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bstract

In most PEM fuel cell models, the electrical resistance of the gas diffusion layers (GDL) is neglected under the assumptions that the GDL
lectrical conductivity is orders of magnitude higher than the ionic conductivity of the membrane. Recently some modeling efforts have taken the
ffects of electrical resistance of the GDL into consideration [H. Meng, C.Y. Wang, Electron transport in PEFCs, J. Electrochem. Soc. 151 (2004)
358–A367; B.R. Sivertsen, N. Djilali, CFD-based modeling of proton exchange membrane fuel cells, J. Power Sources 141 (2005) 65–78] and

ome of the results showed that under certain conditions, this effect was significant enough to alter the characteristics of current density distributions
nder the gas channels and the land areas. If these results are applicable to real-life fuel cells, the present design criteria and optimization procedures
ust be significantly changed to incorporate the effect of GDL electrical resistance. To examine this issue closely, a three-dimensional fuel cell
odel incorporating electron transport in the GDL is developed and employed to investigate the effect of electrical resistance through the GDL. In

his model, the anisotropic nature of the GDL is taken into consideration by using different electrical conductivities in the through-plane and in-plane
irections. The modeling results show that when realistic electrical conductivities for the GDL are used, the effect of the electrical resistance of
DL is slight and can be neglected for all industrial applications. It is believed that the over-estimations of the GDL resistance were mainly caused
y neglecting the anisotropic nature of the GDL and/or lumping the contact resistance indiscriminately into the GDL, thus overestimating the

lectrical resistance of the GDL in the in-plane direction. Besides taking into consideration of the electrical resistance of GDL, the present model
lso take into consideration of the electron transport in the catalyst layers. When realistic values of electrical conductivities are used for both the
DL and catalyst layers, there is no significant change in the characteristics of current density distribution across the land and channel.
2006 Elsevier B.V. All rights reserved.
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. Introduction

During recent years, tremendous amount of efforts have been
oncentrated on modeling of proton exchange membrane fuel
ells. In most of the modeling work, the transportation of pro-
ons inside the membrane and the ohmic losses by the proton
urrent were included, while the electronic resistance of GDL
nd catalyst layer (CL), as well as the electrical losses by the
lectron current were omitted. The electron transport in the GDL
nd catalyst layer was neglected by assuming a sufficiently large
lectrical conductivity and, consequently, a uniform electronic

hase potential in these materials. In recent years, some con-
erns over the electrical resistances of GDL have been raised
1,2].

∗ Corresponding author. Tel.: +1 3052 842 019; fax: +1 3052842580.
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The principle of the electrochemical reaction within the PEM
uel cell can be shown in Fig. 1. In the anode catalyst layer,
ydrogen is consumed to produce protons and electrons. Elec-
rons pass through an external circuit to the cathode, thus pro-
iding electrical power, while the protons transport through the
embrane to the cathode. In the cathode catalyst layer, oxy-

en combines with protons and electrons to produce water. The
ransport paths of protons and electrons form a closed electrical
ircuit as shown in Fig. 1.

The electrical resistance in the GDL can cause a non-uniform
istribution of the phase potential in the GDL, and thus causes an
neven distribution of overpotential. The local current density
istribution is the result of the combined effects of non-uniform
istributions of overpotential and reactant concentration. From

he Butler–Volmer equation it is clear that the current generation
ate in the cathode is linearly proportional to oxygen concen-
ration, but increases exponentially with overpotential. Thus,

slight change in overpotential may have a significant effect

mailto:hliu@miami.edu
dx.doi.org/10.1016/j.jpowsour.2006.04.106


T. Zhou, H. Liu / Journal of Power Sources 161 (2006) 444–453 445

Nomenclature

(airef
o )a reference exchange current density times area at

anode (A m−3)
(airef

o )c reference exchange current density times area at
cathode (A m−3)

c mole concentration (mol m−3)
cO2,ref reference mole concentration of oxygen
cH2,ref reference mole concentration of hydrogen
cp specific heat at constant pressure (J kg−1 K−1)
D diffusivity (m2 s−1, cm2 s−1)
E fuel cell voltage (V)
E0 open circuit potential (V)
F Faraday constant (96487 C mol−1)
i0 exchange current density (A m−2)
I, i current density (A m−2)
j transfer current density (A m−3)
k thermal conductivity (W m−1 K−1)
k� electrokinetic permeability (m−2)
kp hydraulic permeability of the porous medium

(m−2)
L thickness (m)
P pressure, partial pressure (Pa)
r(2) coefficient in the generalized Darcy’s equation
R universal gas constant (8314 J mol−1 K−1)
S source term of the species transport equation
T temperature (K)
V velocity vector (m s−1)
x dimension along gas flow direction
X mole fraction
y dimension along the direction from cathode to

anode
z dimension along the direction across the gas chan-

nel and shoulder

Greek symbols
αa anodic transfer coefficient
αc cathodic transfer coefficient
ε porosity, volume fraction
φ potential (V)
η electrode overpotential (V)
µ viscosity (kg m−1 s−1)
ρ density (kg m−3)
σ ionic conductivity, electronic conductivity

(S m−1)

Subscripst and Superscripts
a anode, anodic
c cathode, cathodic
cl catalyst layer
e electron
eff effective, accounting for porous medium
k k’th component
m membrane
p proton

pore porous media
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ref reference
s solid

n current density. Recently, some researchers [1,2] took into
onsideration of the electronic resistance of the GDL in their
odeling efforts and concluded that under certain fuel cell oper-

ting conditions, the maximum local current density may not
e over the gas channel as previous results have shown [3,4].
owever, in these studies the anisotropic nature of GDL con-
uctivity was not taken into consideration, thus the results may
ot be applicable to real-life fuel cell situations. Sun et al. [5]
resented a 2D cross-the channel model to investigate the influ-
nce of GDL property and flow-field geometry on the reaction
istribution in the cathode catalyst layer. In one of cases stud-
ed, a 10-fold higher conductivity in the in-plane direction was
sed and the result showed that higher current density occurs
nder the land when compression of the GDL was not taken
nto consideration. Thus all three papers showed that the effect
f electrical resistance of the GDL is significant enough to
lter the characteristics of the current distribution and cause the
urrent density to be higher under the land than that over the
hannel.

Commonly used gas diffusion layers are made of either
arbon cloth or carbon fiber paper, both of which are highly
nisotropic. Williams et al. [6] measured the in-plane conduc-
ivities of eight commercial gas diffusion layers and found
hat the electrical conductivity in the in-plane direction is
etween 0.48 and 2.33 × 104 S m−1. The GDLs provided
y Toray Industries Inc. have through-plane electrical con-
uctivity about 1250 S m−1 (http://fuelcellstore.com/products/
oray/specs.pdf), and the in-plane electrical conductivity about
.72–2.13 × 104 S m−1. The in-plane electrical conductivities

re about 14–17 times of that in the through-plane direction.
ore information regarding the GDL characterization can be

ound in Barbir [7], where properties of typical fuel cell gas diffu-
ion layers are summarized and the listed electrical conductivity

Fig. 1. Transporting paths of protons and electrons within PEMFC.

http://fuelcellstore.com/products/toray/specs.pdf
http://fuelcellstore.com/products/toray/specs.pdf
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anges from 14 to 1250 S m−1. Note also that the contact resis-
ance causes a resistance increase in the through-plane direction
nd has a minimal effect on the in-plane direction.

In this paper, the anisotropic properties of the GDL conduc-
ivity is taken into consideration directly in the modeling practice
nd realistic values for both in-plane and through-plane direc-
ions were used to study the effect of electrical resistance of the
DL. Additionally, electronic transport equation is also solved

n the catalyst layer.

. Computational model

The computation model is an extension from our previous
uel cell models [3,4], where detailed model description and
odel assumptions of the full 3D model can be found. The model

eometry is a single PEM fuel cell as shown in Fig. 2.
The main governing equations include:
Continuity equation:

· ρV = 0 (1)

omentum equation:

V · (∇V) = −∇P +

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

µ�V g

r(2)µ�V − ε
µ

kp
V g

r(2)µ�V − ε
µ

kp
V + εCH+Fkφ

∇φ

kp
ca

nergy equation:

cpV · (∇T ) = εkeff∇2T

+
{

0 gas channel

ST catalyst layer, membrane and GDL
(3)

pecies equation:

V · (∇Xk) = ερDeff�Xk

+
{

0 gas channel and gas diffuser

ερSk catalyst layer
(4)
here k denotes the species. At the cathode, the mass genera-
ion source terms for oxygen, water and protons are jc/(4Fc),

jc/(2Fc), and jc/(Fc), respectively. At the anode, the source
erms for hydrogen and protons are −ja/(2Fc), and ja/Fc,

Fig. 2. A single PEM fuel cell [3].
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anel

ffuser

st layer and membrane

(2)

espectively. ja and jc are the reaction rates, calculated from
utler–Volmer expression [8],

a = (airef
0 )a

(
XH2

XH2ref

) 1
2 [

exp

(
αa

aF

RT
ηa

)
− exp

(
−αa

cF

RT
ηa

)]
(5)

c = (airef
0 )c

(
XO2

XO2ref

)[
exp

(
αc

aF

RT
ηc

)
− exp

(
−αc

cF

RT
ηc

)]
(6)

t the anode, the transfer coefficients in Eq. (5) are αa
a = αa

c =
.5 [9,10]. At the cathode, αc

c = 1 and αc
a = 0 are used. At low

verpotential, a ≈ 1 and at high overpotential, a ≈ 0.6–0.7 [11].
ince at high overpotential, the first term in the bracket of Eq.
6) is very small compared to the second term and thus can be
eglected in the calculation. So in this work, αc

c = 1 and αc
a = 0

re used throughout of the overpotential range.
The overpotential within the catalyst layer is:

= φs − φp − E0 at cathode (7)

= φs − φp at anode (8)

here E0 is the open circuit voltage, ϕs is the solid phase poten-
ial and ϕp is the membrane phase potential.

The heat source term ST includes both the heat generated
rom the overpotential and the ohmic heating of both proton and
lectron currents,

T =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

η · j + i2p

σ
p
ct

+ i2e

σe
ct

catalyst layer

i2p
σm

membrane

i2e
σe

GDL
GDL

(9)

he proton current satisfies:

· ip =

⎧⎪⎨
⎪⎩

jc cathode catalyst layer

0 membrane

ja anode catalyst layer

(10)

he electron current satisfies:
· ie =

⎧⎪⎨
⎪⎩

−jc cathode catalyst layer

0 GDL and shoulder

−ja anode catalyst layer

(11)
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rom Eqs. (11) and (12), proton and electron current densities
atisfy:

ip + ∇ie = 0 (12)

r

p + ie = constant (13)

ince the proton current is related to the membrane-phase poten-
ial by:

ip,x = −σp,x

∂φp

∂x

ip,y = −σp,y

∂φp

∂y

ip,z = −σp,z

∂φp

∂z

(14)

hus the membrane-phase potential satisfies:

∂

∂x

(
σp,x

∂φp

∂x

)
+ ∂

∂y

(
σp,y

∂φp

∂y

)
+ ∂

∂z

(
σp,z

∂φp

∂z

)
= jc cat

∂

∂x

(
σp,x

∂φp

∂x

)
+ ∂

∂y

(
σp,y

∂φp

∂y

)
+ ∂

∂z

(
σp,z

∂φp

∂z

)
= 0 me

∂

∂x

(
σp,x

∂φp

∂x

)
+ ∂

∂y

(
σp,y

∂φp

∂y

)
+ ∂

∂z

(
σp,z

∂φp

∂z

)
= ja ano

imilarly, the solid-phase potential satisfies:

σe,x
∂2φs

∂x2 + σe,y
∂2φs

∂y2 + σe,z
∂2φs

∂z2 = −jc cathode catalyst lay

σe,x
∂2φs

∂x2 + σe,y
∂2φs

∂y2 + σe,z
∂2φs

∂z2 = 0 GDL and shoulder

σe,x
∂2φs

∂x2 + σe,y
∂2φs

∂y2 + σe,z
∂2φs

∂z2 = −ja anode catalyst layer

ote that the electrical conductivities of the solid in each direc-
ion are taken as constant.

Most of the boundary conditions are the same as in [4,5].
dditional boundary conditions are the ones for the solid-phase
otential and electron current. As electrons cannot conduct
hrough the membrane, the electron current density at the inter-
ace between the catalyst layer and the membrane is set to zero.
imilarly, as protons cannot conduct through the GDL, the pro-

on current density at the interface between the catalyst layer and
he GDL is zero, too. Following the definition that the potential
f a standard hydrogen electrode is zero, the value of potential
long the anode collector plate edge is assumed 0, thus along
he cathode collector plate edge, the potential is the cell voltage
.

The computation starts with the independent variable of cell
oltage E. From the computational iterations, the corresponding
urrent density, as well as the values of cathode and anode over-
otential are determined, then the polarization curve is obtained.
. Results and discussion

The geometric parameters and operation conditions used in
he modeling practice are listed in Table 1. Different GDL elec-

P
f
t
a
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catalyst layer

ne

atalyst layer

(15)

(16)

rical conductivities are used for the in-plane and through-plane
irections. The electrical conductivities given by Toray’s Indus-
ries Inc. were used as the base case values. In the through-plane
irection, the electrical conductivity is taken to be 1250 S m−1,
hile in the in-plane direction, the electrical conductivity is

aken to be 17200 S m−1. Cases with much lower GDL con-
uctivities are also studied.

The catalyst layer usually consists of nanoscale platinum
articles supported by microscale carbon particles, which are
oosely embedded in a matrix of ionomer. Thus catalyst layer is
sually very porous and isotropic macroscopically. In a catalyst
ayer carbon and platinum particles are electrically conductive.
hus the effective electrical conductivity of the solid volume can
e estimated as:

e
s = σe

cεcarbon + σe
pεplatinum (17)

here εcarbon and εplatinum are the volumetric fractions of carbon
nd platinum in the catalyst layer solid volume, σe

c and σe
p are the

lectrical conductivities of carbon and platinum, respectively. As
he volume fraction of platinum is very small and the platinum
articles are highly dispersed and not a continuum, the electrical
onductivity of the solid mass mainly depends on the volume
raction of carbon and its electrical conductivity. To calculate
he effective electrical conductivity of the porous catalyst layer,
n equation similar to the one used by Dagan [12] to estimate
he effective heat conductivity can be used:

e
eff = −2σe

s + 1

(ε/(2σe
s + σpore)) + ((1 − ε)/3σe

s )
(18)

here σpore is the electrical conductivity of pores (both gas and
iquid filled). Omitting the electrical conductivity of the pores,
q. (2) can be simplified to:

e
eff = σe

s × 2 − 2ε

ε + 2
(19)
antea et al. [13] measured electrical conductivities of 10 dif-
erent kinds of carbon blacks. With 30% carbon composition,
he Black PearlTM carbon black has an electrical conductivity of
bout 220 S m−1. Assuming carbon comprises 40% of the solid
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Table 1
Base-case electrode parameters and properties

Gas channel length, 8.0 × 10−1 m
Gas channel height, 8.0 × 10−4 m
Gas diffuser height, 2.0 × 10−4 m
Catalyst layer height, 0.1 × 10−4 m
Gas channel width, 8 × 10−4 m
Collector width, 8 × 10−4 m
Membrane height, 0.3 × 10−4 m
Gas diffuser porosity, ε = 0.6
Catalyst layer porosity, ε = 0.6
Volume fraction membrane in catalyst layer, εmc = 0.4
Permeability to air of the gas diffuser, kp = 1.76 × 10−11 m2

Hydraulic permeability of membrane, km = 1.58 × 10−18 m2

Ionic conductivity of the membrane, σm = 10 
−1 m−1

Reference exchange current density times area at cathode,
a jref

0 = 1.69 × 105 A m−3

Reference exchange current density times area at anode,
a jcref

0 = 5 × 108 A m−3

Oxygen reference concentration = 3.39 mol m−3

Hydrogen reference concentration = 56.4 mol m−3

Air inlet pressure, pi = 1 atm
Cathode flow rate, Ui = 1800 sccm
Air inlet temperature = 70 ◦C
Oxygen/nitrogen ratio in air at inlet, 0.21/0.79
Hydrogen inlet pressure, pi = 1 atm
Anode flow rate = 1000 sccm
Hydrogen inlet temperature = 70 ◦C
Electrical conductive of shoulder = 20,000 S m−1
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C
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C

t anode, transfer coefficients in Eq. (5): αa
a = αa

c = 0.5
t cathode, transfer coefficients in Eq. (6): αc

c = 1, αc
a = 0

ass, then from Eq. (17), the electrical conductivity of the cat-
lyst layer solid mass may have an electrical conductivity about
90 S m−1. Further considering that the porosity of the catalyst
ayer is 0.6, the effective electrical conductivity calculated from
q. (19) is about 90 S m−1.

In an attempt to study the effects of electrical resistance of
he catalyst layer and GDL, much lower values of electrical
onductivity are also used in the computations. The cases studied
re summarized in Table 2. In addition, a reference case with the
lectrical resistances of the GDL and catalyst layers neglected

s also included.

Fig. 3 shows an example of the distribution of solid-phase
otential φs and electron flows within catalyst layer, GDL and
ollector plate shoulder across the oyz plane. At the anode

u
i
o
a

able 2
omputation cases

ases GDL electrical conductivity
in-plane (x, z)

GDL electrical
conductivity
through plane (

ase 1 (base case) 17200 S m−1a 1250 S m−1a

ase 2 1500 S m−1 300 S m−1

ase 3 300 S m−1 300 S m−1

ase 4 100 S m−1 300 S m−1

ase 5 Not considering electrical losses
ase 6 GDL thickness doubled
ase 7 GDL thickness reduced by 10 times

a Data from Toray Industries Inc.(fuelcellstore.com/products/toray/specs.pdf).
b Data computed from the electrical conductivity of carbon blacks and catalyst laye
Sources 161 (2006) 444–453

Fig. 3(a)), electrons generated within the catalyst layer pass
hrough GDL, and exits through the collector plate shoulder.
t the cathode (Fig. 3(b)), electrons enter the cathode via the

ollector plate shoulder, and are consumed within the catalyst
ayer by the electro-chemical reaction. Fig. 4 shows the distribu-
ion of membrane-phase potential φp and proton transport within
he membrane electrode assembly. Protons generated within the
node catalyst layer pass through the membrane and are con-
umed inside the cathode catalyst layer. The flow of protons
hown in Fig. 4, along with the flow of electrons shown in Fig. 3,
orms a close electrical circuit.

In Fig. 3(a), the electrons in the region under the channel have
o flow to the region under the shoulder before exiting through
he collector plate shoulder as the gas channel is not electrically
onductive. Similarly, at the cathode (Fig. 3(b)), the electrons
ave to flow through the shoulder and transport from the region
ver the shoulder to the region over the gas channel. This causes
gradient in the solid phase potential. At the cathode, the value
f φs−E0 is lower over the shoulder as shown in Fig. 5, where the
ariations of phase potentials across the z-direction are shown.
n contrast to the distribution of the solid-phase potential, the
embrane-phase potential φp is higher over the shoulder. From
q. (7), cathode overpotential equals the difference between the
p and φp−E0, so the absolute value of the overpotential is lower
ver the channel than over the shoulder. It is the magnitude of j
r η that better represents the chemical reaction rates, as shown
n Eq. (6). Thus in Fig. 6(a) the absolute value of η is plotted.
he distribution of |�| in Fig. 6(a) is directly opposite to the dis-

ribution of oxygen shown in Fig. 6(b). Because the major mass
ransfer mechanism is mass diffusion in the GDL, oxygen con-
entration is naturally higher in the region directly over the gas
hannel than that in the region over the shoulder. From Eq. (5),
he magnitude of chemical reaction depends on the combined
ffects of overpotential and oxygen concentration. This may lead
o situations that the maximum current density is not directly
ver the channel, but such a situation mandates a much higher
lectrical resistance than the true values in a practical GDL.

Fig. 7a shows the distribution of overpotential (absolute val-

es) inside cathode catalyst layer. The choice of absolute values
s such that in Eq. (5) the absolute values indicate the magnitude
f the current, and the signs indicate whether it is current gener-
tion or consumption. Across the z-direction, over the shoulder

y)

Catalyst layer
electrical
conductivity

Power reduction
when compared
with Case 5

Power reduction
when compared
with Case 2

90 S m−1b 0.63% –
90 S m−1 1.69% –
90 S m−1 3.0% 1.3%
90 S m−1 5.3% 3.7%

– –
3.55% –
3.42% –

r porosity.
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Fig. 3. Solid-phase potential and electron transportation within the fuel cell (a) at anode (b) at cathode, x = 0.2 m. Current density = 0.7817 A cm−2, cell voltage = 0.7 V.

Fig. 4. Membrane-phase potential and proton transportation within MEA,
x = 0.2 m. Current density = 0.7817 A cm−2, cell voltage = 0.7 V. Fig. 5. Profiles of phase potentials across the z-direction, x = 0.2 m, y = 1.04 mm.
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Fig. 7. (a) Overpotential values (absolute values) inside catalyst layer across
oxz plane (b) proton current density across oxz plane, y = 1.04 mm.
ig. 6. Profiles of (a) the absolute values of overpotential (b) oxygen mole
oncentration across the z-direction, x = 0.2 m, y = 1.04 mm.

0 < z < 0.4), the value of overpotential is higher, but the current
ensity is lower (Fig. 7b). Because the magnitude of the reaction
s the results of the two opposing factors: oxygen concentration
nd overpotential. In the base case, the variation of overpotential
s not large enough to counter the effect of oxygen concentra-
ions variations. Thus the current density is still higher where
xygen concentration is higher, though the overpotential value
s slightly lower there.

Fig. 8 shows the change of phase potentials along the y-
irection within the fuel cell. Due to the order of magnitude
ifference in length scales, the y-dimension is enlarged by non-
imentionlizing the y distance in each layer by the individ-
al layer’s thickness. The cathode overpotential is significantly
arger than the overpotential at the anode. Another large voltage
oss is the ohmic loss within the MEA due to proton current. The
hmic losses due to electron current (the solid-phase potential
rops) at both the anode and cathode are very small.
Fig. 9 shows the polarization curves for Cases 1–5. The power
eduction at current density of 0.8 A/cm2, when compared with
ase 5 (no electrical resistance) and Case 2 are listed in Table 2. Fig. 8. The voltage losses within fuel cell.
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Fig. 9. Comparison of polarization curves for Cases 1–5. Case 1,
σGDL

e,x = σGDL
e,z = 17200 S/m, σGDL

e,y = 1250 S/m; Case 2, σGDL
e,x = σGDL

e,z =
1

C
i

T
2
d
t
c
a
o
d
r
c
e

R

F
f
t
3

F

F

c
e
t
o
t

t
v
e
B
s
b
T
r
e
e
shoulder and channel. This phenomenon is obviously the result
of the combined effects of oxygen concentration and overpoten-
500 S/m, σGDL
e,y = 300 S/m; Case 3, σGDL

e,x = σGDL
e,z = σGDL

e,y = 300 S/m;

ase 4, σGDL
e,x = σGDL

e,z = 100 S/m, σGDL
e,y = 300 S/m; Case 5, not consider-

ng electrical losses.

he power reduction in the base case is less than 1%. In Case
, the electrical conductivities in the in-plane and through-plane
irections are reduced to 300 and 1500 S m−1, respectively, and
he power reduction is still less than 2%. In case 3, the electrical
onductivities in all three directions are reduced to 300 S m−1,
s was used in [1]. This caused a corresponding power reduction
f about 3%. In Case 4, the electrical conductivity in the in-plane
irection is disproportionably reduced to 100 S m−1. The power
eduction amounts to about 5%. Cases 2–4 have same electrical
onductivity in the though-plane directions. Traditionally, the
lectrical resistance of GDL is estimated with this equation:

=
∫

GDL

dy

σe,y
≈ L

σe,y
(20)
rom this equation, the cell voltage output should be the same
or these three cases since only the electronic conductivity in
he through-plane direction is directly used. However, for Cases

and 4 the power reductions are about 1.3% and 3.7% when

ig. 10. Profiles of proton currents inside catalyst layer, cell voltage = 0.8 V.

t

F
d

ig. 11. Profiles proton current density inside catalyst layer, cell voltage = 0.5 V.

ompared with Case 2. These differences are the effects of the
lectrical resistance in the in-plane direction. The change of elec-
rical conductivity in the in-plane directions leads to changes in
verpotential distribution and current distribution that reduces
he predicted power output.

Figs. 10 and 11 show the distribution of proton current inside
he catalyst layer for two different cell voltages. At a higher cell
oltage (lower current density) as shown in Fig. 10, the high-
st current densities are over the channel in Cases 5, 1 and 2.
ut when the electrical resistance is much greater (not realistic)

uch as in Cases 3 and 4, the highest current density occurs at the
oundary between the channel and the collector plate shoulder.
his phenomenon is shown more clearly in Fig. 11 when the cur-

ent density is higher (or lower cell voltage). In Fig. 11, all cases
xcept case 5, in which the electrical resistance is not consid-
red, have the largest current density near the edge between the
ial. Fig. 12 shows the changes of proton current density profiles

ig. 12. Profiles proton current density inside catalyst layer for Case 2 under
ifferent cell voltages.
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F Case 6 and (b) Case 7. Cell voltage = 0.7 V, both cases have average overpotential
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ig. 13. The overpotential distribution within the cathode catalyst layer for (a)
bout 0.29 V.

nside catalyst layer for Case 2 at different cell voltages (or cur-
ent densities). Similar to what shown in Figs. 10 and 11, at
igher current density (lower cell voltage), the maxim current
ensity can occur over the boundary between the channel and
he shoulder. But overall, the current density is sill larger over
he channel where there is more oxygen.

Comparing Cases 1–5, it can be concluded that the influ-
nce of GDL electrical resistance depends on the values of
he electrical conductivity (both in-plane and through-plane).
he electrical conductivity in the through-plane direction affects

he ohmic losses directly such as described by Eq. (20). The
lectrical conductivity in the in-plane direction influences the
istribution of overpoetntial and local current density. If these
nfluences are large enough, they could affect the power output.
or the base case, where reasonable values of GDL and catalyst

ayer electrical conductivities are used, the influence of electrical
onductance is negligible.

To further investigate the potential dominant effect of the
DL electrical resistance, cases with the GDL thickness dou-
led (Case 6) and reduced ten times (Case 7) were also studied.
ig. 13 shows the overpotential distribution within the cathode
atalyst layer for Cases 6 and 7. When the GDL thickness is dou-
led (Fig. 13(a)), the variations in both the overpotential and the
xygen concentration reduce significantly due to the lower resis-
ances to electron and mass transfers. Thus the current density
istributions are relatively uniform in the z-direction as shown
n Fig. 14 (a). When the GDL thickness is reduced as much as
0 times in Case 7, the variations of operpotential become more
ronounced due to the increased resistance to the electronic con-
uction in the GDL as shown in Fig. 13 (b). Even under such
n exaggerated case, the characteristics of the current density
istribution remain the same, i.e. higher current over the chan-

el and lower over the shoulder as shown in Fig. 14(b). This is
bviously caused by the even more drastic reduction in the oxy-
en concentration over the shoulder when the GDL is extremely
hin.

Fig. 14. Profiles proton current density inside catalyst layer for (a) Cases 6 and
(b) Case 7.
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. Conclusions

A 3D fuel cell model incorporating the transport of electrons
n the GDL and the catalyst layers is developed and employed
o study the effects of the electrical resistance on current density
istribution and cell power output. The highly anisotropic nature
f the electrical conductivities of the commonly used GDL mate-
ials is taken into considerations. Using realistic values GDL
onductivities in both the in-plane and through-plane directions,
t has been shown that the effect of GDL electronic resistance
s negligible. Additionally, the results of several cases, where

uch higher electrical resistances are used, are also presented.
he results show even the electrical resistance of the GDL is

ncreased by an order of magnitude, the characteristics of the cur-
ent density distribution remains the same: higher over the chan-
el and lower over the shoulder. To further explore possible situ-
tions where the GDL electrical resistance could be significant,
ases with both thicker and much thinner GDL have been stud-
ed. The results show again that the characteristics of the current
ensity distributions remain the same. Therefore it can be con-
luded that unless a total different material is used as the GDL, or
n some extreme cases, the electrical resistance of the GDL can
e neglected in the design and optimization of PEM fuel cells.
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