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a b s t r a c t

Integration between COMSOL MultiphysicsTM and MATLABTM offers a useful option for the self-automated
geometry optimization in proton-exchange membrane fuel cells (PEMFCS). It overcomes the difficulties
of automatically re-generating high-quality computational meshes and subsequently running the sim-
ulations to evaluate the objective function values using commercial software in computational fuel cell
dynamics-based designs. Geometry optimization studies of an air-breathing PEMFC searching for the opti-
mum channel ratio at the anode and the optimum open ratio at the cathode, are undertaken. A sequential
quadratic programming method is selected to deal with the constrained design problems, while the objec-
tive functions are evaluated by running the three-dimensional simulation script of COMSOLTM under the
MATLABTM environment. Simulation results show that for the air-breathing PEM fuel cell operated at 353 K

and one standard atmosphere pressure, when the anode channel ratio is fixed at 10%, the optimum cath-
ode open ratios are very similar for the cell operated at voltages of 0.7 and 0.4 V, namely, 49.8% for 0.7 V
and 49.5% for 0.4 V. When the cathode open ratio is set at 80% with a cell voltage of 0.7 V, the optimum
anode channel ratio is found to be 34.7%.
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. Introduction

Recently, air-breathing proton-exchange membrane fuel cells
PEMFCs) have been identified as one of the most promising alter-
atives for traditional power sources in vehicular and portable
evices. The performance of a PEMFC depends on a variety of struc-
ural and functional parameters, such as the geometry of the flow
aths for the fuels, along with the operating conditions, thickness of
as distribution layers (GDL), as well as the performance of the cata-
yst. Studies indicate that the performance of air-breathing PEMFCs
s seriously affected by oxygen mass limitation at the cathode side.
o improve the performance of air-breathing PEMFCs, it is neces-
ary to understand the relationship between the oxygen/hydrogen
ass fraction distributions and the geometric designs of the cell.
umerical optimization thus becomes an important tool for under-

tanding the physical phenomena related to various geometric
onfigurations that affect fuel cell performance.
Unlike applications in structures and control systems, sensi-
ivity information cannot be easily extracted from computational
uid dynamics (CFD) codes. Hence, the characteristics of the entire

uel cell, including the electrical field, the flow-field and chemi-
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al reactions, must be computed in a highly coupled manner to
ssess the objective function values during the fuel cell optimiza-
ion design cycles. Consequently the efficiency and accuracy of the
imulation are very important. CFD-based modeling of PEMFCs has
een developed during the past decades [1,2]. Besides these in-
ouse developed CFD codes, there is commercial software, such
s FluentTM, Star-CDTM and COMSOLTM that can simulate fuel cell
erformance with reasonable accuracy.

The recent development of CFD techniques has now made it
ossible to carry out CFD-based optimization of the design of fuel
ells. There have been several studies of the effects of functional
nd structural parameters on the performance of the PEM fuel cells.
ang et al. [3] investigated the influence of electrode composition

n cathode performance by carrying out a series of simulations.
inha et al. [4] found that there exists an optimum value of the dif-
usive length of diffusion media that provides peak performance
t a given operating temperature. Hontañón et al. [5] presented a
tudy of the performance of the flow distribution system in terms
f the fuel consumption at the anode. Na and Gou [6] reported an
ptimization study of the efficiency and cost of a fuel cell system

nder various operating conditions. In addition to examinations of
he effects of functional parameters, optimization of the structural
arameters to maximize the performance of PEMFCs has also been
erformed. Sinha et al. [7] compared the performance of PEM fuel
ells with parallel and serpentine flow-fields operated at elevated

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:xingxq@ihpc.a-star.edu.sg
dx.doi.org/10.1016/j.jpowsour.2008.09.096
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Nomenclature

c concentration of species (mol m−3)
D diffusion coefficient (m2 s−1)
Eeq equilibrium voltage (V)
F body force (N)
F Faraday’s constant (96,487 A s mol−1)
J transfer current density (A m−2)
jo exchange current density (A m−2)
M molecular mass (kg mol−1)
N mass flux (kg m−2 s−1)
p pressure (Pa)
Q source term of mass balance equations (kg m−3 s−1)
R gas constant (J mol−1 K−1)
Ragg agglomerate radius (m)
s specific area (m−1)
S current source term (A m−3)
u velocity vector (m s−1)
x mole fraction
x design variable vector

Greek letters
� dynamic viscosity (N s m−2)
�v overvoltage (V)
� permeability (m2)
� Lagrange multiplier
� mixture density (kg m−3)
� conductivity (S m−1)
� potentials (V)
ω mass fraction

Subscripts
a anode
c cathode
H2 hydrogen
H2O water
m membrane
O2 oxygen
s electrode

Superscripts
agg agglomerate
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ref reference
T temperature

emperature and low relative humidity. Wang et al. [8] analyzed
he effect of channel configuration on air-breathing fuel cell per-
ormance by varying the widths of channels. Lin et al. [9] studied
he effect of the channel-to-rib width ratio and the porosity of the
DL and the catalyst layer with a simplified conjugate-gradient
ethod based on a two-dimensional simulation model. Hsieh and

hu [10] examined the effects of channel and rib widths on cell
erformance in terms of voltage–current/pressure–current curves
ersus flow-field pressure drop of a PEM fuel cell by experimen-
al study. Grujicic et al. [11] combined a steady-state, single-phase
lectrochemical model with a non-linear constrained optimization
rocedure to maximize the performance of the cathode in a PEMFC.
hen et al. [12] presented a study of the internal and external struc-

ure effects on the fuel cell steady and transient operation. Cheng
t al. [13] integrated a simplified conjugate-gradient method with
FD solver to determine the optimum set of geometric parameters.
o et al. [14] reported an optimization study of PEMFCs using a

ybrid genetic algorithm.
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The major challenge to geometry optimization in computational
uel cell dynamics-based design lies on generating a high qual-
ty computational mesh and subsequently running the simulation
o obtain the objective function through automated evaluation
ith commercial software. The COMSOLTM is well integrated with
ATLABTM and can be implemented in MATLABTM as a toolbox,
hich offers a useful option for the self-automated geometry opti-
ization process in PEMFCs. This study focuses on the geometry

ptimization, in which the effects of the anode channel ratio and the
athode open ratio on the performance of the air-breathing PEMFC
re investigated in order to improve the cell performance. The
equential quadratic programming (SQP) method [15–17], being a
igh efficiency method, is selected to deal with the constrained
esign problem, while the objective function is calculated by run-
ing the 3D simulation script of COMSOLTM under the MATLABTM

nvironment.

. Modeling with COMSOLTM

Modeling of an air-breathing PEMFC is a challenge since the pro-
ess is a multi-physics phenomenon that involves electrochemical
eactions, flow dynamics in the gas channels, diffusion and convec-
ion in the GDL layer, and heat and mass transportation in porous

edia. In this study, a steady-state, single-phase three-dimensional
odel for an air-breathing PEMFC is developed using COMSOLTM

o simulate the performance of the cell which is considered as the
bjective function value for the optimization process.

Fig. 1(a) schematically shows an air-breathing PEMFC and its
arious components including the membrane, the flow channels,
DLs and catalyst layers on both the anode and the cathode sides.
he computational geometry is shown in Fig. 1(b). The catalyst
ayers at both the anode and cathode are simplified as bound-
ries between the GDLs and the membrane, with the thicknesses
f the catalyst layers accounted in the membrane’s dimension.
he numerical domain computed is based on a repetitive unit of
he PEMFC between the channel and the rib, and thus the exter-
al boundaries of the domain can be treated as symmetric. Air is

nduced into the cathode channels by virtue of natural convection,
hereas hydrogen is delivered into the anode channels through

orced convection. The pressures of both the air and hydrogen are
et at one standard atmosphere.

Here, the applicability of the continuum theory needs to be
hecked since the characteristic size of the computational domain is
ery small. It is well known that the Knudsen number (Kn), defined
s Kn = �/L, is used to measure the ratio of the molecular mean
ree path length (�) to a representative physical length scale (L).
he condition Kn � 1 is called the free molecule regime, and for
n � 1 continuum theory applies. For the particular simulation in
his study, the continuum theory is valid since the Knudsen number
Kn) is at the order of 10−5. Assumptions used in the model include:

1) the Water exists in the fuel cell as vapour
2) the electrodes and membrane are made of homogeneous mate-

rials with uniform morphological properties
3) the cell is considered to be isothermal, i.e., the temperature

distribution across the cell is uniform
4) humid air is considered on the cathode side while only hydro-

gen and water vapour are considered on the anode side.
Based on the model assumptions and the scale analyses, the
ow-field of reactant gases in the gas channel is governed by
he continuity equation and ensures the mass conservation and
he steady state incompressible Navier–Stokes equation which
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Fig. 1. Scheme of (a) air-breathing PEM

escribes the momentum conservation:

· u = 0 (1)

Du
Dt

= −∇p + F (2)

here u is the velocity vector, p stands for pressure, F is the body
orce, and � is the mixture density.

The multi-component diffusion and convection phenomena are
escribed by the Maxwell–Stafen equation, which has the general
orm:

∂

∂t
�ωi +∇ ·

⎡
⎣−�ωi

N∑
j=1

Dij

{
M

Mj

(
∇ωj + ωj

∇M

M

)
+ (xj − ωj)

∇p

p

}
⎤

+ ωi�u + DT
i

∇T

T
⎦ = Qi (3)

here Dij is the diffusion coefficient, DT is the multi-component
hermal diffusion coefficient, Qi is the source term, x is the species

u

w

g

Fig. 2. Computational domain (a)
el cell and (b) computational domain.

ole fraction, ω is the species mass fraction, T is the tempera-
ure, and M is the molecular mass. Temperature-driven diffusion is
nsignificant due to an assumed uniform temperature and therefore
he source term Qi is set to zero.

On the cathode side, two transport equations are solved to attain
he mass fractions of oxygen and water. The mass fraction of nitro-
en can be obtained from the mass balance equation:

N2 = 1 − ωO2 − ωH2O (4)

Similarly, on the anode side, the transport equation of hydrogen
an be solved and the mass fraction of water obtained by

H2O = 1 − ωH2 (5)

Since the GDLs are porous media, the velocity distribution is
herefore formulated by Darcy’s law:
= − �

�
∇p (6)

here � is the permeability and � is the dynamic viscosity.
At the electrode-membrane boundary, the mass fluxes of hydro-

en in the anode (NH2 ), and of oxygen (NO2 ) and water (NH2O) in the

top view and (b) 3D view.
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Table 1
Geometry and functional parameters.

Description Value

Anode GDL thickness 0.35 mm
Cathode GDL thickness 0.35 mm
Thickness of the membrane and catalyst layers 0.035 mm
Height of the anode channel 0.8 mm
Height of the cathode channel 1.5 mm
Anode exchange current density 1000 A m−2

Cathode exchange current density 0.1 A m−2

Faraday’s constant 96,487 C mol−1

M −1
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Fig. 4. Influence of grid size on cell performance.

Table 2
Geometry and functional parameters.

Description Value

Anode GDL thickness 0.25 mm
Cathode GDL thickness 0.25 mm
Thickness of the membrane and catalyst layers 0.25 mm
Height of the anode channel 0.5 mm
Height of the cathode channel 1.2 mm
Anode exchange current density 1000 A m−2

Cathode exchange current density 0.1 A m−2

Faraday’s constant 96,487 C mol−1

M −1

S
P
A

s
a
e
v

C
G

embrane conductivity 0.9 S cm
olid-phase conductivity 1250 S cm−1

orosity of GDL 0.35
orosity of catalyst layer 0.1

athode, are determined by the following reaction rates, respec-
ively:

H2 = − ja
2F

MH2 , NO2 = −
∣∣jc∣∣
4F

MO2 , NH2O =
∣∣jc∣∣
2F

MH2O (7)

here ja and jc are the transfer current densities corresponding
o the electrochemical reaction at the anode and cathode catalyst
ayers.

The agglomerate model describes the current density in an
ctive layer consisting of agglomerates of ionic conductor material
nd electrically conducting particles covered partially with cata-
yst. Governing equations for the current density in the anode and
athode are

ja = −6(1 − ε)FDagg
H

(Ragg)2
(cagg

H − cref
H exp(− 2F

RT
�v))

× (1 −
√

jo,as

2Fcref
H Dagg

H

Ragg coth

√
jo,as

2Fcref
H Dagg

H

Ragg)

jc = R
12(1 − ε)FDagg

O

(Ragg)2
cagg

O (1 −
√

jo,cs(Ragg)2

4Fcref
O Dagg

O

exp(−0.5F

RT
�v))

× coth

√
jo,cs(Ragg)2

4Fcref
O Dagg

O

exp(−0.5F

RT
�v)

(8)

agg
here D is the agglomerate gas diffusivity, R is the gas con-
tant, Ragg is the agglomerate radius, s is the specific area of the
atalyst inside the agglomerate, F is the Faraday’s constant, cref

nd cagg are the reference concentrations of the species and that
n the agglomerate surface, while Jo is the exchange current den-

Fig. 3. Polarization curves.

∇
w
�
s
t

embrane conductivity 9 S cm
olid-phase conductivity 1000 S cm−1

ermeability 10−13 m2

node electrode potential 0 V

ity, and T is the temperature. Finally, the overvoltage �v, is defined
s �v = �s − �m − Eeq, where �s and �m are the potentials in the
lectrode and in the membrane, respectively. Eeq is the equilibrium
oltage.

The conductive media direct current application mode in
OMSOLTM describes the potential distributions in the solid-phase
DL and the membrane using the following equations:

· (−�s,eff∇�s) = Ss, ∇ · (−�m,eff∇�m) = Sm (9)
here �s,eff is the solid-phase effective electronic conductivity, and
m,eff is the membrane ionic conductivity. Ss and Sm are the current
ource terms in the solid phase and the electrolyte phase, respec-
ively.

Fig. 5. Optimization convergence histories.
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. Model validation

Due to the limitation on the extensive memory requirement of
OMSOLTM, only a small section shown in Fig. 2(a) is selected to
imulate the behaviour of the PEMFC. Thus, the computation is lim-
ted to a repetitive model between the channel and the rib. The
xternal boundaries can be treated as symmetric. The 3D simula-
ion domain is schematically outlined in Fig. 2(b), which consists
f the cathode air-breathing slot, two GDLs, the membrane and the
atalyst layers, and the anode channel for the hydrogen supply. The
athode open ratio is selected to be 80%. In order to make sure
hat the boundaries can be treated as symmetric, the widths of the

hannel and the rib are selected as 1.6 and 0.4 mm (4:1), respec-
ively, at the cathode side, and 1 and 1 mm (1:1) for the anode side,
nstead of 4 and 1 mm for the cathode as designed by Schmitz et al.
18], whose experimental results are selected to validate the cur-

a
c
m
a

Fig. 6. Mass fraction distributions of oxygen with
Sources 186 (2009) 10–21

ent model. All other geometric parameters such as the thicknesses
f the GDLs and membrane, the depths of the air-breathing chan-
el and the hydrogen anode channel, and so on, are represented
y those described by Schmitz et al. [18] and are listed in Table 1.
uel cell temperatures vary under different current conditions and
chmitz et al. [18] only reported those corresponding to two con-
itions, namely, 63 ◦C for the cell under short-circuit conditions
nd 43 ◦C at the maximum power point with the opening ratio of
0%. The temperature in this study is selected as 43 ◦C according
o the maximum power point condition in Schmitz et al. [18]. An
nstructured mesh with 3160 elements is used for this simulation.
ig. 3 shows the polarization curves obtained from the simulation

nd that from the experimental study by Schmitz et al. [18] at a
athode open ratio of 80%. It is found that the simulated cell perfor-
ance at the maximum power point (43 ◦C, 0.4 V) is in reasonable

greement with the experimental results of Schmitz et al. [18],

open ratios of (a) 15%, (b) 49.8% and (c) 80%.
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ndicating that the model proposed here can generate relatively
ccurate data.

. Grid size independency study

The sensitivity of the converged fuel cell simulation to the size
f the computational mesh is demonstrated by carrying out the
imulation under the same operating conditions and consistent
unctional parameters for an air-breathing PEMFC, but with dif-
erent mesh sizes. The grid size independence studies have been
arried out with three different mesh sizes with 3085, 6811 and

1,764 elements, respectively. Fig. 4 shows the current densities
btained for the three different mesh sizes based on a cell operat-
ng at a 316 K, a cell voltage of 0.7 V, and with the cathode open ratio
et at 80% (33.2136, 33.2204, and 33.2244 mA cm−2 corresponding
o a mesh size of 3085, 6811 and 11,764, respectively). The current

d
w
o

Fig. 7. Mass fraction distributions of hydrogen with
Sources 186 (2009) 10–21 15

ensities obtained with different element numbers exhibit little
ifference and converge to a limiting value as the number of mesh
lement increases. This suggests that using the coarse mesh with
085 elements not only provides reasonably accurate results, but
lso saves computational costs significantly, especially when a con-
iderable number of simulation iterations are required to evaluate
he objective function values needed for the optimization pro-
esses. Therefore, the same coarse size mesh is used to evaluate the
bjective function values for the geometry optimization studies.

. Optimization method
Sequential quadratic programming methods (SQP) have been
eveloped to solve reliably constrained optimization problems
ith multiple variables and constraints. These methods require

nly a few evaluations of the objective functions and have shown

open ratios of (a) 15%, (b) 49.8% and (c) 80%.
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heir ability in terms of accuracy and percentage of successful solu-
ions.

The general method is stated here briefly. Given a problem
escribed as

minmize f (x)
subject to
gi(x) = 0 i = 1, . . . , me

gi(x) < 0 i = me + 1, . . . , m

(10)

here, x is the p-dimensional vector of the design variables, f(x) is
he objective function.

The basic idea of the SQP method is to formulate a quadratic pro-
ramming (QP) sub-problem based on a quadratic approximation
f the Lagrangian function:

(x, �) = f (x) +
m∑

i=1

�igi(x) (11)
here Lagrange multipliers �i, i = 1, m are used to balance the
eviations in magnitude of the objective function and constraint
radients. Only active constraints are included in this operation,
onstraints that are not active excluded. Hence, Eq. (10) can be sim-
lified by assuming that bound constraints have been expressed as

u
s
d

a

Fig. 8. Mass fraction distributions of oxygen with
Sources 186 (2009) 10–21

nequality constraints, and the QP sub-problem is formed as

minmize
d ∈ �n

1
2

dT Hkd + ∇f (xk)T d

subject to
∇gi(xk)T d + gi(xk) = 0 i = 1, . . . , me

∇gi(xk)T d + gi(xk) < 0 i = me + 1, . . . , m

(12)

here H is a positive definite approximation of the Hessian matrix
f the Lagrangian function (Eq. (11)), and can be updated by any of
he quasi-Newton methods. d is the vector of the design variables
f the sub-problem.

The solution of the sub-problem is used to form a new iteration:

k+1 = xk + ˛kdk (13)

The step size parameter ˛k is determined by an appropriate line
earch procedure so that a sufficient decrease in a merit function is
btained. dk stands for the search direction.

The SQP implementation consists of three main steps namely:

pdating the Hessian matrix, solving the quadratic programming
ub-problem, and forming the new iteration. The implementation
etails will not be discussed here but can be found in [15–17].

In this paper, the optimization problem is solved using the SQP
lgorithm in the MATLABTM optimization toolbox to minimize the

open ratios of (a) 15%, (b) 49.5% and (c) 80%.
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Fig. 9. Mass fraction distributions of hydrogen with

Fig. 10. Polarization curves with three different open ratios.
open ratios of (a) 15%, (b) 49.5% and (c) 80%.

Fig. 11. Optimization convergence history.
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Fig. 12. Mass fraction distributions of oxygen w

egative of the average current density at the cathode side. The
bjective function is evaluated by running the 3D COMSOLTM sim-
lation script under the MATLABTM environment.

. Results and discussion

Two cases are studied to find out the optimum geometric design
f the air-breathing fuel cell:

Case 1. Keeping the anode channel size constant while optimizing
the cathode open ratio.

ase 2. Fixing the cathode open ratio while locating the optimum
anode channel ratio.

For the above two cases, the fuel cell operating temperature
s maintained at 353 K and the pressure is kept at one standard
tmosphere. Cell design parameters, material properties and the
unctional parameters used in the simulations are listed in Table 2.

he objective function is set as the current density, while the design
ariables are selected as the cathode open ratio for Case 1 and the
node channel ratio for Case 2, respectively. Pure hydrogen is sup-
lied at the anode side and humidified air is supplied to the cathode
ide.

s

p
r
r

hannel ratios of (a) 20%, (b) 34.7% and (c) 80%.

.1. Case 1: optimization of cathode open ratio

Primary studies indicate that a small anode channel ratio can
upply sufficient hydrogen for a cell with a relatively large cathode
pen ratio when the cell operates at the temperature, pressure, and
he functional parameters listed in Table 2. Therefore, in Case 1, the
node channel ratio is fixed at 10%, and the cathode open ratio is set
s the independent design variable. Lower and upper boundaries of
he design variable are set at 10% and 90%, respectively. The current
ensity is considered as the objective function. The values of the
perating cell voltages of the fuel cell are selected as 0.7 and 0.4 V in
he optimization process to determine the corresponding optimum
athode open ratios, respectively.

Since the SQP approach is a local optimization method, there
re possibilities that the optimization process converges to a local
ptimum instead of a global result. In order to make sure that the
ptimization converges to a global optimal solution, the searching
pace is divided into a few sub-domains to guarantee that the whole

pectrum of design variables (10–90%) has been searched.

Convergence histories with cell voltages at 0.7 and 0.4 V are
resented in Fig. 5 with square symbols and filled delta symbols,
espectively. The current density increases with enlarging the open
atio from 10% to 49.8%, and beyond 49.8% there is no significant
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ncrement in the current density. Therefore, the optimum current
ensity occurs at the open ratio of 49.8% at a cell voltage of 0.7 V.
he optimum open ratio is found to be 49.5% when the cell voltage
s fixed at 0.4 V. The convergence histories show the same trends
or the two different cell voltages considered, i.e., the current den-
ity rises with the open ratio increasing from 10% to the optimum
pen ratio value. No obvious increment in the current density is
bserved with further increases in the open ratio beyond the opti-
um.
For a cell voltage of 0.7 V, mass fraction distributions of the oxy-

en at the cathode side and the hydrogen at the anode side are

resented in Figs. 6 and 7 with open ratios of 15%, 49.8%, and 80%,
espectively. From Fig. 6, it can be clearly seen that oxygen increases
hen the cathode open ratio rises from 15% to 49.8%, and further to

0% since more air is supplied to the cell. The data in Fig. 7 indicates

o
p
4
t

Fig. 13. Mass fraction distributions of hydrogen with
Sources 186 (2009) 10–21 19

hat when the anode channel ratio is fixed at 10%, the hydrogen
oncentration is slightly affected by the cathode open ratio vary-
ng from 15% to 80%. This is due to the fact that as the cathode
pen ratio is at 15%, the oxygen supply would become the limit-
ng factor to support the chemical reaction, leading to over-supply
f hydrogen. Hence, the mass fraction of hydrogen is seen to be
lightly higher than that of the other two open ratio cases while the
ass fraction of the oxygen at the cathode is seen to be the low-

st. As the cathode open ratio is increased, oxygen supply becomes
ore abundant, resulting in a higher consumption of hydrogen,

nd leading to a higher current density. Further increase in the

pen ratio beyond 49.8% results in no obvious improvement in cell
erformance, which suggests that when the open ratio is beyond
9.8%, hydrogen supply and oxygen supply are both sufficient, and
he chemical reaction reaches a balance under the given cell volt-

channel ratios of (a) 20%, (b) 34.7% and (c) 80%.
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ge. Consequently, no further increment in the current density is
btained.

For a cell voltage of 0.4 V, mass fraction distributions of the
xygen at the cathode side and hydrogen at the anode side are pre-
ented in Figs. 8 and 9 with open ratios of 15%, 49.5%, and 80%,
espectively. Qualitatively, a similar trend to that observed at 0.7 V
s found for both oxygen and hydrogen distributions in consider-
tion at the various cathode open ratios. However, quantitatively,
he 0.4 and 0.7 V cases exhibit very different phenomena, as seen
y comparing the mass fraction values of the hydrogen and the
xygen left in the GDLs and the channels or the air-breathing slots.
or a cell voltage of 0.7 V, the mass fractions of the oxygen and the
ydrogen left in the GDLs and the air-breathing slots or the chan-
els are quite high when the cathode open ratio is larger or equal
o 49.8%, as shown in Figs. 6 and 7. Hence for this case, cell per-
ormance is limited by the rate of the chemical reaction. For a cell
oltage of 0.4 V, the data in Figs. 8 and 9 show that the mass frac-
ions of hydrogen left in the GDL and the channel at anode are very
ow when the open ratio is larger or equal to 49.5%. This suggests
hat no further improvement in cell performance is obtained when
he open ratio is beyond 49.5% since the hydrogen is depleted by
he chemical reaction. Hence, for this case, the cell performance is
imited by the hydrogen supply.

The polarization curves with different open ratios of 15%, 49.8%
nd 80% are shown in Fig. 10. It is clearly noticeable that the cell
erformance is very low when the open ratio is as small as 15% due
o insufficient oxygen supply. The difference in cell performance
etween 49.8% and 80% is not significant at high operating voltages
i.e., larger or equal to 0.4 V). When the operating voltages are lower
han 0.4 V, with an 80% cathode open ratio, the hydrogen supply is
ar from sufficient with an anode channel ratio of 10%, and conse-
uently, maximum current occurs at 370.4 mA cm−2, which is even
ower than the maximum when the cathode open ratio is 49.8%.

.2. Case 2: optimization of channel ratio at anode

In this case, the anode channel ratio is designed as the inde-
endent variable and the current density is still considered as the
bjective function. The operating cell voltage of the fuel cell is
elected as 0.7 V in the optimization process to determine the cor-

esponding optimum anode channel ratio.

For the same reason previously mentioned in Case 1, a relatively
mall anode channel ratio can supply sufficient hydrogen for a cell
ith a large cathode open ratio, especially when the cell voltage is

s high as 0.7 V. Hence, in Case 2, the cathode open ratio is fixed

Fig. 14. Polarization curves with three different channel ratios.
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t 80%. Lower and upper boundaries of the design variable (anode
hannel ratio) are set at 20% and 80%, respectively. The convergence
istory of the optimization process is presented in Fig. 11. The opti-
ization history indicates that the optimum anode channel ratio

s located at 34.7%. The variations of the current density obtained
ith different anode channel ratios are very small. Mass fraction
istributions of the oxygen in the GDLs and the air-breathing slots
re presented in Fig. 12. The mass fraction of the oxygen is seen to
iffer insignificantly at the different anode channel ratios of 20%,
4.7% and 80%, and the minimum mass fraction of the oxygen left in
he GDLs and the slots is 0.218, which is 94.8% of the mass fraction
f the oxygen in the ambient. Fig. 13 shows the mass fraction distri-
utions of hydrogen at the anode side. It can be seen that hydrogen

s present in a high amount even when the channel ratio is as low
s 20%. The optimization history, together with the mass fraction
istributions of the oxygen at the cathode side and the hydrogen
t the anode side, indicate that the fuel supply is in abundance.
he chemical reaction rate changes little with the channel ratios,
nd therefore results in a flat curve presented in the optimization
istory.

Fig. 14 presents the three polarization curves, corresponding to
he anode channel ratios of 20%, 34.7%, and 80%, respectively. There
s insignificant difference among the three polarization curves

hen the cell voltage is larger than 0.2 V. Below 0.2 V, the hydro-
en supply is insufficient with an anode channel ratio of 20%. The
igher the anode channel ratio, the higher the current density.

Studies of the mass fraction distributions indicate that the
upplies of hydrogen and oxygen are sufficient for the chemical
eaction when the cathode open ratio is fixed at 80%, the anode
hannel ratio is greater than 20%, and the cell voltage is larger than
.2 V. The effect of the anode channel ratios on the chemical reac-
ion rate is negligible, leading to no significant difference among
he three polarization curves.

. Conclusion

Using the deep integration between COMSOLTM and MATLABTM,
n automated geometry optimization of an air-breathing PEMFC,
earching for the optimum anode channel ratio and the cathode
pen ratio for the enhanced fuel cell performance, is investigated.
imulation results for the air-breathing PEMFC operating at 353 K
nd one standard atmosphere pressure show the following:

1) When the anode open ratio is fixed at 10%, the optimum cath-
ode open ratios at two different operation voltages of 0.7 V and
0.4 V are rather similar, namely, 49.8% with a cell voltage of
0.7 V and 49.5% with a cell voltage of 0.4 V. Polarization curves
indicate that when the cathode open ratio is less than 15%, the
oxygen supply is insufficient, and results in a low cell perfor-
mance. When the operating voltage is larger than or equal to
0.4 V, there is insignificant difference in the cell performance
between the cathode open ratios of 49.8% and 80%. When oper-
ation voltages are lower than 0.4 V (near to the limiting current
density), however, with an 80% cathode open ratio, the hydro-
gen supply will be depleted with a small anode channel ratio of
10%, and consequently, the cell performs worse than that with
a cathode open ratio of 49.8%.

2) When the cathode open ratio is set at 80%, the optimum anode
channel ratio is found to be 34.7% at a cell voltage of 0.7 V. The

optimization history, together with the mass fraction distribu-
tions of the oxygen at the cathode side and the mass fraction
distributions of the hydrogen at the anode side, suggest that
the fuel supply is in abundance. The rate of chemical reaction
varies insignificantly with the anode channel ratio, resulting in
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an asymptotic curve presented in the optimization history and
little difference among the three polarization curves.
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