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1 Introduction

Proton exchange membrane (PEM) fuel cells are recognized as
a promising device for a wide variety of power applications.
Among the technological challenges associated with PEM fuel
cells, design, manufacturing, and assembly are considered to be
the most critical issues to further reducing cost and ensuring high
performance. As fuel cell manufacturing scales up, the relation-
ship between fuel cell performance and the assembly process must
be well understood. During the assembly process of a PEM fuel
cell stack, the gas diffusion layer (GDL), bipolar plates (BPPs),
and membrane are clamped together using mechanical devices. A
proper level of clamping pressure is needed to provide adequate
gas sealing, as well as to reduce contact resistances at the material
interfaces. However, high pressure may overcompress the mem-
brane and GDL, crushing their porous structures and cracking the
BPP. These effects may combine to yield an optimum assembly
pressure.

Several models have been developed to account for the mult-
iphysics processes in PEM fuel cells including the gas and water
mass transfers, electrochemical reaction, etc. [1-7]. Assembly
pressure effects, however, were not incorporated into these mod-
els. Assembly pressure causes stack compression, with most of the
compression being attributed to GDL deformation, which is criti-
cal to the performance and durability of PEM fuel cells. Lai et al.
[8] investigated the compression of the membrane electrode as-
sembly (MEA, an assembly of GDL and catalyst layers) and GDL
over the channel area, where thermal expansion and swelling of
the membrane can lead to buckling and separation of the mem-
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brane from the GDL. It was suggested that a higher transverse
shear modulus is favored in the GDL. Lee et al. [9] studied the
relationship between bolting torques used in assembling PEM fuel
cell stacks and the performance. An optimum bolt torque was
observed in experiments. Lee et al. [10] analyzed PEM fuel cell
stack assembly pressure distribution and the compliance of a
single cell using the finite-element analysis. The pressures are
higher near the bolts but lower at the center of the assembled PEM
fuel cell stack. It was also found that assembly pressure could
significantly change the porosity of GDL. Chu et al. [11] investi-
gated the porosity change and the results showed that a PEM fuel
cell with an embedded GDL with a larger porosity, consumes a
greater amount of oxygen, thus a better fuel cell can be achieved.
Most recently, Ge et al. [12] designed a single PEM cell to mea-
sure GDL compression and cell performance without disassem-
bling the cell. Experimental results showed that the fuel cell per-
formance generally decreases with increased compression, and
one should expect an optimal compression ratio, especially in the
low pressure region.

Most previous research attempted to obtain the assembly pres-
sure effects via experiments, and few efforts have been made to
include the influence of assembly induced GDL deformation on
gas mass transfer and contact resistance. This is also true for a
number of recently published papers, with most of them being
purely experimental [12-14] or partly experimental studies
[15,16].

In this paper, a comprehensive finite-element-based numerical
model is developed to simulate the entire process including GDL
deformation, GDL property change, mass transfer process, and
electrical contact resistance. GDL deformation is first modeled
under different assembly pressures. Then, a PEM fuel cell mass
transfer model is developed based on the deformed GDL shape
and modified GDL gas transport parameters. The effects of clamp-
ing pressure on mass transfer resistance and contact resistance are
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Fig. 1 Schematic of a PEM fuel cell: (a) cross section and (b) computational domain

analyzed in detail. The comprehensive fuel cell performance pre-
dicted by the model is then compared with the experimental mea-
surements of PEM fuel cell voltage-current performance curves of
Ref. [12]. Local current density and oxygen mass fraction distri-
bution are also discussed.

2 Model Description

2.1 GDL Deformation Model. A representative 2D single-
channel half-cell model for the cathode side of a PEM fuel cell is
developed to study the effects of assembly pressure on the defor-
mation of the PEM fuel cell components. Figure 1(a) shows the
cross section of a PEM fuel cell, including the BPP, GDL, and
membrane. The size of the computational domain is reduced by
taking advantage of the geometrical periodicity of the cell. As
shown in Fig. 1(b), only one channel and half of the land areas on
each side need to be incorporated in the domain. Here, the X axis
denotes the cell width direction, the Y axis is in the cell thickness
direction, and the Z axis represents the cell length direction. In
addition, because the length of gas channels is typically much
larger (by ~2 orders of magnitude) than their cross section di-
mensions, which justifies the assumption of plane-strain, only a
2D model is built to reduce computational time.

The model is developed using commercial finite-element soft-
ware ABAQUS. Four-node quadrilateral plane-strain elements
(CPE4) are used to mesh the components with typical element
sizes being 0.04 X 0.04 mm?. The bottom membrane surface is
fixed vertically (in Y-direction), and X-symmetry conditions are
applied to the side vertical boundaries of all components. The
component interfaces are bonded, with no-slip allowed. In the
stack assembly, it is desirable to have a uniform assembly pres-
sure in the BPP, even though the clamping load may be localized.
As such, a uniform assembly pressure is assumed for the BPP.

The geometric and physical properties of the components are
listed in Table 1. It is assumed that the effective porosity is 0.3
before compression according to Springer et al. [17] and Inoue et
al. [18]. The effective porosity of GDL in the operating cell may
be significantly smaller because of possible “flooding” by liquid
water and compression by assembly. A series of assembly pres-
sures from 0.04 MPa to 15 MPa are applied to the BPP top surface
under which the GDL deformation is calculated. Meanwhile, the
volumetric strain of every element in the GDL can be used to
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estimate its modified porosity. Mass transfer analysis is conducted
based on the deformed configuration and the modified GDL po-
rosity.

2.2 Mass Transfer Analysis. The same half-cell analysis do-
main as shown in Fig. 1(b) is also used in the gas mass transfer
analysis. Only the overpotential on the cathode side is modeled
based on the assumption that the hydrogen oxidation reaction rate
is so fast that the anodic overpotential is negligible. It is assumed
that the cathode is fed with humidified air: a mixture of oxygen,
nitrogen, and water vapor. Steady state operation under fully-
humidified conditions is assumed. The model is limited to single-
phase water transport. Other assumptions used in developing the
half-cell model of the gas mass transfer analysis are as follows:

(1) steady-state conditions

(2) constant cell temperature

(3) laminar flow in the fuel cell

(4) isotropic and homogenous GDL and catalyst layers
(5) ideal gas mixtures

(6) catalyst layer modeled as reactive boundaries

(7) product water in the liquid phase

Under these assumptions, a 3D model is developed to study the
multicomponent flow, diffusion of reactants through the porous

Table 1 Geometric and physical parameters
Parameter Value
Channel length (L) 20 mm
BPP thickness (h,) 2 mm
GDL thickness (h,) 200 pwm
Membrane thickness (h3) 50 wm
Channel height (h,) 0.8 mm
Channel width (w,) 1 mm
Land width (w,) I mm

GDL initial porosity 0.3

Compressive modulus of BPP 10 GPa
Compressive modulus of membrane 200 MPa

GDL compressive modulus Nonlinear elastic [19]
GDL permeability 1.76 X 107! m?
Transfer coefficient for oxygen 0.5
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Table 2 Binary diffusivities at reference temperatures and 1
atm [18]

Binary diffusivities D;;

Gas pair Reference temperature (m?/s)

Do, 1,0 308.1 2.82%x107°
0,-N, 293.2 22X107°

Dy o-n, 307.5 2.56 X107

GDL, and electrochemical reactions. In the BPP channel, fluid
flow is modeled in combination with diffusion and convective
transports. The gas flow field is obtained by solving the steady-
state Navier—Strokes equations, and the pressure difference drives
the flow in the channel in the following way:

pi—t—V~,u(Vu+(Vu)T)+p(u~V)u+Vp=0 (1)

V-u=0 ()

where p denotes the density of the gas mixture, u is the dynamic
viscosity, p is the pressure, and u is the velocity vector.

The mass flux in the gas phase is computed based on the
Maxwell-Stephan diffusion and convection equation and for the
gas component i,

N
M Y/
' —pwizDijnz(ij+wj7>+pwiu =0 (3)

where M is the total molar mass of the mixture, and M; and w; are
the molar mass and mass fraction of gas j, respectively. D;; (with
the unit of m?/s) is the Maxwell-Stephan diffusivity.

The binary diffusivities D;;, with its experimentally obtained
values at atmospheric pressure listed in Table 2, are scaled with

the temperature and pressure according to Ref. [20].

» T>1.5
D;;=D;(Ty,po)—\| — 4
ij t/( 0 pO)p()(T() ( )

In the GDL region, Darcy’s law is used to model the flow
through the porous media, with the pressure gradient as the driv-
ing force.

k
u=--=+Vp (5)
%

where k), is the permeability of the GDL.

For multicomponent diffusion in the GDL, the Maxwell-
Stephan equations remain the same. However, due to the porous
structure of the GDL, the binary diffusivity terms D;; need to be
corrected for the porosity & according to the Bruggenman corre-
lation

D§'=D;e'"? (6)
Because the catalyst layer is very thin compared with other
elements within a fuel cell, it is treated as a reactive boundary.

The current density distribution at the surface of the catalyst layer
can be expressed as [21]

wo F
i, = ig—2 exp(— a—”) )

where i, is the current density, i represents the exchange current
density of the cathode, # is the cathode activation overpotential, «
is the transfer coefficient, and 7 is the cell operating temperature.
This kinetic expression is derived from the general Butler—Volmer
equation, based on the fact that the cathode has relatively slow
kinetics. Because the anode exhibits fast electrokinetics, the an-
odic overpotential is neglected in this study. In most cases, over-
potential in fuel cells refers to cathode overpotential. Hence, if
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Table 3 Operating parameters

Parameters Value
Cathode outlet pressure 1 atm
Cathode temperature 65°C
Relative humidity of inlet fuel 100%
Inlet nitrogen/water mole faction ratio 0.79/0.21

Cathodic transfer coefficient 0.5

Dynamic viscosity u 2X 107 m?/s
Faraday’s constant 96,487
Air flow rate 29%10™* L/s

only incorporating mass transfer resistance, the cell voltage is
calculated as

E=E'-7 (8)

where the open circuit potential E for the overall reaction is
calculated as [22]

E®=0.2329 + 0.0025T 9)

The electrochemical reaction at the catalyst layer determines
the flux at the reactive boundary. The mass flux for consumed
oxygen is

lL‘

Noz=—MozE7 (10)
where N; represents the mass flux of gas j, and F denotes Fara-
day’s constant.

It was assumed that the gas mixture enters at the gas flow field
channel normal to the inlet cross section. All walls in the channel
have no-slip boundary conditions. The mass and momentum trans-
port boundary conditions between the BPP shoulders and the GDL
are all insulated. The gas mixture enters and leaves the GDL
through the boundary between the channels and the GDL. The
inlet gas flow rate is calculated based on the same stoichiometric
ratio as in Ref. [12]. All operating parameters are listed in Table 3.

A finite-element computational fluid dynamics package, the
COMSOL Multiphysics® Chemical Engineering Module, was used
to solve the fluid flow/chemical reaction equations. Using de-
formed geometry and parameters for each assembly pressure, the
relationship between activation overpotential and current density
can be obtained. Kinetic parameters for electrochemical reactions
used in the simulation were adjusted in a reasonable range to fit
experimental results.

2.3 Electrical Contact Resistance. Electrical contact resis-
tance constitutes a significant part of the ohmic resistance in a fuel
cell and needs to be considered when evaluating fuel cell perfor-
mance. Assembly pressure affects electrical contact resistance in
PEM fuel cells, with the most significant one being at the interface
between the BPP and the GDL. Electrical contact resistance can
be estimated based on the surface roughness parameter and fea-
tures of the GDL structure. A detailed description of a recently
developed contact resistance model has been published [23].

BPP surface topology is simulated as randomly distributed as-
perities and is based on measured surface roughness. The GDL is
modeled as randomly distributed cylindrical fibers. Upon obtain-
ing these two simulated surfaces, each contact spot is located
according to their relative positions. The total resistance and pres-
sure are obtained by considering all contact spots as resistances in
parallel and summing up the results together.

Based on the analysis in Sec. 2.2, a higher assembly pressure
increases the gas phase mass transfer resistance, so less assembly
pressure is favored. On the other hand, the electrical contact re-
sistance decreases with the increase in assembly pressure, mean-
ing the ohmic overpotential can be significantly reduced. The con-
tributions of these two effects are different in different pressure
regions and can combine to yield an optimum assembly pressure.
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Fig. 2 Model predicted contour of effective strain at 15 MPa
pressure

Consequently, to evaluate the overall performance of a PEM fuel
cell, both effects need to be considered. By neglecting other bulk
resistances, the cell voltage is expressed as

(11)

where 7¢ontact=2IRconact DECause of the two contacting surfaces
between the BPP and the GDL in a PEM fuel cell.

E=E’- 77— Tcontact

3 Results and Discussions

3.1 GDL Deformation. The predicted deformation of PEM
fuel cell components under a pressure of 15 MPa using the above
model is shown in Fig. 2. The GDL is deformed severely, with the
true strain in the Y-direction being up to 43.6%, while the BPP
and membrane are nearly undeformed. Figure 3(a) shows the cell
geometry before deformation, where Y €[0-0.05 mm] is the
membrane, and Y € [0.05-0.25 mm] is the GDL region (0.2 mm
thick). The deformed GDL shape under three different assembly
pressures (0.1 MPa, 1 MPa, and 15 MPa) is illustrated in Fig.
3(D).

Under compression, the GDL will be compressed and deformed
into the BPP channels, which affects a number of process param-
eters critical to the performance of PEM fuel cells. The primary
effects are reduction of gas flow channel area, decrease of diffu-
sion path under the land area, and change in porosity.

In addition to the change in GDL geometry, the porosity, which
is assumed to be uniform over the whole GDL, also changed
under compression. The GDL compression ratio, which is defined
as the ratio of compressed thickness (under land area) to original
thickness, and the porosity are shown in Fig. 4 for different as-
sembly pressures.

BPP BPP

GDL
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(a) X
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Fig. 4 Compression ratio and porosity versus assembly
pressure

3.2 Assembly Pressure Effects on Mass Transfer. After as-
sembly, the GDL is compressed and deformed into the flow chan-
nels of the BPP. As shown in Fig. 5, at the same voltage, current
density is reduced at higher assembly pressure. This reflects the
fact that mass transfer resistance is increased with the increase in
assembly pressure. Specifically, the current density decreases by
27% when assembly pressure increases from 0.1 MPa to 15 MPa.
When assembly pressure is less than 0.1 MPa, the current-voltage
curve changes very slightly and stays almost the same.

This phenomenon is caused by the combined effects of flow
area reduction in the channels in the BPP and a decrease in GDL
thickness and porosity. The thickness and porosity of the GDL
change depending on the assembly pressure. The thickness of the
GDL under the land area is reduced significantly (around 36%)
when the assembly pressure reaches 15 MPa. A thinner GDL in-
dicates a shorter path for gas transportation, which could facilitate
the gas transfer. At the same time, the channel flow area is re-
duced, and the gas velocity in the channel is increased. Both ben-
efit gas transfer. In contrast, under compression, the porosity of
the GDL decreases. It is expected that a lower porosity would
impede gas transfer in the region under the land. Therefore, one
effect is countered by others. To analyze these effects in detail,
they are considered separately under 15 MPa assembly pressure
and 0.6 V overpotential. The modeling results show that the re-
duction in flow area and GDL thickness could increase the gener-
ated current density by about 5%, while the decrease in GDL
porosity has a more prominent effect and decreases the current
density by as much as 26%. Total current density, therefore, de-
creases around 21% compared with nondeformed case.

03

>0.15

01

05 1
X (mm)

15

Fig. 3 (a) Cell geometry before deformation and (b) deformed shapes of
GDL under assembly pressures 0.1 MPa, 1 MPa, and 15 MPa, respectively
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Fig. 5 Assembly pressure effect on PEM fuel cell performance
with only mass transfer resistance being considered

Lower porosity obstructs gas transfer in the GDL, which is the
dominant reason for the assembly pressure effects on mass trans-
fer resistance. For the same surface overpotential 7, the current
density increases with porosity. Again, this is obviously due to the
fact that a larger porosity in the GDL leads to a larger consump-
tion of oxygen in the catalyst layer, from which a larger current
density is generated. Moreover, a change in the porosity of the
GDL has virtually less influence on the voltage level when the
current density is at a medium or low value. It has a significant
effect, however, on the polarization curve when the current den-
sity is close to the limiting value. This result is consistent with the
fact that the voltage curve in the regime close to the limiting
current density is governed by the mass transfer resistance, as
stated in previous studies [24].

In this model, the reduction in channel flow area and GDL
thickness has little impact on the overall performance. However, if
the initial thickness of the GDL is larger, or the channel depth is
smaller, this effect could be more prominent.

3.3 Assembly Pressure Effects on Electrical Contact
Resistance. The surface roughness parameters of the same type of
BPP (POCO AXF-5QCF) used in single cell tests [12] are mea-
sured to estimate the electrical contact resistance in the cell, which
is then integrated into the performance model results. The surface
roughness parameters obtained from the average values of several
scans are peak density Djeq=150/mm, mean asperity summit ra-
dius R;=3.26 um, and variance of the summit height distribution
0,=0.728 pum. The GDL material properties and the structure
used in the simulation are based on the characteristics of Toray
carbon fiber paper. The contact resistance change with assembly
pressure, which is applied at the top of BPP, is shown in Fig. 6.
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Fig. 6 Simulated contact
pressure

resistance versus assembly
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Fig. 7 Polarization curves comparison between the modeling
results with the experimental data under different assembly
pressures.

4 Model Validation and Discussion

4.1 Validation. To validate the numerical model presented in
Sec. 3, the comprehensive model results are compared with the
experimental data from Ref. [12] for a cell with a single serpen-
tine channel and the same geometry and operation parameters.

Figure 7 compares the simulated voltage curves with the mea-
sured ones at 0.6 MPa, 5 MPa, and 15 MPa assembly pressures.
The simulated curves are generally in good agreement with the
experimental data. However, the simulated cell current densities in
the high current density region are slightly higher than the experi-
mental values. This discrepancy is a common feature of single-
phase models where the effect of water flooding in the cathode at
high current density is not accounted for. More current is pro-
duced under the channel area than under the land area because of
the reduced oxygen diffusion in the compressed region. Thus,
water flooding under the channel area is more severe than under
the land. This makes the GDL porosity uneven, sometimes con-
siderably. In this model, the porosity is assumed to be the average
value throughout the GDL in every assembly pressure, which
could already reflect the overall effect of assembly pressure, with
water flooding taken into account, on GDL porosity. Ideally, if the
porosity is allowed to decrease in the model in proportion to cell
current, to account for enhanced generation of water in the GDL,
as well as change with cell dimensions due to compression, the
model could predict the performance more accurately.

4.2 Assembly Pressure Effects on the Overall PEM Fuel
Cell Performance. Upon obtaining assembly pressure effects on
mass transfer resistance and contact resistance above, the overall
PEM fuel cell performance can be evaluated, as shown in Fig. 8.

From Fig. 8, the fuel cell performance decreases with increas-
ing compression in most of the assembly pressure regions. How-
ever, an optimum assembly pressure exists within the lower-
pressure region. This optimal value is the result of the competing
effects of contact resistance and mass transfer resistance. When
the assembly pressure is very low, contact resistance could be high
and reverse the effect of low mass transfer resistance. Obviously,
an assembly pressure near this optimum value is preferred. Fur-
thermore, if surface parameters of the BPP change, especially
when the surface standard deviation becomes larger, the contact
resistance tends to be higher. The optimum assembly pressure
could then shift to a higher level, which can be achieved in prac-
tical assembly processes.

In addition to the overall polarization curve changes with as-
sembly pressure, local current density distribution at the catalyst
layer surface also differs, as presented in Fig. 9. For a lower value
of assembly pressure (0.6 MPa), a much higher current density is
generated under the channel area. This is because a compressed
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GDL increases the resistance of oxygen diffusion into the region
under the land, resulting in a lower local oxygen concentration.
Moreover, the current density distribution becomes slightly more
nonuniform as the assembly pressure increases because of the
reduced oxygen diffusion in compressed region. Higher assembly
pressure (15 MPa) leads to smaller porosity, which imposes more
impedance to gas transfer. Thus the current density generated un-
der the land area is less and has more variation in its distribution.

Figure 10 shows the O, mass distribution of the cross section of
the GDL at the channel outlet for the same overpotential under 0.6
MPa and 15 MPa assembly pressures. The O, mass fraction de-
creases noticeably inside the GDL, particularly under the land
area. This effect is more pronounced for high assembly pressure
conditions, where O, mass fraction still remains very low regard-
less of the high O, mass fraction gradient.

5 Conclusions

In order to study the effects of assembly pressure on the per-
formance of PEM fuel cells mathematically, a multiphysics model
was developed to simulate the entire process including the effects
of mechanical deformation, mass transfer resistance, and electrical
contact resistance. After obtaining GDL deformation numerically,
a 3D model was built to predict the mass transfer of gas based on
the deformed geometry and associated parameters. Next, an over-
all PEM fuel cell performance model was proposed by integrating
a mass transfer resistance model and a microscale electrical con-
tact resistance model previously developed by the authors. The
model results were in good agreement with available experimental
data from literature.

It has been observed that assembly pressure has significant ef-
fects on PEM fuel cell performance. Generally, high assembly
pressure increases mass transfer resistance. Current density de-
creases dramatically with an increase in assembly pressure. How-
ever, by incorporating the competing effect of electrical contact
resistance, the overall performance first increases and then de-
creases with the increase in assembly pressure. There exists an
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Fig. 9 Contours of the current density at 0.58 V cell voltage and assembly pressures of (a) 0.6 MPa and (b) 15 MPa
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Fig. 10 O, mass faction in GDL at channel outlet at assembly pressures (a) 0.6 MPa

and (b) 15 MPa

optimum assembly pressure, in the lower-pressure region, at
which fuel cell performance is maximized. Finally, current density
distribution and O, mass fraction distribution were also discussed.
This study could provide guidance for potential improvements in
the PEM fuel cell design and assembly.
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