reduced to
water. The proton and the electron transfer separately from the aCL
to the cCL. The membrane through which the protons move, makes
Fig. 1. Mass transfer through MEA in PEM fuel cells.
an integral connection between the oxidation and reduction, and
completes the electro-chemical reaction in the PEMFC. Therefore,
proton conductivity in the membrane heavily affects the reaction
rate and the performance of a fuel cell. The conductivity depends on
the amount of water absorbed in the membrane. All these corre-
lated phenomena in the MEA are considered in the present model.
The assumptions made in the model are as follows:

(i) The MEA is in a steady state and all variables are changed only
in the thickness direction (1-dimensional).

(ii) The pressure gradient in the GDLs is negligible. Therefore,
reactant gases are transferred by diffusion and liquid water is
moved by the capillary effect.

(iii) Liquid or vapor water is absorbed by the membrane. But the
absorbed water stays therein a liquid state. When water is
desorbed from the membrane, it changes to vapor.

(iv) From the reaction at the cathode, liquid water is produced on
the cGDL side.

(v) At any location within the MEA, liquid and gases are at the
same temperature and heat is transferred by conduction.

The catalyst layer is modeled as an interfacial boundary between
GDL and membrane. There are three computational domains, the
two GDLs and the membrane, in the present model. The model is
programmed into a simulation code in Mathematica (computa-
tional software).



Fig. 3. (a). Comparison of polarization curve from the model with the experiments
[28]. (b). Points where transport phenomena are studied.
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2.1. Gas diffusion layer (GDL)

It is assumed that the pressure gradient is negligible in the GDL,
and that gas species are transported by diffusion. To simplify it
further, the diffusion is expressed with Fick’s law rather than the
StefaneMaxwell equation because these two formulas lead prac-
tically to the same results when an appropriate diffusion coefficient
is used [12,15]. So the transport of species is described as

d
dx

�
DG
i

d
dx

Ci

�
¼ 0 (1)

where Ci is the mass concentration of species i, and DG
i is the

effective diffusivity of species i in the GDL. The effective diffusivity
is defined using the Bruggeman model [16] which correlates these
factors with the diffusivity,

DG
i ¼ Dið1� sÞ1:5 3

1:5 (2)

In Eqn. (2), Di is the diffusivity of species i in the gas mixture, 3is
the porosity of the GDL and s is the liquid water saturation. The
diffusion equation for water vapor contains a source term which
accounts for the phase change of water in GDL.

d
dx

�
� DG

v
dCv
dx

�
¼ �r (3)

The subscript v denotes water vapor and r is the volumetric
condensation rate of water which is given as Eqn. (4) [17].

r ¼ 3ð1� sÞMvg
psat � pv

RgT
¼ 3ð1� sÞgðCsat � CvÞ (4)

where g is the volumetric phase change coefficient. The water
vapor saturation pressure (psat) is given by [18]

log10 psat ¼ �2:1794þ 0:02953C� 9:1837� 10�5C2

þ 1:4454� 10�7C3 (5)

where C is the temperature in Celsius degree.
The transport of liquid water is driven by capillary action, and its

mass flux ( _m1) is given as [19]

_ml ¼ �rlKKrl
ml

Vpc ¼ �
�
rlK
ml

�
Krl

�
dPc
ds

�
Vs (6)

where rl and ml are the density and viscosity of liquid water, and Pc
is the capillary pressure. Krl is the relative permeability of the GDL,
which is set to s3 [17]. Then, the mass balance equation for liquid
water is given as

V$ _ml ¼ � d
dx

�
rlK
ml

S3
�
dPc
ds

�
ds
dx

�
¼ r (7)

The electrical charges are also conserved in the GDL and the
charge balance equation is expressed in terms of electrical potential
(f) using Ohm’s law,

V$i ¼ V$
�
sGVf

�
¼ sG

d2f
dx2

¼ 0 (8)

where i is the charge flux, or current density and sG is the electrical
conductivity of the GDL.

For heat transfer, the conduction rate is balanced by the heat
generation from Joule heat and water condensation. Thus, the
governing equation for heat transfer is written as

�kG
d2T
dx2

¼ V$
�
sGVf

�
þ rDH ¼ sG

�
df
dx

�2
þ rDH (9)
where kG is the thermal conductivity of the GDL and DH is the
condensation heat of water. Heat transfer induced by vapor phase
diffusion, the so-called heat pipe effect [35], is not included in this
model. If the effect is considered, the heat could transfer more
quickly and the maximum temperature deviation in MEA, which is
calculated 3 �C at C1 condition in Fig. 3(b) using the present model,
would be smaller. So the temperature effect on the cell perfor-
mance could be much less.

2.2. Membrane

Only the transport of protons and water molecules is considered
in this layer, since the transport of the other species (H2, O2) is
negligible [20]. Proton transfer in the membrane is formulated with
the charge balance equation.
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V$i ¼ V$
�
sMVf

�
¼ d

dx

�
sM

df
dx

�
¼ 0; (10)

where i is the charge flux of protons and f is its potential, and sM

is ionic conductivity which is a function of the water content in the
membrane. In the present work, the empirical equation presented
by Springer et al. [18] is used for the ionic conductivity in the
membrane.

sM ¼ ð0:5139l� 0:326Þe1268
�

1
303 � 1

T

�
(11)

where l is the membrane water content defined as the Eqn. (12)
[20].

l ¼
�
Cl
Ml

���
rM

EWM

�
(12)

where rM and EWM are the density and the equivalent molecular
weight of the membrane, and Cl andMl are the mass concentration
and the molecular weight of liquid water.

Water transport in the membrane is modeled with two
processes: one is diffusion caused by a concentration gradient, and
the other is electro-osmotic drag. So, the mass balance equation of
water is written as

V$ _ml ¼ � d
dx

�
DM
1
dCl
dx

�
�Ml

F
d
dx

�
nds

M df
dx

�
¼ 0 (13)

whereDM
l , themembranewater diffusivity, is given by the equation

of Motupally et al. [21].

DM
l ¼

8>><
>>:

3:1� 10�7l
�
e0:28l � 1

�
e�2346

T ; l < 3

4:17� 10�8l
�
161e�l þ 1

�
e�2346

T ; l � 3
(14)

The coefficient of electro-osmotic drag (nd) is given as the
function of l [22].

nd ¼
8<
:

0:2l; l < 5
1; 5< l< 14
0:1875l� 1:625; l>14

(15)

In the membrane, the heat conduction rate is balanced by the
heat generated when protons move through the membrane. Thus,
the heat transfer equation is written as

�kM
d2T
dx2

¼ sM
�
df
dx

�2
(16)

where kM is the thermal conductivity of the membrane.

2.3. Catalyst layer (CL)

The catalyst layer is the thinnest layer in the MEA, but it is the
most complex and important part for the fuel cell operation. The CL
is considered as an interfacial boundary between gas diffusion layer
and membrane. Mass and heat transfer and electro-chemical
reaction through the CL are formulated into equations, which
provide the boundary conditions for the adjacent layers: GDL and
membrane. The reaction at the cCL is different from the reaction at
the aCL and the equations are developed separately at each CL.

2.3.1. Cathode catalyst layer (cCL)
The following reduction reaction occurs at the cCL.

1
2
O2ðgÞ þ 2Hþ þ 2e�0H2OðlÞ (17)
The water produced from the reaction is assumed to be in
a liquid state. The rate of the cathode reaction, Eqn. (17), is related
to the electrical current generated from the reaction and the
current is given by the ButlereVolmer equation [23].

ica ¼ ð1� sÞirefca

  
CO2

Cref
O2

!v
Exp

�
bca$2F
RgT

�
fc þ Erefca � fb

��

� Exp
��ð1� bcaÞ$2F

RgT

�
fc þ Erefca � fb

��!
(18)

In Eqn. (18), s is the liquid water saturation at position (b). The
cathode reaction is decreased to the extent that the oxygen transfer is
blocked by liquid water [16,24]. irefca and Cref

O2
are the cathode exchange

current density and themass concentration of oxygen at the reference
state, respectively. At the reference state, the partial pressure of
oxygen is 1 atm and the temperature is 60 �C. The irefca is determined
by the characteristics of CL (thickness, morphology and the amount of
Pt loading, etc.), so that it becomes a specific parameter to each MEA.
In the present work, the value is chosen by fitting the model to the
experimental data. The concentration exponent of oxygen, n, is also
determined by fitting. The constant, bca, is the cathode symmetry
factor. The variables, fb and fc, are the potentials at positions (b) and
(c) shown in Fig. 1. Erefca is the electro-chemical potential at the refer-
ence state and is given as a function of temperature [16].

Erefca ¼ 1:23� 0:9� 10�3ðT � 298Þ (19)

The term ðfc þ Erefca � fbÞ defines the over-potential (hca) at the
cathode. At a steady state, the rate of the electro-chemical reaction
is the same as the rate of oxygen consumption, which is the oxygen
mass flux into the catalyst layer. Therefore, we obtain the following
equation at the boundary (b),

ica ¼ �
�
DG
O2

dCO2

dx

				b
�

4 F
MO2

(20)

Using Eqn. (18), Eqn. (20) becomes an equation with respect to
the mass concentration of oxygen at position (b),Cb

O2
. The Cb

O2

calculated from the equation is applied to the boundary value of the
diffusion equation in the cGDL. The Cb

O2
also gives the current

density from Eqn. (20), which is denoted as iGca. Then, f
b is calcu-

lated by the following equation.

iGca ¼
�
sG

df
dx

				b
�

(21)

The electrical potential at position (c) is calculated from the
following equation.

ica ¼
�
sM

df
dx

				c
�

(22)

At this time, the above equation is solved for fc using the pre-
calculated variables. Then one can determine the cathode current
density toward the membrane. The density is denoted as iMca.

Water can move through the catalyst layer, from or to the
membrane in the assumed way in (iii). The mass flux of water at
position (b)mustbeequal to thefluxatposition (c)undera steadystate
condition. In other words, the diffusive flux in the GDL is equal to the
sum of the diffusive flux and electro-osmotic flux in the membrane,

�DG
V
dCv
dx

				b ¼ �
�
DM
l
dCl
dx

				c
�

�Ml
F

�
nd sM

df
dx

				c
�

(23)

The water concentration (Cl) in the membrane is related to the
water content (l) through Eqn. (12). Water in the membrane has an
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equilibrium relationship with water in the GDL. According to
Springer et al. [18], the l in the membrane was increased up to 14
with the activity (a) of vapor water in its surroundings and the
relationship was given as Eqn. (24).

lv ¼


0:043þ 17:81a� 39:85a2 þ 36:0a3; 0 < a< 1
14; a � 1;

(24)

where

a ¼ Pv
Psat

¼ Cv
Csat

(25)

When themembrane contacts liquid water, the water content in
the membrane measured 22.

ll ¼ 22 (26)

In the present work, water can exist in both liquid and vapor
states in GDL. So the membrane takes up water in the two states
from GDL and the water content at position (c) can be calculated as
the following equation.

l ¼ ð1� sÞlv þ sll (27)

Eqn. (23) can be solved for Cb
v, using Eqn. (12) and Eqn. (24)e(27)

and the l at position (c) can be determined. The water saturation
(sb) at position (b) is calculated from the mass balance equation,
Eqn. (28), where the liquid flux by capillary effect is equal to the
liquid water generation from the cathode reaction.

_mb
l ¼ � d

dx

�
rlK
ml

S3
�
dPc
ds

�
ds
dx

�				
b
¼ Ml

2 F
iGca (28)

The condition for heat transfer at the interface is complicated
because of the existence of several heat fluxes. The heat transfer
through this layer is treated as the transfer through a contact
having a specific thermal conductance [25]. There is a heat flux
from the cathode reaction, too. This flux can be divided into two
parts: an irreversible one from the over-potential, and a reversible
one from the entropy change [26]. Another flux arises from
absorption/desorption of water on membrane. The heat from
absorption is assumed to be equal to the condensation heat of
water [27]. Thus, the total heat flux equation at the boundary (b) is
given as

�kG
dT
dx

				b ¼�hca
�
Tc�Tb

�
� iGca

�
hca�

Y
ca

�
þDG

v
dCv
dx

				b$DH (29)

where hca is the thermal contact conductance and Pca is the Peltier
coefficient representing the reversible potential of the cathode
reaction [26]. Tb can be solved from Eqn. (29). At position (c), the
contact heat transfer is equal to the heat conduction into the
membrane. Hence Tc is solved from the following equation.

�kM
dT
dx

				c ¼ �hca
�
Tc � Tb

�
(30)

2.3.2. Anode catalyst layer (aCL)
At the aCL, hydrogen is oxidized into protons and electrons as

follows.

H2ðgÞ02Hþ þ 2e� (31)

The rate of the anode reaction can also be written in the
ButlereVolmer form [17],
ian ¼ ð1� sÞ$irefan

  
CH2

Cref
H2

!
Exp

�
ban$2F
RgT

�
fe � fd � Erefan

��

� Exp
��ð1� banÞ$2F

RgT

�
fe � fd � Erefan

��!
(32)

The concentration Cref
H2

is calculated at the reference state in the
same way that Cref

O2
. irefan is the anode exchange current density. The

reference potential of the anode reaction, Erefan , is zero. The anode
over-potential (han) is given as

�
fe � fd�. In a steady state condi-

tion, the rate of the above reaction is the same as the rate of
hydrogen consumption which is determined by the mass flux of
hydrogen to the catalyst layer.

ian ¼ �
�
DG
H2

dCH2

dx

				e
�

2F
MH2

(33)

The mass concentration (Ce
H2
) of hydrogen at position (e) is

determined from solving Eqn. (33) and then iGan is evaluated with
Ce
H2
. iGan, in turn, gives fe using the following equation.

iGan ¼
�
sG

df
dx

				e
�

(34)

The electrical potential (fd) at position (d) can be solved with
Eqn. (35),

ian ¼
�
sM

df
dx

				d
�

(35)

From fd and Eqn. (37), another current density (iMan) can be
calculated.

The balance equation for the mass flux of water through the aCL
is set up as the same form as Eqn. (23), the mass flux through the
cCL.

�DG
v
dCv
dx

				e ¼ �
�
DM
l
dCl
dx

				d
�

�Ml
F

�
nd sM

df
dx

				d
�

(36)

The mass concentration (Ce
v) of water vapor at position (e) and

themembranewater content (ld) are solved using the Eqn. (36) and
Eqns. (24)e(26). Liquid water is not produced by the anode reaction
(31), and water flux is zero at position (e).

_me
l ¼ � d

dx

�
rlK
ml

S3
�
dPc
ds

�
ds
dx

�				
e
¼ 0 (37)

The heat flux at positions (d) and (e) can also be written in the
same way as at positions (c) and (b). Te and Td can be calculated
from Eqns. (38) and (39) respectively.

�kG
dT
dx

				e¼�han
�
Te�Td

�
þiGan

�
han�

Y
an

�
þDG

v
dCv
dx

				e$DH (38)

�kM
dT
dx

				d ¼ �han
�
Te � Td

�
(39)

where han is the thermal contact conductance at the anode
interface.
3. Numerical solution

The differential equations governing the transport phenomena
in MEA, are changed into finite difference form [22]. A computation
software,Mathematica�, is used to solve the equations numerically.
Fig. 2 shows the flow chart of the numerical solution procedure.
First, the boundary values at (a) and (f) are provided as inputs to the



Table 1
Model parameters.

Parameter Symbol Value

Geometry Thickness of Membrane (m) 250E-6
Thickness of GDL (m) 100E-6
Porosity of GDL 3 0.5

Diffusivity Oxygen (m2 s�1) DG
O2

3.03E-6
Hydrogen (m2 s�1) DG

H2
11.4E-6

Water Vapor (m2 s�1) DG
v 3.45E-6

Liquid Water (l) Condensation/Evaporation Rate
(s�1) [17]

g 900

Absolute Permeability (m2) [17] K 2.55E-13
Viscosity (kg m�1s�1) [17] ml 40.5E-5
dPc/ds (Pa) [17] dPc/ds 30,321

Membrane Electrical Conductivity of GDL
(S m�1) [34]

sD 120

Equivalent Molecular Weight
(kg mol�1) [20]

EWM 1.1

Density (kg m�3) [20] rM 1980.
Electro-chemical Cathodic Exchange Current Density

at Reference State (A m�2)
irefca 0.0132

Anodic Exchange Current Density
at Reference State (A m�2)

irefan 1800

Cathodic Symmetry Factor [30] bca 0.5
Anodic Symmetry Factor [30] ban 0.5
Concentration Exponent of Oxygen n 1.5

Thermal Conductivity of GDL
(W m�1K�1) [26]

kG 1.5

Conductivity of Membrane
(W m�1K�1) [26]

kM 0.25

Contact Conductance at Cathode
Side (W m�2K�1) [35]

hca 0.3/10�5

Contact Conductance at Anode
Side (W m�2K�1) [35]

han 0.3/10�5

Condensation Heat of Water
(J kg�1) [26]

DH 2.315 E6

Peltier Coefficient of Cathode
(V) [26]

Pca �0.24T/298

Peltier Coefficient of Anode
(V) [26]

Pan �0.013T/298

Operating
Condition

Operating Temperature (�C) Ti 60
Mass Concentration of O2

at (a) (kg m�3)
CO2

ja 1.136 (1 atm)

Mass Concentration of H2O
at (a) (kg m�3)

CH2Oja 0.1965 (psat)

Liquid Water Saturation at (a) sja 0.1
Mass Concentration of H2

at (f) (kg m�3)
CH2

jf 0.0716 (1 atm)

D.-M. Suh, S. Park / International Journal of Thermal Sciences 51 (2012) 31e4136
program. Note that the potential is set to zero at the anode side (f)
and an output cell voltage is given at the cathode side (a). The
boundary values are also used to initialize the internal variables
inside the aGDL and cGDL. As for the initial values inside the
membrane, water content, potential and temperature are set to 1,
�0.0001 V, 60 �C, respectively. Then the variables in the three
layers are updated repeatedly in the Gauss-Seidel Iteration loop. In
each layer, the interfacial boundary value is calculated prior to the
internal variables. In fact, the interfacial values are solved by the
NewtoneRaphson method. For example, the interfacial condition
for oxygen at position (b), given by Eqn. (22) can be rewritten into
the finite difference form.

�
1� sb

�
irefca

  
Cb
O2

Cref
O2

!v
Exp

"
bca$2F
RgTb

�
fc þ Erefca � fb

�#

� Exp

"
�ð1� bcaÞ$2F

RgTb

�
fc þ Erefca � fb

�#!

¼ �
DG;b
O2

Dx

�
Cb
O2

� Cb�1
O2

� 4 F
MO2

ð40Þ

where Dx is the finite length of cGDL and the superscripts, b, b�1,
and c, indicate the positionswhere the variables are evaluated. Now
Eqn. (40) is solved numerically with respect to Cb

O2
, using the other

variables previously calculated. Then the current density (iGca) at
position (b) is calculated from the right hand side of Eqn. (40) and
the oxygen concentrations inside cGDL are calculated using the
Gauss-Seidel iteration method.

The same calculations are processed on the other variables and
then in the other layers. The current density (iGan) at (e) is based on
the gradient of hydrogen concentration, Eqn. (33), but the current
densities (iMca; i

M
an) at (c) and (d) are based on the potential gradients,

Eqns. (22) and (35). Convergence is tested with the above four
current densities and another two current densities (ica; ian) from
Eqns. (18) and (32). These six values should be equal at the steady
state condition. At every iteration of the big loop, all the variables are
updated and the six current densities are recalculated. When the
maximum deviation of the six data is smaller than 10�8 mA cm�2,
the current density is considered to converge into one value. Finally
the iterative calculation stops and solutions are printed out.
Mass Concentration of H2O
at (f) (kg m�3)

CH2Ojf 0.1965 (psat)

Liquid Water Saturation at (f) sjf 0.0
4. Results and discussion

To validate the model developed here, it is compared with the
published experimental data in Rho et al. [28], where the effect of
oxygen pressure on the cell performance is studied. The simulation
is performed under the conditions of three different O2 pressures,
with the parameters given in Table 1. The polarization curves from
the simulation are presented in Fig. 3(a). The curves demonstrate
the initial voltage drop for activating the catalyst, the steady decline
of voltage with the increasing current, and then the limited current
density at low output voltage. The important features of a polari-
zation curve are well simulated and the result shows a close
agreement with the experiment at each condition.

However, this model is one-dimensional one, and it cannot
include the change of transport phenomena along the flow channel.
In fact, a measured polarization curve reflects an average perfor-
mance over the whole area of MEA. So, a multi-dimensional model
could predict more precisely the fuel cell behavior and give a better
correlation at 0.2 atm and higher current condition in Fig. 3(a). Now
this model is being extended into a three-dimensional, CFD based
fuel cell model.

Fig. 3(b) shows some labeled points on the calculated curves, at
which transport phenomena are studied in the following sections.
The labels, A, B, and C represent the three different oxygen pressure
and the following number indicates the output voltage (Vout).

4.1. Potential distribution

The potential distribution in the MEA at C1 condition is
shown in Fig. 4. It has positive slopes in the GDLs and
membrane, which indicates that the electrons move in the
positive x direction in the GDLs, but the protons move in the
opposite direction in the membrane [13]. The gradient of
potential in the GDLs is constant and small, because the electron
conductivity is constant and much higher than the ionic
conductivity of the membrane. The ionic conductivity depends
on the water content in the membrane, and the gradient of
potential in the membrane is changed according to the local
water content. The anode over-potential (han) is calculated as
the potential drop at the interface (dje), but the cathode over-
potential (hca) is the difference between fb and

�
fc þ Erefca

�
. The

hca is higher than the han as in the figure, because the cathode
reaction is much more sluggish that the anode reaction [29].



Fig. 4. Potential distribution in MEA under C1 condition.

Fig. 6. The over-potentials at cCL and aCL, and their ratio under Cx conditions.
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When the Vout is changed along the Cx curve in Fig. 3(a), the
potential distributions in the MEA are calculated as in Fig. 5. As
the Vout goes down, the potential in the cGDL is reduced but its
slope is increased as much as the slope in aGDL, because the
electric current through the MEA is increased. The change of
potential in the membrane is much bigger than the change in
the GDL and it has non-linear distribution, which is associated
with the water distribution in the membrane. The over-potential
in the catalyst layer is also changed with the Vout as in Fig. 6. The
ratio of hca to han is plotted as a dotted curve. It is interesting to
note that the ratio changes remarkably with Vout. At 1.0 V of Vout,
hca is 683 times higher than han, but their ratio falls to 10 at
0.8 V, and it is 5.17 at 0.6 V. The anode portion in the activation
energy increases with the output current density (Iout). In many
models [7e12,25], han was easily ignored and their computa-
tional domain is restricted to the cathode side. However, Fig. 6
demonstrates that han has an effect on the cell performance
especially at high cell current condition, and both sides should
be involved in MEA modeling. The change of potential drop in
each layer with the output voltage can be drawn in one figure:
over-potential diagram. The diagram, presented in Fig. 7,
provides a good understanding on how the electro-chemical
energy is used in the MEA. At a high Vout, the electro-chemical
potential is mainly used for activating the cathode reaction. As
the output voltage, DfðoutputÞ, decreases, the over-potentials of
cCL, aCL, cGDL, membrane, and aGDL, all increase together
and the cell can generates more current. In particular,
DfðmembraneÞ increases noticeably due to the low ionic
conductivity of the membrane. It means that the conductivity of
the membrane becomes the most critical factor for enhancing
the cell performance under Cx condition. The over-potential
diagram was hardly presented in the literature. The polariza-
tion curve was mainly used for validating a model, but this curve
is not sufficiently specific for that purpose [30]. If the over-
potential diagram is provided, the models of fuel cell are
clearly compared and rightly validated.
Fig. 5. Potential distributions under Cx conditions.
4.2. Current limited by mass diffusion

Fig. 8 shows the potential distributions in the MEA when the
supplied O2 pressure is decreased to 0.2 and 0.05 atm. In this figure,
the potential of themembrane and aGDL doesn’t change asmuch as
in Fig. 5, when the cell voltage is decreased. This tendency becomes
stronger under the lower O2 pressure condition (Ax), where the
potential curves don’t seem to change under 0.5 V. It means that the
current through the membrane and aGDL is no longer increased,
even when the Vout is decreased under 0.5 V. The change of over-
potentials at catalyst layers are calculated as in Fig. 9. At the
conditions of Ax and Bx, the han becomes fixed, but the hca is still
increased, as the Vout is decreased. The increment of hca doesn’t
contribute to generating the current flow at the cCL, because O2

feeding is severely limited as shown in Fig. 10. It is simply wasted as
Joule heat [27]. When the supplying pressure of O2 is decreased in
Fig. 7. The over-potential diagram under Cx conditions.



Fig. 8. Potential distributions under (a) Bx and (b) Ax conditions.

Fig. 10. O2 concentration distribution in the cGDL under Bx conditions.

D.-M. Suh, S. Park / International Journal of Thermal Sciences 51 (2012) 31e4138
the cathode channel, the cell is limited to a lower current value as in
Fig. 3 and the han curve goes down, but the hca curve goes up as
shown in Fig. 9.

The diagram, Fig. 11, shows the over-potential at each layer
under the Bx condition. As the cathode reaction becomes restricted
by O2 transfer at a lower cell voltage, only the hca is expanded and
the other over-potentials are fixed. The diagram demonstrates how
the electro-chemical energy from fuel cell reaction is consumed at
each step and which part is a barrier to better performance. The
over-potential of each layer would grow together in a balanced way
at a cell of high performance.
Fig. 9. The over-potentials at cCL and aCL under Ax, Bx, and Cx conditions.
4.3. Water transport and ionic conductivity

Fig. 12 shows the vapor water distribution in the GDLs under the
Cx condition. Water concentration of positions (a) and (f) are
assumed to be saturation value. As decreasing the Vout , the vapor
concentration increases at position (bjc), but decreases at position
(dje). That is because water is produced from oxygen reduction
reaction at cCL. The other reason is Electro-Osmotic Drag (EOD)
effect [31] bywhich water is dragged from the anode to the cathode
inmembrane. Under Cx conditions, the water content is distributed
in the membrane as in Fig. 13. As the current is increased with
reducing the Vout, water content (l) goes down at the anode side
and goes up at the cathode side. It means that the EOD effect
surpasses the back diffusion in membrane, and the effect is
enhanced with cell current density. The water concentration is
reduced at position (dje) in Fig. 12, because the membrane absorbs
vapor water from the aGDL. The water distribution in membrane is
also observed in neutron imaging data [36,37] and other simulation
Fig. 11. The over-potential diagram under Bx conditions.



Fig. 12. The distribution of vapor water in GDLs under Cx conditions.

Fig. 14. The distribution of liquid water in the cGDL under Cx conditions.
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work [38]. The liquid water saturation in the cGDL also increases
with decreasing the Vout, as in Fig. 14, because of the condensation
of over-saturated vapor water.

Water distribution in the membrane has an important effect on
the cell performance, because it is related with the ionic conduc-
tivity [32]. Fig. 13 also shows the distribution of ionic conductivity.
Under C1 condition, the membrane has poor conductivity at the
anode side, so that the potential curve has a high gradient at this
position in Fig. 4. To compare clearly the overall conductivities of
each condition, the effective conductivity (s) is calculated with the
following equations and its values are included in the Fig. 13.

s ¼ L=
ZL
0

1
sðxÞdx (41)

As the Vout goes down from 0.9 V to 0.1 V, the membrane is
dehydrated on the anode side and the water distribution becomes
more uneven in the membrane. The ionic conductivity is reduced
by 60%. If the reduction rate of the conductivity was not that high,
Fig. 13. The distribution of water content and proton conductivity in the membrane
under Cx conditions.
the membrane would take less over-potential in Fig. 7 and the cell
could generate more current.
4.4. Electro-Osmotic Drag(EOD) effect

The EOD in a perfluorosulfonic acid membrane is measured as
the EOD coefficient (nd) which is one of important properties of the
membrane. The EOD coefficient is changed with the temperature,
membrane hydration level, membrane equivalent weight (EW) and
membrane brand [33]. In this work, to analyze quantitatively the
Fig. 15. Polarization curve of the different EODs.



Fig. 16. The distribution of water content and proton conductivity in the membrane
under C1, D1 and E1 conditions.
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EOD effect on the cell performance, a parametric study is done on
the nd, which is rare in other research papers.

When the nd, is reduced to 0.5 nd, and 0.0 nd under the Cx
condition, the polarization curve is changed to Dx and Ex curves in
Fig. 15. The difference of the three curves becomes more evident
with decreasing the Vout, because the EOD effect is enhanced at
high current density. The reason that the current density of Ex
condition is greater than that of any other condition, is found in the
Fig. 16. As the nd goes down, the water distribution in the
membrane becomes even and the effective ionic conductivity is
increased. So, the over-potential of the membrane can be reduced
and a higher over-potential can be applied to the aCL and cCL, as
shown in Fig. 17. The cell current density is increased by 30%(D1)
and 70%(E1) from 1993 mA cm�2(C1).
Fig. 17. Over-Potential distributions under C1, D1 and E1 conditions.
5. Conclusions

A two-phase, one-dimensional, and non-isothermal model is
successfully developed for simulating the transport phenomena
which occurs through the MEA. The model, where the phenomena
in the CL are formulated into the boundary conditions for the GDL
and the membrane, presents close polarization curves to experi-
mental results.

The change of the potential distribution in the MEAwith the cell
voltage is plotted in the over-potential diagram. This diagram
demonstrates the usage of the electro-chemical energy in the MEA.
At a higher output voltages than 0.9 V, most of available energy,
over 95%, is taken by the cCL for activating the O2 reduction reaction
as in Fig. 7. As the output voltage is reduced, the over-potential of
the membrane is increased more rapidly than of any other layer,
which badly affects cell performance at a high current condition.
The over-potential ratio of aCL to cCL is not fixed and it is increased
at a higher current condition. So, the aCL should be considered as
well as the cCL in modeling and designing the MEA of high current
density. When the feeding pressure of O2 to the cathode is
decreased, the polarization curve is limited to a lower current. At
this condition, only the over-potential of cCL can be increased with
decreasing the output voltage, and the electro-chemical energy is
wasted as Joule heat at the cCL.

Water distribution in the membrane becomes more uneven, as
the output voltage is decreased. That is because the EOD effect
intensifies water transport from the anode to the cathode. The
uneven distribution of water degrades the ionic conductivity, and
the over-potential of membrane is increased. In order that a cell
shows better performance, the over-potentials of MEA are
balanced, without being concentrated in a layer. The membrane of
a smaller EOD coefficient has more even distribution of water, and
a smaller over-potential of membrane. Therefore, cell performance
is enhanced with reducing this coefficient.

The over-potential diagram provides a good understanding of
cell performance with respect to the over-potential of each layer
in MEA. The diagram can also be used for validating a fuel cell
model.
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Nomenclature

C: Mass concentration of species (kg m�3)
D: Diffusion Coefficient (m2 s�1)
s: Liquid water saturation
r: Volumetric condensation rate of water vapor (kg s�1m3)
C: Celsius temperature (�C)
P: Pressure (Pa)
Rg: Universal gas constant (8.314 J mol�1K�1)
M: Molecular weight (kg mol�1)
_m: Mass flux (kg s�1m2)
K: Absolute permeability (m2)
Krl: Relative permeability ()
i: Current density (A m�2)
DH: Condensation heat of water (J kg�1)
EWM: Equivalent molecular weight of the membrane (kg mol�1)
F: Faraday Constant (96487 C mol�1)
nd: Drag coefficient of electro-osmosis ()
T: Kelvin Temperature (K)

Superscripts
G: Gas Diffusion layer
M: Membrane

Subscripts
i: Gas species (H2, O2)
v: Water vapor
l: Liquid water
c: capillary

Greek
3: Porosity
g: Volumetric phase change coefficient (s�1)
r: Density (kg m�3)
m: Viscosity (N s m�2)
s: Conductivity (S m�1)
f: Electrical potential (V)
h: Overpotential (V)
k: Thermal conductivity (W m�1K�1)
n: Concentration exponent of Oxygen.
l: Membrane water content.


	 Transport phenomena in proton exchange membrane fuel cells and over-potential distribution of membrane electrode assembly
	1 Introduction
	2 Numerical modeling
	2.1 Gas diffusion layer (GDL)
	2.2 Membrane
	2.3 Catalyst layer (CL)
	2.3.1 Cathode catalyst layer (cCL)
	2.3.2 Anode catalyst layer (aCL)


	3 Numerical solution
	4 Results and discussion
	4.1 Potential distribution
	4.2 Current limited by mass diffusion
	4.3 Water transport and ionic conductivity
	4.4 Electro-Osmotic Drag(EOD) effect

	5 Conclusions
	 References
	Nomenclature


