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Main and interaction effects of PEM fuel cell design parameters

Galip H. Guvelioglu, Harvey G. Stenger ∗

Chemical Engineering Department, Lehigh University, Bethlehem, PA 18015, USA

Received 28 March 2005; received in revised form 3 June 2005; accepted 3 June 2005
Available online 28 July 2005

Abstract

In this work, a two-dimensional model is used to analyze the main and interaction effects of five design factors, at three levels in a polymer
electrolyte membrane (PEM) fuel cell. The model used in this study is a detailed two-dimensional steady-state model, solved using a finite
element partial differential equation solver. The factors considered are channel width, shoulder width, gas distribution electrode (GDE)
thickness, GDE conductivity and GDE porosity. A full factorial design is used to minimize statistical errors and study interactions accurately.
The model used is a two-dimensional, across-the-channel model. The model is run at both the inlet and exit concentrations for fuel and oxidant,
allowing the study of interaction effects over a range of operating conditions. The analysis is conducted for operating potentials of 0.7 and
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.6 V and a range of current densities. The strongest interaction effects are found to exist between channel size and GDE conductivity, while
he weakest interaction effects are between GDE thickness and GDE porosity.

2005 Elsevier B.V. All rights reserved.
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. Introduction

The interest in polymer electrolyte membrane (PEM) fuel
ells for transportation, portable and stationary applications
s growing as energy prices increase and concern for environ-

ental impacts of internal combustion engines grows. Even
hough PEM fuel cells are conceptually simple electrochem-
cal conversion devices, the underlying physics that describe
heir operation is complex. Since the early 1990’s there have
een a number of fundamental computational modeling stud-
es directed towards understanding the complex physics of
EM fuel cell operation [1–4].

In recent years a general trend of using computational fluid
ynamics (CFD) to model PEM fuel cells has evolved. Gurau
t al. [5] developed the first realistic two-dimensional model
f a fuel cell complete with flow channels and a fundamental
epresentation of the membrane electrode assembly (MEA).
heir along-the-channel model studied the effects of compo-
ition change of the reactants along the length of the channels.

∗ Corresponding author. Tel.: +1 610 758 4791; fax: +1 610 758 5057.

Um et al. [6] developed a two-dimensional transient, along-
the-channel model and studied the change of current density
with changing cell potential. Um and Wang [7] extended the
work to the third geometric dimension and studied the effects
of flow channel geometry and layout. A group at the Electro-
chemical Research Center of Pennsylvania State University
developed a large-scale CFD model [8] and studied the two-
phase transport issues in PEM fuel cells [9]. Berning et al.
[10] developed a three-dimensional model, conducted para-
metric studies on operating pressure and temperature. They
also studied geometrical variations and material properties
[11], and developed a two-phase model [12].

Recently, Guvelioglu and Stenger developed a two-
dimensional across-the-channel CFD PEM fuel cell model
in which the effects of channel and bipolar plate shoulder
dimensions as well as thickness and properties of fuel cell
components were studied [13]. Even though the recent
trend in PEM fuel cell modeling is 3D CFD models, the
computational cost of accurate 3D modeling is large and not
easily achievable. Typical anode and cathode catalyst layer
thicknesses are on the order of 10–20 �m and the height
E-mail address: hgs0@lehigh.edu (H.G. Stenger). and width of a single cell in a stack are 10–20 cm. These
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Nomenclature

cw mass concentration of water in the membrane
(kg m−3)

p pressure (Pa)
t thickness (m)
x mole fraction
Vcell cell operating potential (V)
W width (m)

Greek letters
σ conductivity (S m−1)
ε porosity
φ potential (V)

Subscripts
a anode
c cathode
ch channel
GDE gas distribution electrode
i components, H2 and H2O for the anode and

O2, H2O and N2 for the cathode
l liquid water
m membrane
sh shoulder
w water in the membrane

Superscripts
0 boundary condition

dimension mismatches require more than a million elements
to be used for even a small 7 cm × 1 cm section of a fuel cell,
and take more than 1 h to solve with a 10–50 node parallel
computer [8]. In this work, the two-dimensional across-the-
channel domain enables the study of the design and operating
conditions fast and efficiently, allowing the analysis of a
wide range of design and operating parameters [13].

All of the CFD work of the previously cited authors
was aimed towards increasing the understanding of fuel cell
physics by simulating the performance of a given design.
The work of Berning and Djilali [11] was a comprehensive
study towards understanding the individual effects of various
operating conditions, such as temperature, pressure and flow
rates, together with design parameters like channel, shoul-
der lengths, gas distribution electrode porosity and thickness.
Their work mostly focused on analyzing the effects of one
variable at a time.

The major disadvantage of a one-factor strategy is that
it fails to consider possible interactions between the factors
studied. An interaction can be thought of as the failure of
a factor to produce the same response at different levels of
another factor. For example, in recent work [13], it was shown
that the current density under the channel openings was lower
than under the shoulders at moderate current densities when

low conductivity electrode was used. However, with for
higher electrode conductivity, the current density drop under
the channels could be prevented. This behavior demonstrates
an important interaction between channel size and conductiv-
ity of the electrode material on fuel cell performance. Another
finding showed that high porosity electrodes improved per-
formance for large channel and shoulder designs more
than for smaller channel and shoulder designs. Thus, the
effect of electrode porosity varies with design and illustrates
interactions between porosity, channel size and shoulder
size.

The design of PEM fuel cells is a complex problem. A
PEM fuel cell consists of seven distinct regions:

• anode bipolar plate;
• anode gas distribution electrode layer;
• anode catalyst layer;
• membrane;
• cathode catalyst layer;
• cathode gas distribution electrode layer;
• cathode bipolar plate.

The design must have the right components for each region
to meet the application requirements. The review of PEM fuel
cell design and manufacturing by Mehta and Cooper [14]
recommended 16 different polymer electrolyte membranes,
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types of gas diffusion electrodes, 8 types of anode catalysts,
types of cathode catalysts and over 100 bipolar plate designs

or further study.
Studying experimentally all possible combinations at all

ossible operating conditions is unrealistic, however, it is
ealistic to conduct a well designed factorial set of experi-
ents. In this work, the following five different PEM fuel

ell design parameters are studied:

bipolar plate channel size;
bipolar plate shoulder size;
gas distribution electrode thickness;
porosity of the gas distribution electrode;
conductivity of the gas distribution electrode.

The model can vary these design parameters for both
node and cathode, however, to simplify the analysis, this
ork will use the identical parameters for both the anode and

athode.

. Model description

The model used in this design of experiments analysis was
ublished earlier [13]. It assumes:

steady-state operation;
isothermal operation;
ideal gas mixtures;
single phase mode;
isotropic and homogeneous electrodes and membrane;
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• the membrane is considered impermeable for the gas
phase;

• negligible contact resistance;
• minimal membrane swelling.

The anode and cathode catalyst layers are modeled as reac-
tive boundaries because their thickness of 10–25 �m is sig-
nificantly smaller than all other component thicknesses. The
PEM fuel cell model is a comprehensive two-dimensional,
isothermal, steady-state model providing a detailed descrip-
tion of the following transport phenomena:

• multi-component flow;
• diffusion of reactants through the porous electrodes;
• electrochemical reactions;
• transport of electrons through the electrodes;
• water balance in the membrane.

The equations governing these processes include:

• ionic balance in electrodes and membrane;
• the Maxwell–Stefan equations for multi-component diffu-

sion and convection in gas distribution channels and gas
distribution layers;

• Darcy’s law for the flow of species in porous electrodes;
• water balance and water flux in the membrane governed

by diffusion, convection and electro-osmotic drag.
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Table 1
Design factors studied and their values

Parameter Low Middle High

Wch, the gas channel width
(m)

0.5 × 10−4 1.0 × 10−3 2.0 × 10−3

Wsh, the bipolar shoulder
width (m)

0.5 × 10−4 1.0 × 10−3 2.0 × 10−3

tGDE, Anode and cathode
GDE thickness (m)

1.5 × 10−4 3 × 10−4 4.5 × 10−4

εGDE, GDE porosity of the
anode and cathode

0.4 0.5 0.6

σGDE, GDE conductivity
(S m−1)

200 570 1000

A full factorial design has the advantage that even though
the number of runs is greater, it will find interactions which
can avoid misleading conclusions and the interactions are
valid over the range of experimental conditions. In this work,
to minimize statistical errors and to study interactions fully,
a factorial design is selected with five design factors at three
levels (see Table 1). The three levels are selected such that
“current technology” is bounded by a lower and higher value.

Fig. 1 shows the design factors studied, their physical
meanings, and the domains where they are active. The factors
and the levels, shown in Table 1, yield 243 runs (35), for each
of the four operating conditions (0.6 and 0.7 V at the entrance
and exit conditions). These 243 experiments were run and the
results were analyzed with the commercial statistical package
MINITAB® [17].

4. Results and discussion

4.1. Model validation

The fuel cell design parameters used to validate the model
are shown in Table 2. They are based on the work of Um
and Wang [7]. The 2D computational domain used allows
the channel and shoulder width effects to be studied in detail;
however, because it is not a 3D model it cannot study the con-
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FEMLAB®, a finite element computational fluid dynam-
cs package, was used to solve the non-linear system of equa-
ions. The model was first created and tested in FEMLAB’s®

raphical user interface and then saved as a MATLAB® m-
le [15]. Details of the model, geometry meshing and solver
ettings were presented in Guvelioglu and Stenger [13]. The
ypical run times for the 2D simulation was 30–300 s per
esign. The longer times being for high current density oper-
tions. The majority of the runs were completed under 150 s
n an Intel Pentium® 4, 3.2 GHz CPU with 1 GB of DDRam.

. Design and analysis of experiments

The first step in this analysis is to identify the factors and
heir range of variation, which requires a fundamental under-
tanding of the physics of the process. After the factors and the
evels are identified, the method of design is selected depend-
ng on the resources available to conduct the experiments.
here are several experimental designs that can be selected:

ull factorial, fractional factorial and Taguchi designs [16].
In a full factorial experiment, responses are measured at

ll combinations of the factor levels, which may result in
prohibitive number of runs. For example, a two-level full

actorial design with 6 factors requires 64 runs (26) and a
wo level design with 9 factors requires 512 runs (29). To

inimize time and computational cost, factorial designs that
xclude some of the factor level combinations can be used.
owever, choosing the best fraction often requires special-

zed knowledge of the process under investigation.
entration changes along-the-channel. Fuel cells are typically
perated with some excess hydrogen and oxygen [7], which
eans the concentration of reactants will not be zero at the

xit. However, the concentration changes are large enough to
ower the average current density of the fuel cell. To assess
oncentration change effects, two different fuel and oxidant
onditions are considered; one at the entrance and the other
t exit of the fuel cell. Fully humidified hydrogen and air

able 2
ase case geometric parameters

arameter Value

ch, the gas channel width (m) 7.62 × 10−4

sh, the bipolar shoulder width (m) 7.62 × 10−4

GDE, Anode and cathode GDE thickness (m) 3 × 10−4

m, Membrane thickness (m) 1.78 × 10−4

GDE, GDE porosity of the anode and cathode 0.6
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Fig. 1. The computational domain, dependent variables and design factors.

are used at the entrance conditions while the exit conditions
are calculated by assuming 50% excess hydrogen and oxy-
gen and based on a 1 A cm−2 current density. The water flux
between the anode and cathode sides was neglected when
calculating the exit water compositions.

The compositions and conditions used in validating the
model are shown in Table 3, and Fig. 2 shows the fuel cell
performance curve at the entrance and exit of the fuel cell.
The performance curve for the entrance conditions (Fig. 2)
shows a good agreement with experimental results reported
by Um and Wang [7] at current densities below 0.3 A cm−2,
for higher current densities the model over-predicts the per-
formance. This is expected since the concentrations are not
at the entrance values for the entire fuel cell. The model at
the exit conditions under-predicts the experimental results at
low current densities but shows good agreement at high cur-
rent densities. The overall average fuel cell performance is

Table 3
Operating condition parameters

Symbol Value

T, temperature (K) 343.15
p0

a , Anode side pressure (Pa) 202650
p0

c , Cathode side pressure (Pa) 202650

Entrance conditions Exit conditions

x

x

x

x

x

expected to fall between the entrance and exit performance
curves of Fig. 2, which shows that the model does predict
the fuel cell performance accurately. The kinetic parameters
used in this model were not adjusted to fit this performance
curve but are the same parameters used previously in an ear-
lier study [13], which was at pressures of 3 atm at the anode
and 5 atm at the cathode.

4.2. Main effects of design factors

Figs. 3–6 show the main effects of the design factors on
the mean current density for operating potentials of 0.7 and

F
e

0
O2

, Cathode feed oxygen
mole fraction

0.178 0.053

0
H2O,c, Cathode feed water
mole fraction

0.154 0.349

0
N2

, Cathode feed nitrogen
mole fraction

1 − x0
O2

− x0
H2O,c 1 − x0

O2
− x0

H2O,c

0
H2

, Anode feed hydrogen
mole fraction

0.846 0.647

0
H2O,a, Anode feed water
mole fraction

1 − x0
H2

1 − x0
H2
 ig. 2. Comparison of the model at the entrance and exit conditions with an

xperimental polarization curve.
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Fig. 3. Main effect plots for cell operating at 0.7 V, at the entrance conditions.

0.6 V at the entrance and exit conditions. Fig. 3 is for the case
of 0.7 V at the entrance conditions, Fig. 4 is at 0.7 V and exit
conditions and Figs. 5 and 6 are for 0.6 V at the entrance and
exit conditions, respectively.

Operating at 0.7 V at the entrance conditions, the fuel cell
mean current density increases as the channel size decreases
as shown in Fig. 3. Reducing the channel size from 2 to 1 mm
increases the current density by 9%. Further reducing it to
0.5 mm increases the current density by only 2%. Thus, the
gain in current density might not be worth the increase in
compressor duties needed for pressure drop in the smaller
channels. For the cell operating at 0.7 V and the exit condi-
tions (Fig. 4), the reduction of channel size from 2 to 1 mm

and from 1 to 0.5 mm results in 7.5 and 0.5% increase in
current densities.

At 0.7 V at the entrance conditions (Fig. 3), reducing the
shoulder size from 2 to 1 mm improves the cell performance
by 3.8%, while further reducing it to 0.5 mm does not improve
the performance. Thus, below 1 mm the transport of reactants
under the bipolar plate shoulders does not appear to be rate
limiting. However, at the exit of the cell where the reactant
concentrations are lower, decreasing the shoulder size over-
comes the mass transport limitations of reactants under the
shoulders, which causes a current density increase. When the
cell is operated at 0.6 V, and a higher mean current density,
more reactants need to be transported to the catalyst. Benefits

erating
Fig. 4. Main effects for cell op
 at 0.7 V, at the exit conditions.
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Fig. 5. Main effects for cell operating at 0.6 V, at the entrance conditions.

from reducing the shoulder size, is seen even at the entrance
condition (Fig. 5).

The main effects of the gas distribution electrode (GDE)
thickness, shows that a maximum current density is reached
at a thickness of 0.3 mm, for all operating cases. Electrodes
that are too thin or too thick lower the mean current den-
sity. The magnitude of the GDE thickness, main effect, is
about ±2%, significantly less than other main factors. How-
ever, analyzing just the main effect of the GDE thickness
might lead to incorrect conclusions if other interactions are
neglected.

For both 0.7 and 0.6 V cell potentials and for both entrance
and exit conditions, increasing the porosity of the electrode

increases the mean current density. The effect of increasing
GDE porosity from 0.4 to 0.6 increases the mean current den-
sity by 3.3 and 8.5% for 0.7 V cell potential at the entrance
and exit conditions, respectively. For high current density
operation (0.6 V) the porosity effect is more significant and
results in 5.5 and 16% increases for entrance and exit condi-
tions, respectively. Clearly, the GDE porosity is a key design
parameter. As the reactants are consumed and their concen-
trations decrease, the porosities of the GDE’s become more
important.

The base case electrode conductivity of 570 S m−1 was
estimated from commercial electrode properties and is simi-
lar to the estimate of Nguyen et al. [18]. Nearly, doubling the

erating
Fig. 6. Main effects for cell op
 at 0.6 V, at the exit conditions.
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Fig. 7. Interaction plots for cell operating at 0.7 V, at the entrance conditions.

conductivity (570–1000 S m−1) yields an increase in current
density of 3.2–4.1% for all four operating cases. When the
conductivity of the GDE is reduced to 200 S m−1, the mean
current densities decrease by 10.5–11.7%.

Four of the five design factors significantly changed the
performance of the fuel cell. The fifth factor, GDE thickness,
was found to have a minimal impact. However, ruling out
GDE thickness as a critical design factor may be incorrect
when considering its interaction with other factors.

4.3. Interactions between design factors

The major disadvantage of the one factor strategy is
that it fails to consider possible interactions between the

factors. Figs. 7–10 show the interaction plots for the five
design parameters. Significant interaction is indicated by
non-parallel lines in each plot. For example the first row, first
column plot in Fig. 7 identifies strong interactions between
channel and shoulder dimensions through the lack of par-
allelism of the lines. For a 1 mm channel size an increase
in mean current densities is observed when the shoulder is
reduced from 2 to 1 mm. However, the rate of increase in cur-
rent density is not as large as the 0.5 mm channel case. When
the shoulder size is reduced from 1 to 0.5 mm, no change in
mean current density can be observed for the 2 mm channel
contrary to 0.5 mm channel case. This lack of parallelism
between the lines shows that there is interaction between
channel and shoulder size effects. The interactions between

perating
Fig. 8. Interaction plot for cell o
 at 0.7 V, at the exit conditions.



G.H. Guvelioglu, H.G. Stenger / Journal of Power Sources 156 (2006) 424–433 431

Fig. 9. Interaction plot for cell operating at 0.6 V, at the entrance conditions.

channel and shoulder effects are even more visible for 2 mm
channel size; where reducing the shoulder size from 2 to
1 mm increases the mean current density slightly while fur-
ther reducing the shoulder size actually results in a slight
decrease in mean current density.

When Figs. 7–10 are analyzed, it is clear that the strong
interactions between the design factors that are present for
0.7 V at entrance conditions (Fig. 7) are also visible for the
other three operating conditions. The observed interactions
and their qualitative magnitudes for all four operating con-
ditions studied are summarized in Table 4. The interactions
observed for the entrance conditions are also visible for the
exit conditions. Also the interactions seen for 0.7 V operation
are valid for the 0.6 V operation but with increased magni-
tudes.

The interactions between GDE thickness and channel are
strong and are observed for all channel sizes. However, for
GDE thickness and shoulder size, minimal interaction is
observed for both 0.5 and 1 mm shoulders. The interaction
between shoulder and GDE thickness become more visible
for 2 mm shoulder size.

Strong interactions between GDE conductivity and chan-
nel sizes can be observed for all four operating conditions.
When larger channels are used, performance increase is
obtained using GDE’s with higher conductivity. The GDE
conductivity interactions with the shoulder sizes are mild and
are only observed for 2 mm shoulders.

Strong interaction between GDE porosity and shoulder
size effects are observed for 2 mm channels but no interaction
for smaller shoulders is identified. For the operation of PEM

peratin
Fig. 10. Interaction plot for cell o
 g at 0.6 V, at the exit conditions.
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Table 4
Summary of interactions between factors

Shoulder GDE thickness GDE porosity GDE conductivity

Channel Strong Strong Mild Strong
Shoulder – Strong Strong Mild
GDE thickness – – Negligible Negligible
GDE porosity – – – Negligible

fuel cells, the GDE porosity is an important factor as shown
in earlier sections when main effects were discussed. The
porous electrodes must allow transport of the reactants to
the catalyst sites, thus increasing GDE porosity improves the
performance of the PEM fuel cells more for larger shoulder
designs, as the transport of the reactants to the catalyst sites
under the shoulders becomes more difficult.

The interaction of GDE porosity with channel size is small
at low current density (higher voltages) and at the entrance
conditions where the mass transport is not rate limiting; how-
ever, as the current density increases (voltage decreases) or as
the concentrations decrease, the interactions are slightly more
visible. The GDE porosity and GDE thickness interaction is
very small compared to the interactions discussed previously
and can be neglected. Also at the operating conditions stud-
ied there is no evidence of interaction between GDE porosity
and GDE conductivity or between GDE thickness and GDE
conductivity.

5. Conclusions

Design of PEM fuel cells is a complex problem with a
wide range of choices for fuel cell components [14]. Although
running experiments testing all combinations of these com-
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reactants. Some interactions appear only for certain values of
design factors, thus increasing the complexity of PEM fuel
cell design and operation. When the entrance and exit condi-
tions are compared, it is found that the interactions between
design factors effecting mass transport become more visible.
These interactions are greater for a cell operating at 0.6 V,
since the rate of reaction is faster and more reactants need to
be transported to the catalyst sites.

A full factorial design of experiments was successfully
used in this study due to the relatively small size of the prob-
lem, 243 runs for each operating condition. The applicability
of a full factorial design was made possible by the speed
and robustness of the model used in the calculations. Each
run took about 2–3 min, thus the 243 runs were completed
in less than 12 h using a desktop PC. If a three-dimensional
CFD model were used, the full factorial design would be
computationally demanding as the typical run times are on
the order of hours. By repeating the interaction analysis at
the exit concentrations it is shown that interactions between
design factors do not change dramatically, except for slight
increases in existing interactions effecting mass transport.
Therefore, a two-dimensional model can capture the signifi-
cant interactions between design parameters.
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