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Optimizing the Performance of a
Single PEM Fuel Cell
A three-dimensional steady-state electrochemical mathematical model is developed where
the mass, fluid, and thermal transport processes are considered, as well as the electro-
chemical reaction phenomena. The influences of the parameters of interest, which include
porosity, permeability, and the thickness of the gas diffusion layer, and the inlet gas
stoichiometric ratio on the performance of fuel cells are identified. By applying the
Powell algorithm, the optimum values of multiple parameters are obtained while opti-
mizing the potential of the electrolyte phase at the membrane/cathode interface at a
typical value of the cell voltage. Compared with the reference case, the optimized results,
such as the oxygen mole fraction and the local current density distribution, provide useful
information for a better design of fuel cells. �DOI: 10.1115/1.2889051�
Introduction

Porous electrodes in polymer electrolyte membrane �PEM� fuel
ells play an important role in transition with the minimum volt-
ge losses, from the channel-land structure of the flow field to the
ctive area of the electrodes, to ensure a homogeneous and effi-
ient mass transport over the whole active area of the cell �1�.
lectrochemical behavior of porous electrodes in PEM fuel cells

s influenced by several factors, including the inner structure such
s porosity and permeability and the thickness of the gas diffusion
ayer �GDL�. It is difficult to evaluate the influence of a single
arameter while other properties are kept constant. For example,
he change of GDL permeability and the gas flow rate may affect
he channel pressure drop to various degrees �2�. It is, therefore,
mportant to analyze the effects of various electrode parameters on
he performance of PEM fuel cells.

Numerical simulation is a very useful tool to study the transport
nd electrochemical reaction phenomena, which can also be used
o optimize the performance of fuel cells. Over the last decades,
everal fuel cell models have been developed. Bernardi �3� and
pringer et al. �4� developed one-dimensional polymer electrolyte
PEM� fuel cell models, which provided a fundamental frame-
ork for the multidimensional models that followed. Later on,

wo-dimensional models �5–8� were developed, which considered
he changes both across the membrane and in the direction of the
ulk flow. A good example can be seen from the research by Yi
nd Nguyen �7�, where the two-dimensional flow approach was
sed to investigate the multicomponent transport in porous elec-
rodes of a PEM fuel cell with the interdigitated gas distributors.
he model proposed by Yi and Nguyen �7� predicted the current
ensity generated at the membrane/electrode interface as a func-
ion of various operating conditions and design parameters. It was
hown that the average current density generated at the cathode
ncreased with the higher gas flow rate, thinner electrode, and
arrower shoulder between the inlet and outlet channels of the
nterdigitated gas distributor. Most recently, several three-
imensional models �9,10� have been developed for a more accu-
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rate prediction of the fuel cell performance, especially those using
the computational fluid dynamics �CFD� approaches �11–15�.

Some experiments have been performed to investigate PEM
fuel cells �16–21�. However, the optimization by experiments is
time consuming and expensive compared to the numerical optimi-
zation, which can yield the global optimization since many param-
eters can be simultaneously varied. Williams et al. �19� experi-
mentally investigated the performance of PEM fuel cells with no
external humidification by optimizing the operating cell tempera-
ture and the inlet gas stoichiometric ratio. It was found that to
obtain the maximum cell performance, the optimal cathode stoi-
chiometric ratio was corresponding to different operating tempera-
tures while the anode stoichiometric ratio was maintained con-
stant. Their work also showed that it was possible to run a fuel
cell with no external humidification as long as the critical param-
eters were optimized. Lee et al. �20� investigated the effects of the
gas diffusion layer thickness by the numerical simulation and con-
cluded that an intermediate thickness enhanced the electrodes’
performance best. Grujicic and Chittajallu �21� performed a
steady-state, two-dimensional electrochemical model with a non-
linear constrained optimization algorithm to optimize the cathode
geometry. The optimal cathode design was found to be associated
with the cathode geometrical parameters, such as the thickness
and length per shoulder of the interdigitated air distributor.

This work will focus on the numerical optimization of gas dif-
fusion layer with respect to the electrode design parameters, such
as porosity, permeability, and the thickness of the GDL and the
inlet gas stoichiometric ratio. A three-dimensional steady-state
electrochemical mathematical model of the unit cell, which con-
siders the mass, fluid, and thermal transport processes as well as
the electrochemical reaction, is solved by coupling with the Pow-
ell optimization algorithm. In addition, the influence of the elec-
trode parameters on the performance of fuel cells is analyzed and
the corresponding optimal values are obtained.

2 Mathematical Models

2.1 Computational Models. The computational domain of
the whole unit cell, as shown in Fig. 1, consists of nine different
regions along the Z axis from cathode to anode: the cathode cur-

rent collector, the cathode channel, the cathode diffusion layer, the
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athode catalyst layer, the proton exchange membrane, the anode
atalyst layer, the anode diffusion layer, the anode channel, and
he anode current collector.

The flow field used in the current model is a single-serpentine
ow pattern with a rectangular channel of 0.84 mm in width and
.81 mm in depth, and 14 pieces of 180 deg turns �15 passages in
otal�. The total length of a single channel is 38.1 cm and the total
ctive area is 6.25 cm2. The anode and cathode flow fields are in
counterflow orientation and the reactants are pure hydrogen and

ir. This flow field is chosen to be the same as the one shown in
ef. �19�. The details of the flow fields are summarized in Table 1.
able 1 also lists other physical properties used by the current
odel.
The current model is based on the following assumptions: The

ell operates under the steady-state condition; the reactants are
reated as the ideal gas; an incompressible laminar flow is as-
umed everywhere in the channels; an isotropic porous medium
xists in the diffusion layers, catalyst layers, and the membrane;
nd the gas within the electrodes exists as a continuous phase, so
hat Darcy’s law is applied.

The governing equations in the vector form are shown as fol-
ows: Continuity,

� · ���U� = Sm �1�

Fig. 1 Physical m
odel of PEM fuel cell
omentum conservation,
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Table 1 Physical parameters and properties

Channel thickness 0.81 mm
Cathode diffusion layer thickness 0.373 mm
Anode diffusion layer thickness 0.429 mm
Catalyst layer thickness 0.02 mm
Membrane thickness 0.026 mm
Membrane porosity 0.28
Catalyst layer porosity 0.4
Diffusion layer porosity 0.4
Inlet nitrogen/oxygen mole ration 0.78 /0.205
Cell operating temperature 70°C
Air-side inlet pressure/fuel-side inlet
pressure

1 /1 atm

Membrane permeability 1�10−18 m2

Catalyst layer permeability 1�10−11 m2

Diffusion layer permeability 1�10−11 m2

O2 stoichiometric ratio 1.5, 2, 2.5, 3, 4
H2 stoichiometric ratio 1.3, 3
Relative humidity of inlet fuel/air 27% /1.5%
Reference exchange current density of
anode

4.72�109 A /m3

Reference exchange current density of
cathode

5.376�106 A /m3

Cathode transfer coefficient 0.75
Anode transfer coefficient 0.25
Transactions of the ASME
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� · ���UU� = − � � p + � · ���eff � U� + Su �2�
nergy conservation,

� · ��eff � T� = � · ���CpUT� + ST �3�
pecies conservation,

� · ��UYi� = � · �Di,eff � Yi� + Si �4�
otential conservation,

� · ��e,eff � �e� = S�e
�5�

� · ��s,eff � �s� = S�s
�6�

here U is the fluid velocity vector; Yi the mole fraction of spe-
ies i; T the fluid temperature; �e and �s represent the electrolyte
hase and the solid phase potential of electrodes, respectively; �
he porosity of electrodes; �eff the effective viscosity of the fluid;
eff the effective heat conductivity; Di,eff the effective mass diffu-
ivity of species i; and �e,eff and �s,eff are the ionic conductivity of
lectrolyte phase and the electronic conductivity of solid phase,
espectively. The source terms Sm, Su, ST, Si, S�e

, and S�s
are

hown in Table 2 for different regions.
It is sufficient to solve the dc conduction equation �conservation

f current� instead of the electrostatic equation �conservation of
harge� based on the assumption of electroneutrality. Therefore,
he DC conduction equation is given as

Table 2 Source terms in dif

Channels Diffusion layers Catalyst

Sm=0 Sm=0
Sm=

Mi

nF

Su=0
Su=−

�eff

�p
�2U Su=−

�e

k

ST=0
ST=

is
2

�s,ef f
ST=

i2

�eff

Si=0 Si=0
Si=

Mi

nF
i

S�e
=0 S�e

=0 S�e
= i0

S�s
=0 S�s

=0 S�s
=−i0

ig. 2 Comparison between the numerical prediction and ex-

erimental data †19‡
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� · i = 0 �7�

where i is the total current density vector. In the active catalyst
layers region, one part of the current will flow through the sub-
strate solid �or electronic�, and the other through the electrolyte
fluid �or ionic�. Thus,

i = ie + is �8�
and

− � · ie = − � · is = i0 �9�

− � · �− �e,eff � �e� = � · �− �s,eff � �s� = i0 �10�
These two current components are completely independent. The
only way that they can interact with each other is through electro-
chemical reactions, where electrons are either transferred to the
solid from the pore phase or vice versa. The transfer current i0 is
a measure of the electrochemical reaction rate. In general, it is
typically expressed by the Butler–Volmer equation

i0 = i0,ref�exp�	anF

RT

� − exp�− 	cnF

RT

�� �11�

where 
 is the overpotential, where 
= ��s−�e�−Eocv; F is the
Faraday constant; 	a and 	c represent the experimental anodic
and cathodic Tafel constants, respectively; and R is the gas
constant.

The numerical domain used here is a full single cell geometry

ent regions of PEM fuel cell

ers Membrane

Sm=0

+
k�

kp
zfcfF��e Su=−

�eff

kp
�U+

k�

kp
zfcfF��e

�−S�

nF
+
act�i ST=

ie
2

�e,ef f

Si=0

S�e
=0

S�s
=0

Fig. 3 The pressure drop in the GDL as a function of perme-
fer

lay

i

ff

p
�U

+ �T
ability and the gas inlet stoichiometric ratio
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egion. At the entrances of the gas channels, the pressure and mole
raction of each species are specified in Table 1. The hydrogen and
ir flow rate in the inlet was calculated based on the average
urrent density of 1 A /cm2 and the gas inlet stoichiometric ratio.
ressure boundary conditions are prescribed at the outlets. Both

he velocity and mass fraction distributions are assumed to be
ully developed in the gas channels. Zero flux boundary condi-
ions are applied to the other external surfaces of the domain.

The conservation equations, Eqs. �1�–�6�, were discretized us-
ng a finite volume method �22� and solved iteratively using a
ommercial CFD code CFD-ACE�, developed by the ESI CFD In-
orporation. The polarization curve, shown in Fig. 2, displays a
trong agreement between the predicted results and the experi-
ent data published in literatures �19�. The maximum difference

ercentage between the numerical and experimental result is be-
ow 4.76%. This might be due to the fact that the contact electrical
esistance within components is not taken into account in the nu-
erical model despite the experimental uncertainty.

2.2 Simulation Results: Parametric Study. In this section,
he effects of electrode parameters and stoichometric ratio on the
ressure drop across the GDL will be studied. The cell is kept at a
onstant potential of 0.6 V and at various values of the cathode

ig. 4 The electrolyte fluid phase potential at the cathode/
embrane interface as a function of permeability and the gas

nlet stoichiometric ratio

ig. 5 The pressure drop in the GDL as a function of porosity

nd the gas inlet stoichiometric ratio
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Fig. 6 The electrolyte fluid phase potential at the cathode/
membrane interface as a function of porosity and the gas inlet
Fig. 7 Average electrolyte fluid phase potential at the cathode/
membrane interface as a function of porosity and the GDL
Fig. 8 Searching scheme of the Powell method
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toichiometric ratio between 1.5 and 4, and at two different values
f the anode stoichiometric ratio �1.3 and 3�. The cell is operating
t pressure of 1 atm pressure and temperature of 70°C.

Serpentine flow fields result in a very long channel with rela-
ively small cross area. Therefore, a large pressure drop occurs
cross the GDL, which is the main driving force for the gas to
ass through the GDL. This behavior is described by Darcy’s law
23� given as

� =
�

��

P

l
�12�

here � is the stoichiometric flow rate, � the permeability of the
DL, P the pressure drop, l the thickness of the GDL, and � the
ynamic viscosity of fluids.

The reactant gas flow rate can be described by a stoichiometric
ow ratio,�, defined as the actual amount of the reactant gas feed
ivided by the amount required by the electrochemical reaction.
ccordingly, the gas inlet stoichiometric flow rate can be evalu-

ted as �24�

Table 3 Initial parameter settings for the Powell algorithm

athode GDL permeability, x�1� 1E−11 m2

node GDL permeability, x�2� 1E−11 m2

athode GDL porosity, x�3� 0.4
node GDL porosity, x�4� 0.4
athode GDL thickness, x�5� 0.373 mm
node GDL thickness, x�6� 0.429 mm
athode inlet gas stoichiometric ratio, x�7� 2
node inlet gas stoichiometric ratio, x�8� 1.3

able 4 Optimized values obtained from the Powell algorithm

athode GDL permeability, x�1� 5.40E−12 m2

node GDL permeability, x�2� 6.48E−12 m2

athode GDL porosity, x�3� 0.527
node GDL porosity, x�4� 0.735
athode GDL thickness, x�5� 0.437 mm
node GDL thickness, x�6� 0.404 mm
athode inlet gas stoichiometric ratio, x�7� 3
node inlet gas stoichiometric ratio, x�8� 1.3
Fig. 9 Objective functions with iteration

ournal of Fuel Cell Science and Technology
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� = �
iav

nF
Am

1

xi,in

RTin

pin

1

Ach
�13�

where Am and Ach are the active area of the membrane and the
channel section, respectively;iav is the average current density;Tin,
pin, and xi,in are the temperature, pressure, and species mole frac-
tion at the entrance of the gas channels, respectively.

2.2.1 Effects of GDL Permeability � and Gas Inlet Stoichio-
metric Ratio. The values of the GDL permeability vary greatly
from 10−13 m2 to 10−10 m2 in the published literature. Figure 3

(a)

(b)

Fig. 10 Contours of oxygen mole fraction in the GDL for „a…
before and „b… after optimization
shows the pressure drop across the cathode GDL as a function of
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ermeability and the gas inlet stoichiometric ratio.
The pressure drop reaches the maximum when the value of

ermeability is around �6–10��10−13 m2 and then drops sharply
ntil the value of permeability is approximately 2�10−11 m2. The
as inlet stoichiometric ratios have a weak influence on the pres-
ure drop in the GDL. When permeability is very small, reactants
an barely diffuse through the gas diffusion layer, thus resulting in
small pressure drop. When the permeability increases, reactants
ill diffuse more easily to the cathode reaction side, resulting in

n increase of the pressure drop. If permeability continues to in-
rease, the concentration of water at the cathode side will increase
ue to the fast chemical reaction. Therefore, water vapor will
iffuse back to the flow channel through the gas diffusion layer,
hus resulting in a less resultant pressure drop.

Figure 4 shows the fitting curve of the electrolyte fluid phase
otential at the cathode/membrane interface with different perme-
bilities and two cathode/anode inlet stoichiometric ratios. A
igher potential at the cathode/membrane interface corresponds to
more active electrochemical reaction, which leads to an increase

n the oxygen consumption. In Fig. 4, a relatively small potential
ccurs at lower permeability, which is due to less amount of re-
ctant diffusion at lower permeability. At higher permeability, the
otential increases at the cathode membrane/catalyst interface.
hese results suggest that there will be an optimum value of the
DL permeability and the stoichiometric ratio under the present
perating conditions, where gases transport effectively in the
DL.

2.2.2 Effect of GDL Porosity � and GDL Thickness. Porosity
f the GDL is another sensitive parameter affecting the cell per-
ormance. A larger porosity of the GDL leads to a greater space
or the diffusion, which, however, induces a higher contact resis-
ance in the GDL. There must be an optimum porosity level for
he GDL so that the fuel cell has its best performance �25�.

Figures 5 and 6 display the changes of the pressure drop and the
otential at the cathode/membrane interface with different values
f the GDL porosities and the gas inlet stoichiometric ratios. The

(a)

(b)

Fig. 11 Contours of oxygen mole fraction throughout the ca
after optimization
as inlet stoichiometric ratio has a little effect on the pressure

31007-6 / Vol. 5, AUGUST 2008
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drop, as shown in Fig. 5. However, as the porosity increases, the
pressure drop in cathode GDL increases sharply �especially below
0.4 of porosity value�, and the pressure drop almost remains con-
stant in medium porosity �from 0.4 to 0.6�. At the high porosity
region �greater than 0.6�, the pressure drop increases again. Figure
6 shows the effects of gas inlet stoichiometric ratios on the poten-
tial at the cathode/membrane interface. It seems that there is a
common variation trend for the potential with different stoichio-
metric ratios. The catalyst layer potential is also very sensitive to
the magnitude of porosity. When the porosity is about 0.4, the
potential reaches a minimum value �the “minus” sign represents
the potential direction�. When the porosity is around 0.6, the cor-
responding potential is at the maximum. For the fixed flow rate at
the inlet, smaller porosity results in a faster speed of reactants to
the catalyst layer; however, the reactant might not be evenly dis-
tributed. At a higher porosity, reactants tend to distribute more
uniformly but with lower speed, which causes a slow chemical
reaction on the cathode side.

The effects of the GDL thickness are shown in Fig. 7. Figure 7
plots the average electrolyte fluid phase potential at the cathode/
membrane interface with different values of GDL porosity for
various GDL thicknesses. When the GDL thickness is 200 �m,
the average potential is higher than the case of 300 �m. This
result supports the fact that the cathode GDL performance is also
governed by the action of product water, as proposed in literature
�25�. A thinner GDL results in a larger oxygen transfer from the
gas channel to the catalyst layer, and thus a larger potential is
generated. However, a higher potential is accompanied by more
water, which will transport back to the GDL and affects adversely
the GDL pore performance. This study is beyond the scope of the
present study, which may be implemented when a more thorough
mathematical model is analyzed.

3 Statement of the Optimization Problem
As shown in the previous analysis, the parameters related to

porous electrodes, such as the GDL porosity, permeability, and

de thickness at three different Y locations „a… before and „b…
tho
thickness, affect the performance of fuel cells. Some of these pa-

Transactions of the ASME

E license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



r
m
t
m
m

v
f
a

a
v
s
p
s
a
o
s
i

F
c

J

Downloa
ameters, such as permeability and porosity, are controlled by the
icrostructure of the porous material. These parameters are mu-

ually interdependent in a complex way. There must be an opti-
um parametric level at which the fuel cell has its best perfor-
ance, which is the focus in the rest of this paper.
The optimization of a PEM fuel cell is classified into a multi-

ariable constrained mix-programming problem. The objective
unction has the property of many extreme points and a Powell
lgorithm will be applied here.

3.1 Powell Algorithm. The Powell optimization algorithm is
multidimensional direct search method, which uses the function
alues only to determine an optimum solution. Figure 8 shows the
earching scheme of the Powell method for a two-dimensional
roblem. Given an initial design configuration x0, the algorithm
tarts by searching a set of conjugate directions, e1, e2, then e1
gain. The step sizes �i.e., the distance between x0 and x1

0� are
ptimally determined via a one-dimensional search. These three
earches provide three design points from which a new direction

1 0 0

(a)

(b)

ig. 12 Contours of current density over the membrane/
athode interface „a… before and „b… after optimization
s formed. The direction d , defined by x2−x , is conjugated to e1

ournal of Fuel Cell Science and Technology
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and e2. In the next iteration, the direction e1 is replaced by e2, e2
replaced by d1, and another new conjugated direction is formed.
The disadvantage of this Powell algorithm is that there is no guar-
antee that it will find the global fit-statistic minimum. The detailed
description of the Powell algorithm can be found in Ref. �26�.

3.2 Optimization Procedures. A multiparameter optimiza-
tion is performed using a modularized program, which can alter-
nate between the PEM fuel cell simulation and the numerical op-
timization. The program contains a main program based on the
PYTHON code and three subroutine blocks for modeling, solving,
and postprocessing. The initial values of the optimized param-
eters, including three electrode parameters and the inlet gas stoi-
chiometric ratio, are shown in Table 3.

The numbers given within Table 3 correspond to the values of
the parameters in the initial �reference� design of the PEM fuel
cell. A higher potential loss is generated on the cathode side due to
the slow kinetics of the oxygen reduction. The objective function
of the optimization is to minimize the potential loss on the cath-
ode side. Since the solid potential is assumed constant at the
membrane/cathode interface, the objective function is then defined
as the maximum potential of the electrolyte fluid phase at the
membrane/cathode interface �at a cell voltage of 0.6 V�, which is
a measure of the activity degree of electrochemical reaction. A
higher potential at the membrane/cathode interface corresponds to
a more active electrochemical reaction and better cell
performance.

Thus, the PEM fuel cell optimization problem can be defined as
to maximize 	−f�x�1� ,x�2� ,x�3� ,x�4� ,x�5� ,x�6� ,x�7� ,x�8��
 with
respect to x�i�, i=1–8, which corresponds to each variable shown
in Table 3, respectively. This problem is subject to the following
constraints:

5 � 10−13 m2 � x�1� � 5 � 10−10 m2

5 � 10−13 m2 � x�2� � 5 � 10−10 m2

0.1 � x�3� � 0.9

0.1 � x�4� � 0.9

0.2 mm � x�5� � 0.5 mm

0.2 mm � x�6� � 0.5 mm

Fig. 13 Comparison of the polarization curve before and after
the optimization
x�7� = 1.5, 2, 2.5, 3, 4
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x�8� = 1.3, 3

he upper and lower limits for each parameter are based on the
tudy of Sec. 2.2.

3.3 Results and Discussions. Optimization results were ob-
ained and shown in Table 4. The optimum values of the GDL
ermeability are slightly lower than the reference values; on the
ther hand, the optimum values of the GDL porosity are quite
arge compared to the initial values. Figure 9 displays the values
f the objective function with iterations in the optimizing search-
ng. The maximum potential of the electrolyte fluid phase at the

embrane/cathode interface is 0.2704 V.
Figures 10–13 compare the performance of the fuel cell before

nd after the optimization. Figure 10 shows the oxygen mole frac-
ion distributions in the GDL. Figure 11 shows the oxygen mole
raction distributions through the entire cathode thickness. Figures
0�a� and 11�a� show the reference results and Figs. 10�b� and
1�b� the results after the optimization. Three representative X-Z
lanes in Fig. 11 correspond to the fore cross plane, mid cross
lane, and rear cross plane of the cathode side along the Y axial
irection, respectively. By contrast, the average oxygen mole frac-
ion in the optimized GDL is much higher, and thus more oxygen
s brought to the cathode catalyst reaction site through the optimi-
ation. The major oxygen concentration gradients occur in the
egions near the channel inlet or outlet. It is important to mention
hat the oxygen concentration distribution depends on the flow
eld design, which is a single-serpentine channel in this case.
Figure 12 displays the contour plots of the local current density

ver the membrane/cathode interface. Figure 12�a� shows the re-
ult for the reference case, where the values of the current density
re inhomogeneous and lower than those after the optimization
hown in Fig. 12�b�. This is probably due to the oxygen mole
raction distribution denoted in Figs. 10 and 11. The current den-
ity in the membrane/cathode interface depends on the oxygen
mount in the catalyst layer transported from the GDL. Clearly,
fter the optimization, the current density distributes more uni-
ormly and its average

Figure 13 compares the polarization curves before and after the
ptimization. The line with circles represents the optimized re-
ults, which has a better performance in the mass limitation region
high current density�. In this case, the concentration losses of the
ell due to the oxygen transport limitation are decreased through
he electrode’s optimization. Thus, the chemical reaction should
e stronger than the reference case since more oxygen is supplied
or the high current density. However, for the low current density
egion, the cell voltage is not increased much due to the losses by
he catalyst activation resistance and the membrane Ohmic resis-
ance. These could be improved by including the optimization of
he catalyst layer and the membrane in the model.

Conclusions and Future Work
A three-dimensional steady-state electrochemical mathematical
odel was established to study the performance of a PEM fuel

ell. It is found that the pressure drop across the cathode GDL is
nfluenced little by the changes of the gas inlet stoichiometric
atio. A relatively high potential occurs at a large permeability,
hich is due to the fact that more oxygen is transferred from the
as channel to the catalyst layer, resulting in a higher potential
orresponding to a more active electrochemical reaction. Mean-
hile, the effects of the thickness of the GDL on the average

nterface potential cannot be neglected since the cathode GDL
erformance is also governed by the action of water production.

Furthermore, the model is solved by the Powell multiparameter
ptimization algorithm. The optimum values of cathode/anode
ermeability, porosity, and thickness, and the stoichometric ratio
re obtained. Through comparison with the reference case, the
erformance of a PEM fuel cell is improved after the optimiza-

ion, especially at the high current density.
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However, the Powell algorithm must be used cautiously since
the obtained optimum value might not be the global maximum
solution. The present work provides a computer-aided tool for
designing future fuel cell engines with much higher power density
and lower cost.
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Nomenclature
A � area, m2

cf � concentration of fixed ionic in electrolyte,
mol /m3

Cp � specific heat at constant pressure, J/kg K

D � mass diffusivity of species, m2 /s
F � Faraday constant, 96,487 C /mol
i � current density, A /m2

i � current density vector, A /m2

l � thickness, m
kp � hydraulic permeability, m2

k� � electrokinetic permeability, m2

Mi � molecular weight of species
n � electron number
p � pressure, Pa
R � gas constant, 8314 J /mol K
S � source term in governing equations or entropy,

J/K
T � temperature, K
� � flow rate, m/s

U � velocity vector, m/s
x � mole fraction of species, mol /m3

Y � mole fraction of species, mol /m3

zf � charge number

Greek Letters
	 � Tafel constant
� � heat conductivity, W/m K
� � phase potential, V
� � viscosity, kg/m s
� � permeability, m2

� � ionic conductivity, S/m
� � density, kg /m3

� � stoichiometric ratio
� � porosity


act � overpotential of activation, V

Subscripts
a � anode
c � cathode
e � electrolyte
i � species

m � continuity equation
ref � reference value

s � solid phase of electrode
u � momentum equation
� � potential equation

eff � effective value
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