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Parameter sensitivity analysis is carried out for a complete three-dimensional, two-phase,
non-isothermal model of polymer electrolyte membrane (PEM) fuel cell with a parallel flow
field design. The model couples the two-phase flow of the multi-component reactants and
liquid water, species transport, electrochemical reactions, proton and electron transport,
and the electro-osmosis transport, back diffusion of water in the membrane, and energy
transport. Twenty nine parameters, which are classified into the structural or transport
parameters of porous layers (tortuosity, porosity, permeability, proton conductivity, elec-
tron conductivity, and thermal conductivity) as well as the electrochemical parameters
(anodic and cathodic exchange current densities, anodic and cathodic transfer coefficients
for anode and cathode reactions), are used to implement individual parameter investiga-
tion. The results show the parameters can be divided in to strongly sensitive, conditional
sensitive and weak sensitive parameters according to its effect on the cell polarization
curve. The optimization of parameters of cathode gas diffusion layer (GDL) and catalyst
layer (CL) is more important to improve cell performance than that of anode GDL and CL
because liquid water transport and removal affect significantly membrane hydration and
reactant transport. Electrochemical parameters determine the activation potential and the
slope of ohmic polarization hence these parameters can be used to fit experimental
polarization curve more effectively than the other parameters.
Copyright © 2012, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.

1. Introduction

PEM fuel cells, which are electrochemical devices that efficiently
convert reactant chemical energy directly into electrical energy,
are considered to be one of the most promising alternative clean

power generators for portable, mobile and stationary applica-
tions because of its low to zero emissions, low-temperature
operation, high power density and fast start-up [1—-14].

The performance of PEM fuel cells depends strongly on the
material characteristics, mechanical design (particularly the
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Nomenclature:

Ajet exchange current density, A m >

@ mass fraction

Cr quadratic drag factor

D mass diffusivity, m? s~*

D, water diffusivity in the membrane

¥ Faraday constant, 96,487 C/mol

i current density, A m—2

I average current density in the fuel cell, A m 2

j transfer current density, A m >

k. coefficient of water vapor condensation rate, s—*

ke coefficient of water vapor evaporation rate,
atm ‘st

kn relative permeability of the liquid water

Ry permeability, m?

kg relative permeability of the gaseous mixture

M molecular weight, kg mol~*

M, membrane equivalent weight, kg mol*

ng Electro-osmotic drag coefficient

p pressure, atm

De capillary pressure, atm

Dsat saturated water vapor pressure, atm

R universal gas constant, 8.314 ] mol K ?

S liquid water saturation

Se source term in the species equation

S; source term in the phase potential equation

SL source term accounting due to phase change of
water

Sﬁ source term in the momentum equation

T cell temperature, K

u velocity vector, m st

Veenl operating voltage, V

XH,0 mole fraction of water vapor

XY,z x,y, and z direction coordinates, m

Greek
Caa anodic transfer coefficient for anode reaction
Qac cathodic transfer coefficient for anode reaction
Cea anodic transfer coefficient for cathode reaction
e cathodic transfer coefficient for cathode reaction
€ porosity
n overpotential, V
i Ohmic overpotential in the membrane, V
0 contact angle of water on the porous material, arc
water content in membrane
viscosity, kgm~' s*
p density, kg m 3
Pary membrane dry density, kg m 3
o surface tension, N m*
Om proton conductivity, S m*
o electron conductivity, S m?!
T tortuosity of the pores in the porous material
d,, ionic phase potential, V
@ electronic phase potential, V
Subscripts
a anode
c cathode
eff effective
g gaseous phase
H, hydrogen
H,0 water
k kth species of the mixture
1 liquid phase
0O, oxygen
porous porous medium
ref reference value
sat saturation

total total

flow field design in the bipolar plates) and the operating
conditions [15]. The objective of the optimization of the flow
field design and operating conditions is to enhance the reac-
tant transport to the porous GDLs and CLs for participating in
the electrochemical reactions, which is closely related to the
water (liquid and vapor) transport in the cell. Water
management is critical to the PEM fuel cell performance. It is
well known that the currently used commercial polymer
electrolyte membranes in PEM fuel cells must be well
hydrated to maintain high proton conductivity, which is
proportional to the water content in the membrane.
Decreasing of the water content in the membrane leads to
reduced performance due to increases of the voltage loss in
the membrane. To avoid membrane dehydration, the inlet
flows are usually injected with water vapor. In addition, the
electrochemical reactions at the cathode produce water
vapor, which may condense and accumulate in the pores of
the porous layers and water is also transported from the
anode to the cathode by electro-osmosis. Excessive liquid
water can cause flooding of the pores in the cathode GDL and
the CL, thus increasing the mass transfer resistance to the
reactant flow. Therefore, understanding and control of the

water transport in the cell are important for improving cell
performance.

At present, the local distributions and transport of reac-
tants in the cell are difficult to measure due to the small cell
sizes; thus, numerical modeling and simulations have been
extensively used in research and for industrial applications of
PEM fuel cells to give to a better understanding of the physi-
cochemical phenomena occurring in the cell and to provide
a useful tool for optimizing fuel cell systems. If the model
properly describes the phenomena that primarily influence
the physicochemical effects as validated by experimental
results, the model can provide insights into the choice of
materials, geometric parameters, and operating conditions to
obtain the best performance in the fuel cell system through
optimization studies. Many PEM fuel cell models have been
developed in the past decade, and they can generally be
classified into one-, two- and three-dimensional, single-phase
and two-phase, isothermal and non-isothermal, steady and
transient models [16—29].

PEM fuel cells involve multiple complex transport and
electrochemical phenomena including two-phase flow and
diffusion of multi-component reactant gases and liquid water



15768

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 37 (2012) 15766—15777

in the micro-channels and porous layers, heat transfer and
phase change, catalyst—electrochemical reactions on the pore
surface in the porous CL, and electron and proton transport.
These phenomena are coupled with each other and occur at
disparate length and time scales. Because of the complexity,
generally the PEM fuel cell involves a large number of empir-
ical or experimental parameters. In the previous investiga-
tions different parameter values were adopted due to model
differences, and some parameters have a wide value range in
different models. The parameter sensitivity analysis is
important for PEM fuel cell modeling and simulations, which
can not only provide a proper parameter selection to fit
experimental polarization curves but also understand
parameter discrepancy between different models. Further-
more, the parameter sensitivity analysis also provides useful
information to material design of fuel cells. The parameters
which have significant effect on the cell performance should
be optimized, but the parameters which have a little effect on
the cell performance will not be taken care in the material
design. Although some parameter sensitivity analyses have
been conducted in the previous investigations [24,30], the
models were single-phase or isothermal, even though two-
phase and non-isothermal model was adopted, the water
transport in the membrane did not include properly. Thus,
a complete PEM fuel cell model has to be developed to
implement the parameter sensitivity analysis and the model
at least should be three-dimensional, two-phase, and non-
isothermal due to importance of water and thermal manage-
ments in PEM fuel cells.

Based on the analysis above, this work develops a complete
three-dimensional, two-phase, non-isothermal model for
a PEM fuel cell based on the two-fluid approach, in which the
two-phase flow of the multi-component reactants and liquid
water are coupled with the species transport, electrochemical
reactions, proton and electron transport, electro-osmosis and
back diffusion of water. Different two liquid water transport
equations were developed for the various cell units based on
the different liquid water transport mechanisms in the fuel
cell. The modelis used to implement the parameter sensitivity
analysis. Twenty nine parameters, which are classified into
the structural or transport parameters of porous layers
(tortuosity, porosity, permeability, proton conductivity, elec-
tron conductivity, and thermal conductivity) as well as the
electrochemical parameters (anodic and cathodic exchange
current densities, anodic and cathodic transfer coefficients for
anode and cathode reactions), are examined.

2. Model

A three-dimensional, two-phase, non-isothermal PEM fuel
cell model is developed by using two-fluid approach. The
model comprises the anode flow channel, the anode GDL, the
anode CL, the proton exchange membrane, the cathode CL,
the cathode GDL, and the cathode flow channel. The parallel
flow field design is adopted. Due to symmetry, only a periodic
part is chosen as computational domain, which includes
a half flow channel and a half rib as shown in Fig. 1. The
geometric parameter is listed in Table 1.

R

V\T/x

[ cathode Flow Channel
|:| Cathode Diffusion Layer
_ Cathode Catalyst Layer
|:| Proton Exchange Membrane
_ Anode Catalyst Layer
|:| Anode Diffusion Layer
|:| Anode Flow Channel

Fig. 1 — Schematic of computational domain.

The model adopts the following assumptions: 1) the fuel
cell operates at steady state; 2) the gaseous species are ideal
gases; 3) the reactant flow in the channel is laminar; 4) the
diffusion layer, catalyst layer and membrane are isotropic
porous layers; 5) water produced in the cathode catalyst layer
is in the vapor phase. Table 2 lists the basic governing equa-
tions, which include the mass, momentum, and species
equations for gaseous species, the liquid water transport
equation in the channel, gas diffusion layer and catalyst layer,
the water content equation in the membrane, the electrical
potential conservation equations, and energy equation.

Table 1 — Geometric parameters of fuel cell.

Parameter Value Unit
Channel length 100 mm
Channel width 1 mm
Channel height 1 mm
Rib width 1 mm
Thickness of GDL 0.3 mm
Thickness of CL 0.005 mm
Thickness of membrane 0.035 mm
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Table 3 — Parameters of porous layers for sensitivity analysis.

Parameter Porous layer Benchmark value Value Unit

T Cathode GDL 1.5 1.0, 1.5, 2.0, 2.5, 3.0 -
Cathode CL 1.5 1.0, 1.5, 2.0, 2.5, 3.0 -
Anode GDL 1.5 1.0, 1.5, 2.0, 2.5, 3.0 -
Anode CL 15 1.0, 1.5, 2.0, 2.5, 3.0 -

£ Cathode GDL 0.5 0.3,0.4, 0.5, 0.6, 0.7 -
Cathode CL 0.4 0.3,0.4, 0.5, 0.6, 0.7 -
Anode GDL 0.5 0.3,0.4, 0.5, 0.6, 0.7 -
Anode CL 0.4 0.3,0.4, 0.5, 0.6, 0.7 -

Hp Cathode GDL 1.76 x 1071 1.76 x 1078, 1.76 x 1072, 1.76 x 1071°, 1.76 x 107, 1.76 x 10~ 12 m?
Cathode CL 1.76 x 10~ 1.76 x 1078, 1.76 x 1072, 1.76 x 107, 1.76 x 10~**, 1.76 x 10~ *?, m?
Anode GDL 1.76 x 1071 1.76 x 1078, 1.76 x 1072, 1.76 x 1071°, 1.76 x 107, 1.76 x 1072, m?
Anode CL 1.76 x 1071 1.76 x 107%,1.76 x 107°, 1.76 x 1071°, 1.76 x 107**, 1.76 x 1072, m?

s Cathode GDL 500 1, 10, 53, 500, 1 x 10%, 1 x 10° Qltm?
Cathode CL 500 1, 10, 53, 500, 1 x 10% 1 x 10° Qtm?
Anode GDL 500 1, 10, 53, 500, 1 x 10% 1 x 10° Qltm?
Anode CL 500 1, 10, 53, 500, 1 x 10% 1 x 10° Qtm?

om Cathode CL 4.0 0.1, 0.5, 4.0, 20, 50, 100 Q'm?
Anode CL 4.0 0.1, 0.5, 4.0, 20, 50, 100 Qtm?

2 Cathode GDL 50 0.5, 5, 10, 50, 150 WmtK?
Cathode CL 50 0.5, 5, 10, 50, 150 Wm K1
Anode GDL 50 0.5, 5, 10, 50, 150 WmK?
Anode CL 50 0.5, 5, 10, 50, 150 WmtK?
Membrane 10 0.5, 5, 10, 50, 150 WmK?

The boundary conditions at the anode and cathode flow
channels are that the inlet flow rates are constant, the inlet
gas compositions are constant, and the flows are fully devel-
oped at the anode and cathode flow channel outlets. The solid
walls are no slip with zero flux boundary conditions. At the
interfaces between the gas channels, the GDLs, the catalyst
layers, and the PEM, the velocities, mass fractions,
momentum fluxes, and mass fluxes are assumed to be
continuous. In the present model, the water in the membrane
is assumed to be in vapor phase, thus, water content in the
membrane and water vapor mass fraction in the catalyst layer
should be equal at the interface between the membrane and
the catalyst layer. Hence the following relation is used as
boundary condition for the interface between the membrane
and the catalyst layer to solve species equation of water vapor
and water content equation in the membrane [1]:

0.043 +17.18a — 39.85a> +36.0a®> 0<a<1
A=1414+14(a—-1) 0<a<3 (1)
16.8 a>3

The SIMPLE (Semi Implicit Method for Pressure-Linked
Equation) algorithm was employed to solve the governing
equations. The coupled set of equations was solved

iteratively, with the solution considered to be converged when
the relative error in each field between two consecutive iter-
ations was less than 10 °. The model used non-uniformly
distributed elements in the x, y and z directions. The grid
independence was examined in preliminary test runs.

3. Parameters for sensitivity analysis

Twenty nine parameters for sensitivity analysis are classified
into two kinds. One is the structural or transport parameter of
porous layers, including tortuosity, porosity, permeability,
proton conductivity, electron conductivity, and thermal
conductivity; the other is the electrochemical parameter,
including anodic and cathodic exchange current densities,
anodic and cathodic transfer coefficients for anode and cathode
reactions. During individual parameter investigation, charac-
teristic values for each parameter are chosen to analyze the
effect of this parameter on the cell polarization curve with the
other parameters equal to benchmark value (Tables 3 and 4).
The polarization performance with benchmark parameters
has been validated in our previous investigation [14].

Table 4 — Parameters for electrochemical reaction.

Parameter Benchmark value Value Unit
A 9.227 x 108 9.227 x 10°, 9.227 x 107, 9.227 x 108, 9.227 x 10°, 9.227 x 10*° Am3
Ajy) 1.05 x 10° 1.05 x 10° 1.05 x 10 1.05 x 10°, 1.05 x 10°, 1.05 x 10’ Am3
Qaa 0.5 0.1,0.3,0.5, 0.7, 0.9 =
Qac 0.5 0.1,0.3,0.5, 0.7, 0.9 =
e 15 0.5, 1.0, 1.5, 2.0, 2.5 =
Qe 1.5 0.5, 1.0, 1.5, 2.0, 2.5 =
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The operation conditions are assumed to be as follows:
cathode reactant is the humidified air with 100% relative
humidity, 1.5 m s~* inlet velocity and 323 K inlet temperature,
and anode reactant is the humidified hydrogen with 100%
relative humidity, 0.5 m s™' inlet velocity and 323 K inlet
temperature, the outlet pressure is set to be 1 atm. On the
surface of bipolar plates, the isothermal boundary condition
(323 K) is assumed for all parameter analyses.

4. Analysis
4.1.  Tortuosity

Tortuosity t of a porous medium is defined as the ratio of
mean flow path of pore to thickness of the porous medium,
thus t > 1. The lower limit of t = 1 means that the porous
media is composed of multi-parallel capillary tubes. Accord-
ing to the relation Degs = De (1-s), the effective diffusivity of
gaseous species is dependent exponentially on tortuosity,
especially at high liquid water saturation the effective diffu-
sivity reduces significantly with tortuosity. The tortuosity is
assumed to be 1.5 in a majority of the fuel cell models, which
is derived from experimental test for porous sandy soil.
However, the porous structure of GDLs and CLs is different
from sandy soil. Hence, the tortuosity is set to 1.0, 1,5, 2.0, 2,5
and 3.0 to analyze its effect on the reactant transport and cell
polarization curve.

Fig. 2 shows that as the tortuosity of cathode GDL and CL
increases, the limiting current density and corresponding cell

a 1'1 T T T T T T T T
1.0k —a =10 ]
—e—7=15
0.9 Cathode gas diffusion layer —a—7=2.0 4

08|
07|
06|
05[
04l
03[
0.2l

‘éell(v)

2000 4000 6000 8000 10000 12000 14000
1(A/Im?)
C 11, . . . : . T
1.0 — = 7=10 -

—e—7=15
0.9 —A—7=2.0 7
0.8

07|
06|
05[
04l
03[
0.2l

o

Anode gas diffusion layer

‘/cell(v)

6000 8000
1 (A/m?)

2000 4000

o

10000 12000 14000

performance reduce remarkably, while the tortuosity of anode
GDL and CL does not almost influence the cell performance.
The effect of the tortuosity of cathode GDL and CL occurs at
ohmic polarization regime (Ve < 0.7 V) and becomes stronger
at concentration polarization regime, which can be explained
by liquid water saturation distribution in the cell. At high
voltages, the electrochemical reaction rate is slow and only
a limited amount of oxygen is consumed with only a small
amount of liquid water produced, therefore, tortuosity has
a small effect on the effective diffusivity of gaseous species.
However, as the voltage is reduced, the reaction rate is
increased and more liquid water is produced at cathode, the
tortuosity becomes a dominant factor to the effective diffu-
sivity. At the same liquid water saturation, increase in tortu-
osity reduces significantly the effective diffusivity and hence
the cell performance. In addition, with the same tortuosity,
higher liquid water saturation causes lower effective diffu-
sivity, therefore, the effect of tortuosity is stronger at
concentration polarization regime. The liquid water satura-
tion at anode is far less than at cathode hence the tortuosity
has a small effect on the effective diffusivity and cell
performance.

The above analysis is proved in Figs. 3 and 4. Fig. 3 shows
the liquid water saturations on the interface between the
cathode GDL and CL for various tortuosities at Veey = 0.3 V. The
liquid water saturation under the rib is lower than that under
the channel. The lowest saturation occurs at channel inlet,
and the saturation is gradually increased along flow direction
with the highest saturation at outlet under the rib. Larger
tortuosity reduces liquid water removal and causes more

b 11, , . , , , . .

1.0 —=—7=1.0 -
—e—7=15
—a—7=2.0 4

0.9 Cathode catalyst layer
0.8
0.7
0.6
0.5
0.4
0.3 < -

0.2L

VealV)

1 1 1 1 1
6000 8000 10000 12000 14000

1(A/m?)

d 11, . , , . . .

1.0 —=—7=1.0
—e—7=15
—a—7=2.0 4

1 1
2000 4000

o

0.9 Anode catalyst layer
0.8 -
0.7 -
0.6 -
0.5
0.4
0.3 -

0.2 L L
0 2000

VealV)

6000 8000 10000 12000 14000

1 (AIm?)

4000

Fig. 2 — Polarization curves for various tortuosities of porous layers: (a) cathode GDL; (b) cathode CL; (c) anode GDL; (d) anode

CL.
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0.24

0.2z

0.2
0.18
0.16
0.14
0.12

0.1

0.
0.079

Fig. 3 — Liquid water saturations on the GDL-CL interface for various tortuosities of cathode CL at V.. = 0.3 V: (a) = = 1.5; (b)

Tt = 2.0; (c) = = 2.5; (d) = = 3.0.

liquid water accumulation in the porous GDL and CL, which
decreases the effective diffusivity of oxygen and results lower
local current density as shown in Fig. 4.

4.2.  Porosity

Porosity ¢is defined as the ratio of pore volume to total volume
of a porous medium. Because high electron conductivity of
500 Q' m! is adopted as benchmark value, the ohmic
resistance of porous GDL and CL can be safely ignored, the
porosity mainly influences the reactant transport and liquid
water removal. The effect of porosity of porous layers on the
cell polarization curve is shown in Fig. 5. It can be seen that the
cathode GDL porosity has the strongest effect on the cell
performance, following the cathode CL porosity, while the
anode GDL and CL porosities have negligible effect. For
example, as the cathode GDL porosity increases from 0.3 to
0.7, the current density rises by 36.1%, while for cathode CL
the increment is only by 20.1%. The negligible effect of anode

a b C

A

GDL and CL porosities can be explained by two reasons. First,
liquid water saturation at anode is far less than that at
cathode, so hydrogen transported to the anode catalyst layer
can satisfy the need of electrochemical reaction even though
at lower anode GDL and CL porosity. Second, hydrogen
oxidation reaction is facile and hence the surface over-
potential is small, the same transfer current density can be
produced at lower hydrogen concentration. Oppositely, with
large overpotential and high liquid water saturation, low
cathode GDL and CL porosities reduce the oxygen transport to
the cathode catalyst layer and reduce the electrochemical
reaction rates, thus cell performance is declined.

4.3. Permeability

Permeability k, represents the ability of fluid to flow through
a porous media. Fig. 6 shows the effect of the porous GDL and
CL permeabilities on the cell polarization curve. It is seen that
as cathode GDL permeability is raised, the cell performance is

d

i(Am?)
2.5E+004

2E+004
1.5E+004

1E+004

5000

3zz4

Fig. 4 — Gurrent densities in the membrane for various tortuosites of cathode CL at V.o = 0.3 V: (a) r = 1.5; (b) = = 2.0; (c)

t = 2.5; (d) « = 3.0.
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Fig. 5 — Polarization curves for various porosities of porous layers: (a) cathode GDL; (b) cathode CL; (c) anode GDL; (d)

anode CL.
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Fig. 6 — Polarization curves for various permeabilities of porous layers: (a) cathode GDL; (b) cathode CL; (c) anode GDL; (d)

anode CL.
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slightly increases at Ve < 0.6 V, while the permeabilities of
the other porous layers almost do not influence the cell
performance. The limiting value of the cathode GDL perme-
ability is 1.76 x 107'°, greater than the value the increase in
the cathode GDL permeability no longer increases the cell
performance. The present analysis confirms that diffusion is
dominant mechanism for reactant transport in the parallel
flow field, but not pressure-driven transport, hence the
permeability has a very small effect.

4.4. Electron conductivity

Polarization curves for various electron conductivities of
porous layers are shown in Fig. 7. Because electrons produced
by anode electrochemical reaction must be transported out of
the cell and then be transported back to the anode catalyst
layer, higher electron conductivity improves the cell perfor-
mance. Fig. 7 shows that the GDL electron conductivity has far
stronger effect on the cell performance than the CL electron
conductivity. For low GDL electron conductivities of 1 and
10 @ ' m™, even though the operation voltage is reduced to
0.3 V, the cell is still in ohmic polarization regime and
concentration polarization does not occur. The corresponding
current densities are 209.9 and 6539.9 A m 2 for cathode GDL
electron conductivities of 1 and 10 @ *m~?, and are 1089.9 and
6540.8 A m 2 for anode GDL electron conductivities of 1 and
10 @ ' m™?, respectively. As the GDL electron conductivity is
raised to 50 @ *m~?, concentration polarization occurs at low
operation voltage, and the slope of ohmic polarization regime
is increased significantly which means the improved cell
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performance. The limiting GDL electron conductivity is
500 Q7! m™~!, above which the increase in the GDL electron
conductivity no longer improves the cell performance and
concentration polarization becomes a dominant factor to
determine the cell performance. The CL thickness (5 um) is far
less than GDL thickness (300 um), due to low resistance of
electron transport the cell performance is improved only a bit
with increase in the CL electron conductivity.

4.5. Proton conductivity

Due to lack of appropriate model, in the previous models the
CL proton conductivity is generally assumed to be constant or
calculated by Springer model which is only applicable to the
membrane. The constant proton conductivity is adopted in
the present model in order to implement individual parameter
analysis. Fig. 8 shows that the effect of the CL proton
conductivity on the cell performance is far higher than that of
the CL electron conductivity. Increase in the proton conduc-
tivity elevates the slope of ohmic polarization regime and
hence improves the cell. With the proton conductivity higher
than 4.0 Q' m™?, the CL has sufficient capacity to the
conduction of protons produced by the electrochemical reac-
tion, thus, the cell performance is no longer dependent on the
CL proton conductivity. Further calculations indicate that the
limiting proton conductivity is closely related to operation
conditions. As the flow rate of reactants is raised, the amount
of proton produced by electrochemical reaction is increased
which causes an increased limiting proton conductivity.
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Fig. 7 — Polarization curves for various electron conductivies of porous layers: (a) cathode GDL; (b) cathode CL; (c) anode GDL;

(d) anode CL.
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Fig. 8 — Polarization curves for various electron conductivies of catalyst layers: (a) cathode CL; (b) anode CL.

4.6.  Thermal conductivity

The heat produced in the fuel cell mainly includes reaction
heat, latent heat of phase change of water, and Joule heat.
With high heat production rate and low heat removal
capacity, the cell temperature will be elevated significantly,
which causes worse membrane hydration and high proton
transport resistance, thus, the cell performance is reduced.
This argument has been confirmed by our previous investi-
gation [15], where the convective thermal boundary condition
was applied on surfaces of bipolar plates. With lower
convective heat coefficient, the thermal conductivities of
porous layers, especially thermal conductivities of GDLs, have
remarkable effect on the cell performance. As the convective
heat coefficient is increased, effect of thermal conductivity
weakens. The isothermal thermal boundary condition is
adopted and the temperature on the surfaces of bipolar plates
is assumed to be 323 K equal to reactant inlet temperature in
the present analysis, which causes a small temperature
difference inside the cell, therefore, the same polarization
curves are predicted with various thermal conductivities of
porous layers (Fig. 9). It is noted that only polarization curves
with various cathode GDL thermal conductivities are plotted
in Fig. 9 because all curves coincide for the various thermal
conductivities of anode GDL, cathode and anode CLs, and
membrane. The present analysis indicates that with a good
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Fig. 9 — Polarization curves for various thermal
conductivities of cathode GDL.

cooling effect, materials with a little lower thermal conduc-
tivity can also be used as porous electrode of fuel cell.

4.7. Electrochemical reaction

The electrochemical parameters include exchange current
densities, and transfer coefficients at the cathode and anode.
The cathode exchange current density is selected from
1.05 x 10% to 1.05 x 10’ A m > with the anode exchange current
densities ranging from 9.227 x 10° to 9.227 x 10*® Am~3in the
present analysis, which covers a wide range of values used in
the previous models. The polarization curves for various
exchange current densities are shown in Fig. 10. It can be seen
that with the same operation condition, increase in the
exchange current densities at the cathode and anode
improves the cell performance due to higher transfer current
produced by electrochemical reactions. The
exchange current density influences significantly the activa-
tion potential. As the exchange current density is increased,
the operation voltage at which activation polarization regime
is converted into ohmic polarization regime is elevated,;
however, the slope of ohmic polarization remains almost
unchanged. Larger exchange current density also means that
more reactants should be provided for electrochemical reac-
tions and hence concentration polarization occurs at higher
operation voltage due to mass transfer limitations (Fig. 10). In
addition, Fig. 10 also demonstrates that besides the case with
AJf =9.227 x 10°Am ™3, there is a small difference in the
limiting current densities for various exchange current
densities because the limit of mass transfer is reached.

The general expressions of the Butler—Volmer equation are
adopted in the present model, which includes four transfer
coefficients: anodic and cathodic transfer coefficients for
anode reaction, oq o and «, ¢, and anodic transfer coefficient for
cathode reaction, a., and «... Fig. 11 shows that a, and acq
have a negligible effect on the cell performance, while «, , and
o have remarkable effect. This can be explained by following
reasons. The anode overpotential, 5,, is positive, the anode
transfer current density is determined mainly by exp[na(ctq,oF/
(RT))] with a very small effect of exp[—nq(aq,F/(RT ))] according
to Butler—Volmer equation. Oppositely, cathode over-
potential, 7, is negative, the cathode transfer current density
is determined mainly by exp[—nc(acF/(RT))]. With the same
current density, higher a,, and «.. cause a reduced

densities
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Fig. 10 — Polarization curves for various exchange current densities on cathode and anode (current density on log scale): (a)

anode; (b) cathode.
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Fig. 11 — Polarization curves for various transfer coefficients (current density on log scale): (a) ag,q; (b) aga,c; (€) 0c,a; (d) o,

overpotential and increased operation voltage, thus, the cell
performance is improved (Fig. 11). Fig. 10 also indicates that as
oq,q and a. . are increased, the current density at Veen = 0.3 Vis
only slightly raised and there are the same limiting current
densities for various a4 and acg.

5. Conclusions

A three-dimensional, two-phase, non-isothermal model is
developed to implement the parameter sensitivity analysis for

PEM fuel cell with parallel flow field design. Twenty nine key
parameters are examined and divided into three groups,
strongly sensitive, conditional sensitive and weak sensitive
parameters according to its effect on the cell polarization
curve. The results show that tortuosities and porosities of
cathode GDL and CL, permeabilities of cathode GDL, electron
conductivities of cathode and anode GDL, proton conductivi-
ties of cathode and anode CL, exchange current densities on
cathode and anode sides, cathodic transfer coefficient on
cathode side, and anodic transfer coefficient on anode side are
strongly sensitive parameters, thermal conductivities of



INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 37 (2012) 15766—15777

15777

porous layers are conditional sensitive parameters, and the
others are weak sensitive. The optimization of parameters of
cathode GDL and CL is more important to improve cell
performance than that of anode GDL and CL because liquid
water transport and removal significantly
membrane hydration and reactant transport.

influence
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