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a b s t r a c t

The compression induced by the assembly of proton-exchange membrane (PEM) fuel cells causes partial
deformation of the gas-diffusion layers (GDLs) and affects the characteristics of the porous media and,
consequently, influences the performance of PEM fuel cells. The objective of the present study is: (1) to
develop a three-dimensional model to investigate the effect of assembly clamping pressure on the GDL
eywords:
ssembly clamping pressure
ptimization
imultaneous perturbation stochastic
lgorithm

properties and thus on the performance of PEM fuel cells, and (2) to determine the optimum clamping
pressures when the cell is operated under different operating voltages. The optimum clamping pressures
under different operating voltages are explored by using a global searching method, namely, the simulta-
neous perturbation stochastic algorithm (SPSA) method. The simulation results indicate that a clamping
pressure of 1 or 1.5 MPa improves the fuel cell performance when the cell is operated under high operating
voltages, and causes the cell performance to decrease when it is operated under low-voltage conditions.

ressu
roton-exchange membrane fuel cell The optimum clamping p

. Introduction

Much attention has been paid to the membranes and the active
ayers in proton-exchange membrane (PEM) fuel cells, whereas
ittle focus has been placed on the gas distribution layer (GDL)
lthough it plays a crucial role in the cells. The GDL links the bipolar
lates and the active layers, provides mechanical support, supplies
eactants to the active layers, collects the current, and removes heat
nd water from the membrane. Therefore, changes in the physical
roperties of the GDLs may have significant effects on cell perfor-
ance.

The properties of GDLs, such as thickness, porosity/permeability
nd conductivity, are highly sensitive to the clamping pressure since
DLs are typically made of highly porous carbon-fibre paper or
loth. The contact resistance between the GDLs and the current-
ollectors, and the contact resistance between the GDLs and the
ctive layers, also change with the clamping force. Consequently,
he clamping pressure has a strong impact on fuel cell performance
ue to the concomitant changes in GDL properties and contact resis-
ances.
Recently, more and more experimental and numerical studies
ave been conducted to explore the effect of GDL deformation
n the PEM fuel cell performance [1–3]. Experimental studies by
ostick et al. [3] have indicated that the compression of a sample to
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res increase when the operating voltage increases.
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half its initial thickness results in a decrease in in-plane permeabil-
ity by an order of magnitude. Mishra et al. [4] reported experimental
data to show the effects of different GDL materials and clamping
pressures on the electrical contact resistance. Lee et al. [5] con-
ducted experimental studies of the performance of PEM fuel cells
with different types of GDL materials and found that the optimum
clamping pressure is different for different GDL materials. Cho [6]
examined the effects of different bipolar plate materials on the
contact resistance by experimental measurements. Davies [7] pre-
sented experimental data for the effects of the compaction force on
interfacial ohmic losses. Babcock et al. [8] investigated the trade-off
between lateral mass transport resistance losses and cathode–GDL
contact resistance losses. Nitta et al. [9] found that the inhomoge-
neous compression of GDLs may lead to significant local variations
of mass and charge transport properties in GDLs. Hottinen et al.
[10] modelled the effects of inhomogenous compression of a GDL
on mass and charge transport in a PEM fuel cell. Zhou et al. [11–13]
simulated the effects of GDL compression deformation and ohmic
contact resistance on the performance of the PEM fuel cells.

It is well known that the PEM fuel cell components are held
together under certain clamping forces mainly to prevent gas leak-
ages. High clamping forces will decrease the porosity/permeability
of the GDLs, and cut down gas diffusion to the reactive layers and,

consequently, reduce the cell performance. On the other hand,
high clamping pressure can also decrease the contact resistance
between the GDLs and the current-collectors/active layers, and
increase GDL electrical conductivity, there by improving the
cell performance. Therefore, a balance between porosity and

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.2009.06.107
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Nomenclature

A cross-sectional area through which the force is
applied

c concentration of the 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)
h GDL thickness (m)
�h change amount of the GDL thickness (m)
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)
pf clamping pressure (Pa)
Q source term of mass balance equations (kg m−3 s−1)
r contact resistance
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 design variable vector
x,y coordinates (m)

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

Subscript
a anode
c cathode
H2 hydrogen
H2O water
in in-plane
k counter index
m membrane
min minimum
O2 oxygen
s electrode
th through-plane
0 without deformation

Superscript
agg agglomerate

o
d
m
o
S

ref reference
T temperature
hmic resistance determines the cell performance due to GDL
eformation. Motivated by this knowledge, a three-dimensional
ulti-physics model is developed in this study to investigate and

ptimize the effect of clamping pressure on cell performance.
earching for the optimum clamping pressures for PEM fuel cells
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operated under different operating voltages is carried out by
means of a global optimization method, namely, a simultaneous
perturbation stochastic algorithm (SPSA) [14–16].

2. Modelling with COMSOLTM multi-physics

Modelling an air-breathing PEM fuel cell is a challenge since the
process is a multi-physics phenomenon that involves mechanical
deformation of the GDLs, electrochemical reactions, flow dynamics
in the gas channels, and heat and mass transport in porous media.
In this study, a steady-state, single-phase, three-dimensional model
for an air-breathing PEM fuel cell is developed with COMSOLTM

multi-physics to simulate the performance of the cell, which is
considered as the objective function in the optimization studies.

An air-breathing PEM fuel cell is shown schematically in Fig. 1(a).
A typical computational domain is selected as a repetitive unit of the
PEM fuel cell surrounded by the dashed line, as shown in Fig. 1(a).
The whole computational domain consists of a membrane, GDLs on
the cathode and the anode sides, an air-breathing slot, a hydrogen
channel, and current-collectors on both sides, as shown in Fig. 1(b).
The catalyst layers at both the anode and the cathode are simplified
as boundaries between the GDLs and the membrane; the thickness
of the catalyst layers is accounted in the membrane’s dimensions.
Air is induced into the cathode channels by means of natural con-
vection, whereas hydrogen is delivered into anode channel through
forced convection. The pressures of both the air and the hydrogen
are set at one standard atmosphere. The assumptions used in the
model include:

1. The membrane and catalyst layers are stiff, and no deformation
occurs with clamping pressure.

2. There is no leakage under the clamping pressures considered.
3. The GDL is assumed to be isotropic and the in-plane deformation

is ignored since it has insignificant effects on the cell perfor-
mance according to Zhou et al. [12].

4. Water in the fuel cell exists as vapour. The electrodes and
membrane are made of homogeneous materials with uniform
morphological properties.

5. The cell is considered to be isothermal, i.e., the temperature dis-
tribution across the cell is uniform.

6. Humified air is considered on the cathode side while only hydro-
gen and water vapour are considered on the anode side.

The multi-component diffusion and convection phenomena are
described by the Maxwell-Stafen equation, which has the following
general form.

∂

∂t
	ωi + ∇ ·

⎡
⎣−	ωi

N∑
j=1

Dij

{
M

Mj

(
∇ωj + ωj

∇M

M

)
+ (xj − ωj)

∇p

p

}

+ ωi	u + DT
i

∇T

T

⎤
⎦ = Qi (1)

where Dij is the diffusion coefficient, DT is the multi-component
thermal diffusion coefficient, Qi is the source term, x is the species
mole fraction, ω is the species mass fraction, T is the temperature,
and M stands for the molecular mass. Temperature-driven diffu-
sion is insignificant due to an assumed uniform temperature and
therefore the source term Qi is set to zero.
On the cathode side, two transport equations are solved to obtain
the mass fractions of oxygen and water; the mass fraction of nitro-
gen can be obtained from the mass balance equation:

ωN2 = 1 − ωO2 − ωH2O (2)
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Fig. 1. Scheme of (a) air-breathing PE

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

H2O = 1 − ωH2 (3)

The deformation (�h(x,y)) of the GDLs can be calculated using
he definition of the Young’s modulus.

= F/A0

�h(x, y)/h0
(4)

is the Young’s modulus, F is the clamping force, A0 is the origi-
al cross-sectional area through which the clamping force applied,
0 stands for the original thickness of the GDL, and �h(x,y) is the
mount of change of the GDL thickness. Consequently, the deforma-
ion of the GDL thickness is �h(x,y) = Fh0/EA0, and the GDL thickness
istribution will be h(x,y) = h0 − �h(x,y).

It is assumed that the deformation under compression is due to
change in the volume of pores, not in the volume of bulk mate-

ial. Thus, the porosity (ε) of the GDL can be evaluated through the
hange in the thickness of the GDL, i.e.,

(x, y) = ε0
h(x, y) − hmin

h0 − hmin
(5)

here hmin stands for the minimum thickness when there is no
ore volume left in the GDL, and hmin = (1 − ε0)h0.

The velocity distribution in the porous media of the GDL is for-
ulated by Darcy’s law, namely,

= −�(x, y)
�

∇p (6)

here � is the dynamic viscosity and �(x,y) is the permeability,
hich varies non-linearly as the compressed thickness of the GDL

ecreases. The value of �(x,y) is obtained through fitting a third-
egree polynomial function to the measured permeability data [9],
hich are based on SIGRACET GDL carbon paper (made by SGL

arbon Group). The third-degree polynomial function is:

(x, y) = −1.700 × 10−11 + 2.760 × 10−7h(x, y)
− 1.484 × 10−3h2(x, y) + 2.754h3(x, y) (7)

At the electrode/membrane boundary, the mass fluxes of hydro-
en in the anode (NH2 ), and of oxygen (NO2 ) and water (NH2O) in the
l cell and (b) computational domain.

cathode, are determined by the following reaction rates, respec-
tively:

NH2 = − ja
2F

MH2

NO2 = −|jc|
4F

MO2

NH2O = |jc|
2F

MH2O

(8)

where ja and jc are the transfer current density corresponding to
electrochemical reaction at the anode and cathode catalyst layers.

The agglomerate model describes the current density in an
active layer consisting of agglomerates of ionic conductor material
and electrically conducting particles covered partially with catalyst.
The governing equations for the current density in the anode and
cathode 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

)
(9)

where Dagg is the agglomerate gas diffusivity; R is the gas con-
stant; Ragg is the agglomerate radius; s is the specific area of
the catalyst inside the agglomerate; F is the Faraday constant;
cref and cagg are the concentrations of the reference species and
that of the agglomerate surface; jo is the exchange current den-
sity; T is the temperature. Finally, the overvoltage �v is defined as

�v = �s − �m − Eeq, where �s and �m are the potentials in the elec-
trode and in the membrane, respectively. Eeq is the equilibrium
voltage.

The direct current application mode for conductive media
describes the potential distribution in the solid-phase GDL and in
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Table 1
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 96487 C mol−1

−1
X.Q. Xing et al. / Journal of

he membrane using the following equations:

∇ · (−�s,eff∇�s) = Ss

∇ · (−�m,eff∇�m) = Sm
(10)

here Ss and Sm are the current source terms in the solid phase and
he electrolyte phase, respectively; �s,eff is the solid-phase effective
lectronic conductivity; �m,eff is the membrane ionic conductivity.
he GDL in-plane and through-plane conductivities are modelled
s function of the thickness of the GDL, as in Hottinen et al. [10], i.e.,

�s-in(x, y) = 6869 − 1.159 × 107h(x, y)

�s-th(x, y) = 3285 − 8.385 × 106h(x, y)
(11)

The loss of potential between the GDL and the current-collector
s due to the contact resistance. Here, the contact resistance r is
valuated based on a fitted function for the experimental data of
ishra et al. [4] for bipolar plates made from graphite, i.e.,

r = 3.32 × 10−7(1.01 × 106/pf)
0.534

for SGL-10-BA

r = 3.72 × 10−7(0.966 × 106/pf)
0.692

for SGL-10-BB
(12)

The potentials of the GDL and the current-collectors are related
o each other through the current passing the interface between the
DL and the current-collectors, i.e.,

= (�s-collector − �s-GDL)
r

(13)

. Optimization method

The SPSA method is selected to perform the optimization search
ecause of its powerful search ability and relative ease of imple-
entation. The essential feature of SPSA is the underlying gradient

pproximation, which requires only two measurements of the
bjective function to approximate the gradient regardless of the
imension of the optimization problem. This feature results in a
ignificant decrease in the computational cost of the optimization.

The problem of minimizing a scalar differentiable loss function
(X), where X is a p-dimensional vector of design variables, can be
reated as searching for the vector X* such that ∂L/∂X* = 0. This is
he classical formulation of local optimization for differentiable loss
unctions and it is assumed that measurements of L(X) are available
or various values of X. The SPSA algorithm is usually defined in the
eneral recursive stochastic algorithm form, i.e.,

k+1 = Xk − akg(Xk) (14)

here g(Xk) is the estimate of the gradient ∂L/∂X at the iteration k
ased on measurements of the loss function. For a two-sided simul-
aneous perturbation, the approximation of the gradient is given
s:

(Xk) = y(Xk + ck�k) − y(Xk − ck�k)
2ck

⎡
⎢⎢⎢⎢⎢⎣

�−1
k1

�−1
k2

...

�−1
kp

⎤
⎥⎥⎥⎥⎥⎦ (15)

The parameter ck = c0/(km), where c0 is a small positive number
nd m is a coefficient which is assigned a value of 1/6 in this study.
he term �k represents the random perturbation vector generated

y Monte Carlo approaches and the components of this perturba-
ion are independently generated from a zero-mean probability
istribution. One simple distribution that has been used in this
tudy is the Bernoulli ± 1 distribution with probability of 0.5 for
ach ±1 outcome.
Membrane conductivity 9 S cm
Solid-phase conductivity 1000 S cm−1

Permeability 10−13 m2

Anode electrode potential 0 V

The SPSA algorithm starts from an initial guess of the optimum
vector X0. First, the counter index k is initialized to a value of 0.
Then an initial guess of the design variable vector Xk and the non-
negative empirical coefficients are defined. Next, a p-dimensional
random simultaneous perturbation vector �k is constructed and
two measurements of the objective function, namely, y(Xk + ck�k)
and y(Xk − ck�k), are obtained based on the simultaneous per-
turbation around the given vector Xk. Then the simultaneous
perturbation approximates to the gradient g(Xk) using Eq. (15). This
is followed immediately by updating of the design vector Xk to a
new value Xk+1 using the general recursive stochastic algorithm
form, Xk+1 = Xk − akg(Xk), where the parameter ak = a0/(A + k)˛; a0, A,
and ˛ can be chosen to ensure an effective practical performance of
the algorithm. In this study, a0 = 0.167, A = 1, and ˛ is set as 1. Finally,
the algorithm is terminated if there are insignificant changes in
several successive iterations, or if the maximum allowable num-
ber of iterations has been reached. The details of the step-by-step
implementation of the SPSA algorithm have been explained by Spall
[14–16]. The choice of the coefficients and parameters pertaining
to the algorithm is crucial to the performance of the SPSA. Some
useful guidelines for choosing the values of these coefficients and
parameters can be found in references [14–19].

In this study, the optimization problem is solved using the
SPSA method to maximize the average current density at the cath-
ode side. The objective function is evaluated by running the 3D
COMSOLTM model under the MATLABTM environment.

4. Results and discussion

Two carbon paper-based GDLs (SGL-10-BA and SGL-10-BB, made
by SGL Carbon Group) are used for the studies with the following
two objectives: (a) to study the effects of GDL deformation on the
physical properties of the GDLs and the contact resistance between
the GDLs and the current-collectors, and consequently the effect on
fuel cell performance, and (b) to determine the optimum clamping
pressures corresponding to different operating voltages.

The fuel cell is operated at 353 K and one standard atmosphere
pressure. The geometric parameters, such as the dimensions of the
different components and the functional parameters, are listed in
Table 1.

4.1. Effect of GDL deformation on fuel cell performance

The Young’s moduli of the carbon paper-based GDLs (SGL-10-
BA and SGL-10-BB) reported in Mishra et al. [4] are listed in Table 2.
The data clearly show that the moduli have three regions identi-

fied under different clamping pressures. The deformation of the
GDLs under different clamping pressures is shown in Fig. 2. It
can be seen that the deformation of the GDL increases piecewise
linearly when the clamping pressure increases since the Young’s
modulus of the GDL changes piecewise linearly, as listed in Table 2.
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Table 2
Compressive modulus of SGL carbon paper-based GDL.

Material Pressure range (MPa) E (MPa)

SGL-10-BA 0.00–0.15 1.71
0.15–1.12 4.59
1.12–3.00 6.16

SGL-10-BB 0.00–0.16 1.81
0.16–0.52 5.11
0.52–3.00 8.57

W
d
S

t

F

Fig. 2. Deformation of GDLs.
hen the clamping pressure is as high as 3 MPa, the corresponding
eformations are 30.0% and 40.5% of the initial GDL thickness with
GL-10-BB and SGL-10-BA as the GDLs, respectively.

Fig. 3 quantitatively shows the change in the electric conduc-
ivity of the GDL versus the clamping pressure. Similar trends are

ig. 3. Conductivities (a) through-plane conductivity and (b) in-plane conductivity.
Fig. 4. Permeabilities of GDLs.

found in the change of the through-plane and in-plane conduc-
tivities of the GDLs under the effect of clamping pressures, i.e.,
conductivities non-linearly increase with increasing the clamp-
ing pressures. For example, when the clamping pressure increases
from 0 to 3 MPa, the through-plane conductivity increases by 52.9%
with SGL-10-BB as the GDLs, and the through-plane conductivity of
SGL-10-BA is raised by 71.3%, where as the in-plane conductivities
increase 21.7% and 29.3% for SGL-10-BB and SGL-10-BA, respec-
tively. From the data in Fig. 3, it can be concluded that SGL-10-BB is
much stiffer than SGL-10-BA.

The change in permeability when the clamping pressure
changes is presented in Fig. 4. A converse trend is found as com-
pared with the conductivities. Permeability reduces with increasing
clamping pressure due to a reduction in the void spaces in the GDLs
for the fluid transmission. With the clamping pressure increasing
from 0 to 3 MPa, the permeability non-linearly reduces by 69.5%
and 87.5% for SGL-10-BB and SGL-10-BA, respectively.

The electric contact resistances between the GDL and the
current-collectors depend strongly on the compression pressure.
In this study, the electric contact resistance is approximated as a
function of the compressed GDL thickness, which is shown in Eq.
(12). Fig. 5 compares the fitted and the measured contact resistance
between the GDL and the current-collectors. From Fig. 5, it can be
seen that the fitted contact resistances have a good agreement with
the measured data reported in Mishra et al. [4], and the contact
resistance reduces all the way from small clamping pressures to
high clamping pressures.
Clamping effects on fuel cell performance are studied based on
SGL-10-BB as the GDL material of the fuel cell. For a fuel cell with-
out considering the clamping pressure, i.e., there is no deformation
of the GDLs, and no changes on either the porosity/permeability

Fig. 5. Contact resistances between GDLs and current-collectors.



X.Q. Xing et al. / Journal of Power

o
a
f
i
r
u
t

c
2
1
F
1
t
t
o
t
t
i
w
t
c
s
w
t
a
m
p
t
w
a
t
n
p
s
i
h

T
O

O

0
0
0
0

Fig. 6. Polarization curves with different GDL deformations.

r the conductivity, the contact resistances between the GDLs
nd the current-collectors are assumed to be a constant. For a
uel cell with clamping pressures applied, the deformation, poros-
ty/permeability and conductivity of the GDLs, and the contact
esistances between the GDLs and the current-collectors are eval-
ated using the method described in Section 2. It is assumed that
here is no leakage of the reactants for all these cases.

Fig. 6 compares the polarization curves obtained with different
lamping pressures. Clamping pressures are given as 0, 1, 1.5 and
.0 MPa, and the corresponding GDL deformations are 0%, 14.4%,
8.3% and 22.2% of the GDL initial thickness, respectively. From
ig. 6, it can be seen that with a GDL deformation of 14.4% and
8.3% (corresponding to the clamping pressures of 1 and 1.5 MPa),
he fuel cell performances indicated by the average current densi-
ies are worse than that without any deformation when the cells are
perated in a low-voltage region. Conversely, the performances of
he fuel cells with 14.4% and 18.3% GDL deformations become bet-
er than that without any deformation when the cells are operated
n a high-voltage region. This scenario can be explained as follows:

hen there is no clamping pressure, the contact resistance between
he GDL and the current-collectors is higher compared with the
ase with a clamping pressure applied. High contact resistance
tands for high ohmic resistance, low current density, and hence
orse cell performance. Meanwhile, the porosity/permeability of

he GDLs without any clamping pressure is higher than that with
clamping pressure applied. High porosity/permeability allows for
ore reactant supply to the active layer, and thus improves cell

erformance. As previously mentioned, the balance between these
wo factors determines the cell performance. When the fuel cell
orks in a high-voltage region, the chemical reaction rate is low,

nd the cell does not demand a large amount of reactant. Therefore,
he effect of the contact resistance on cell performance is domi-

ant over the effect of porosity/permeability. Accordingly, clamping
ressures of 1 and 1.5 MPa result in lower contact resistances and
ufficient reactant supplies, and there by better cell performances
n a high-voltage region. By contrast, the chemical reaction rate is
igh when the fuel cell works in a low-voltage region, causing the

able 3
ptimum clamping pressures under different operating voltages.

perating voltage (V) SGL-10-BB

Optimum current
density (mA cm−2)

Corresponding cla
pressure (MPa)

.4 709.749980 0.3693667

.5 488.587082 0.4235709

.6 274.454882 0.5403518

.7 111.656020 0.7782217
Sources 195 (2010) 62–68 67

cell to demand large amount of reactant. Therefore, the effect of
the porosity/permeability dominates that of the contact resistance.
As a result, no clamping pressure applied on the GDL stands for
high porosity and high reactant supply to the chemical reaction,
and presents better cell performances in a low-voltage region.

The data in Fig. 6 also indicate that the performance of the fuel
cell with 22.2% GDL deformation is significantly worse than that
without any clamping pressure, especially in a low-voltage region.
This suggests that a clamping pressure of 2.0 MPa is too high for
the fuel cell to achieve its optimum performance. From Fig. 6, it can
be concluded that the optimum clamping pressure varies with the
operating condition, and the optimum pressures under different
operating conditions for the fuel cell described in this study should
be less than 2.0 MPa.

4.2. Optimal clamping pressures under different operating
voltages

Searching for the optimum clamping pressures under differ-
ent operating voltages has been carried out for two different
paper-based GDLs, namely, SGL-10-BA and SGL-10-BB. The cell per-
formance is indicated by the average current density and is set as
the objective function, and the clamping pressure is selected as the
design variable, which is subjected to the lower and upper bound-
aries. The SPSA method is adopted to maximize the average current
densities under the prescribed operating voltages.

Table 3 presents the optimization results of the two cases with
SGL-10-BA and SGL-10-BB as the GDL materials, respectively. It can
be clearly seen that the optimum clamping pressures correspond-
ing to the best average current density increase with increasing
the operating cell voltages for both the GDL materials. For exam-
ple, when SGL-10-BB is used as the GDL, the optimum clamping
pressure is found to be 0.7782 MPa, and the corresponding aver-
age current density is 111.656 mA cm−2, at an operating voltage
of 0.7 V; the optimum clamping pressure is 0.3694 MPa when the
operating voltage is 0.4 V, and the corresponding current density
is 709.750 mA cm−2. Similarly, when SGL-10-BA is employed as the
GDLs, the optimum clamping pressure is reduced from 0.2689 to
0.1310 MPa when the operating voltage is decreased from 0.7 to
0.4 V.

The data in Table 3 suggest that the optimum clamping pressure
increases when the operating voltage increases, i.e., the optimum
clamping pressures at high operating voltages are higher than those
at low operating voltages. All the optimum clamping pressures are
less than 1.0 MPa. This is consistent with the findings from the
comparison of the cell performances under different clamping pres-
sures. The reason for the phenomena can be similarly explained as
follows: assuming there is no leakage under the clamping pres-
sures considered in this study, the chemical reaction rate is low at
high voltage, thus only demanding a small amount of reactants,

which makes it possible for the deformed GDLs with relatively
lower porosities to supply sufficient reactants. Hence, the effect of
the contact resistance on the cell performance plays a dominant role
over that of porosity/permeability. Consequently, a high clamping
pressure is required to obtain better performance. Conversely, low-

SGL-10-BA

mping Optimum current
density (mA cm−2)

Corresponding clamping
pressure (MPa)

701.191470 0.1310000
482.599964 0.1503828
271.619690 0.1905609
110.994067 0.2688909
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ig. 7. Optimization histories for cases with SGL-10-BB as GDLs at different operating
oltages.

oltage operating conditions correspond to high chemical reaction
ates, thus requiring GDLs with high porosity to supply sufficient
eactants for the chemical reactions. The effects of the porosities on
he cell performance will overrule that of the contact resistances. As
consequence, the cell requires a low clamping pressure to obtain
etter performance.

In addition, Table 3 indicates that the optimum clamping pres-
ures with SGL-10-BA as the GDLs are lower than those with
GL-10-BB. The reason is due to the fact that the Young’s modu-
us of SGL-10-BA is smaller than that of SGL-10-BB. A lower Young’s

odulus indicates a softer material. Therefore, for the SGL-10-BA
DL, a small clamping force can cause a large deformation, large
ecreases of porosity and contact resistance, and thus, significant

mpacts on fuel cell performance.
Fig. 7 shows the optimization histories for fuel cell using SGL-10-

B as the GDL material and operated under different cell voltages,
rom 0.4 to 0.7 V. It can be seen that the optimum clamping pressure
ncreases when the operating voltage increases. The convergence
istory curve becomes more and more flat with increasing operat-

ng voltage. This indicates that the cell performance becomes less
ensitive to the clamping pressure at high operating voltage region.

dditionally, the data in Fig. 7 suggest that the SPSA method is effi-
ient. It searches the optimum between the lower and upper bounds
f the design variable with large step sizes at a zone far away from
he optimum, and small step sizes at a zone near to the optimum,
o ensure a global optimum and a high searching efficiency.

[
[
[

[
[
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5. Conclusions

A three-dimensional model to evaluate the effects of assembly
clamping pressure on the GDL’s porosity/permeability and conduc-
tivity of GDLs, as well as the contact resistance between the GDLs
and the current-collector, has been developed. Simulation results
indicate that the performance of a fuel cell operated under high
operating voltages benefits from a small assembly clamping pres-
sure. Conversely, for a cell operated in a low-voltage region, a fuel
cell without clamping pressure demonstrates better performance
than a cell with an assembly clamping pressure because the clamp-
ing pressure has a negative effect on the cell performance. Too high
clamping pressure degrades the fuel cell performance along the
entire polarization curve, i.e., in both the high-voltage and low-
voltage regions.

The optimum clamping pressures under different operating
voltages are explored by using the simultaneous perturbation
stochastic algorithm method. The optimization results suggest
that the optimum clamping pressure is different for different GDL
materials, and the optimum clamping pressures corresponding to
different operating voltages increase with increasing the operating
voltage for both cases with SGL-10-BA and SGL-10-BB as the GDL
materials. In addition, SPSA method is found to be efficient method
for optimizing fuel cell performance.
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