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Electron Transport in PEFCs
Hua Meng and Chao-Yang Wang* ,z

Electrochemical Engine Center and Department of Mechanical and Nuclear Engineering,
The Pennsylvania State University, University Park, Pennsylvania 16802, USA

A three-dimensional, single-phase, isothermal numerical model of polymer electrolyte fuel cell~PEFC! was employed to inves-
tigate effects of electron transport through the gas diffusion layer~GDL! for the first time. An electron transport equation was
additionally solved in the catalyst and gas diffusion layers, as well as in the current collector. It was found that the lateral
electronic resistance of GDL, which is affected by the electronic conductivity, GDL thickness, and gas channel width, played a
critical role in determining the current distribution and cell performance. Under fully-humidified gas feed in the anode and
cathode, both oxygen and lateral electron transport in GDL dictated the current distribution. The lateral electronic resistance
dominated the current distribution at high cell voltages, while the oxygen concentration played a more decisive role at low cell
voltages. With reduced GDL thickness, the effect of the lateral electronic resistance on the current distribution and cell perfor-
mance became even stronger, because the cross-sectional area of GDL for lateral electron transport was smaller. Inclusion of GDL
electron transport enabled the thickness of GDL and widths of the gas channel and current collecting land to be optimized for
better current distribution and cell performance. In addition, the present model enables:~i! direct incorporation of contact resis-
tances emerging from GDL/catalyzed membrane or GDL/land interface,~ii ! implementation of the total current as a more useful
boundary condition than the constant cell voltage, and~iii ! stack modeling with cells connected in series and hence having the
identical total current.
© 2004 The Electrochemical Society.@DOI: 10.1149/1.1641036# All rights reserved.
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The polymer electrolyte fuel cell~PEFC! is a promising alterna
tive power plant for transportation because of its high energy
ciency, low emission, and low noise. In the past decade, num
modeling and simulation has become increasingly important fo
hancing physical understanding and optimizing engineering d
and operation of PEFCs. In recently developed three-dimens
~3-D! PEFC models, computational fluid dynamics~CFD! method-
ology has been employed to integrate electrochemical proc
with water/proton cotransport in the PE to enable multiphysics m
eling and large-scale simulation.1-7 In these numerical models, t
conservation equations of mass, momentum, and species wer
cally solved with source/sink terms arising from electrochem
kinetics. In the models of Duttaet al.2,3 the membrane-electro
assembly~MEA! was not included in the computational domain
simplified as an interface without thickness. As such, water
proton transport across MEA were treated using simple linear
tionships as in the early work of Nguyen and White.8 Since the
electrochemical and transport phenomena inside MEA are crit
important for PEFC performance, detailed MEA submodels w
considered in other 3-D PEFC simulations.1,4-7 In the large-scal
numerical investigation of PEFC performances under both f
humidified gas feed and low-humidity operation,6,7 it was found tha
the ionic resistances in the anode and cathode catalyst layers
comparable to that in the membrane, further demonstrating th
catalyst layers cannot be neglected in PEFC modeling.

In all the 3-D PEFC models published to date, electron tran
in the catalyst and gas diffusion layers, and in the current collec
ignored by assuming a sufficiently large electronic conductivity
consequently, constant electronic phase potential in these mat
This assumption is valid likely in the current collector in
through-plane direction, of which the electronic conductivity is
the order of 20,000 S/m for graphite plates, but could be lar
inappropriate in the gas diffusion and catalyst layers, in which
effective electronic conductivities range only from 300 to 500
~in the through-plane direction!. Since the typical thickness of t
gas diffusion layer~GDL! is 300mm and the typical half-width o
the gas channel is 500mm, the through-plane electronic resista
across GDL and the lateral electronic resistance across the
width of the gas channel are both around 10 mV cm2. These elec
tronic resistances could significantly change the current distribu
both macroscopically along the flow direction and mesoscopi
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between the channel and land areas. Although the electron tra
equation was solved in the 1-D PEFC models of Bernardi
Verbrugge,9,10 the lateral electronic resistance can only be asse
in a 3-D geometry. Furthermore, solving the electron transport e
tion results in the following additional advantages:~i! enabling di
rect incorporation of the contact resistance at interfaces betwee
mating components in the solution process;~ii ! enabling direc
implementation of the total current as a boundary condition ins
of the cell voltage; and~iii ! enabling stack modeling with cells co
nected in series.

In this paper, a 3-D isothermal, electrochemical and tran
fully coupled PEFC model is described. The complete set of co
vation equations of mass, momentum, and species are solve
merically with proper account of electrochemical kinetics. An e
tron transport equation is included in the catalyst and gas diffu
layers, and in the current collector in order to investigate the e
of electronic resistance in GDL. A proton transport equatio
solved inside MEA to accurately account for electrolyte ionic re
tance. The effects of the lateral electronic resistance on the c
distribution and cell performance are studied in detail for the
time.

Numerical Model

In this section, a 3-D single-phase, isothermal numerical m
of PEFC is presented, which is capable of investigating ele
chemical and transport phenomena in all nine regions of a P
namely the gas channels, diffusion and catalyst layers, and th
rent collectors on both anode and cathode sides, and the mem
Conservation equations of mass, momentum, chemical specie
ton and electron transport, as presented in Table I~Eq. 1-7! are
numerically solved, with proper account of electrochemical kine
Superficial velocities are used in the momentum equations in
to automatically ensure mass flux continuity at the interface bet
the porous GDL and nonporous gas channel.

The mass and momentum equations are numerically solv
obtain the flow field. The source terms in the momentum equa
are added based on the Darcy’s law, representing an extra drag
proportional to fluid viscosity and velocity, and inversely prop
tional to the permeability of a porous medium. The species con
tration equations are solved to obtain hydrogen, oxygen, and
distributions, in which the source terms are implemented bas
electrochemical kinetics. A proton conservation equation is so
inside MEA, giving accurate account of ionic resistance in t
regions.
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An additional electron transport equation, Eq. 5 in Table
solved numerically in the catalyst and gas diffusion layers, an
the current collector on both anode and cathode sides in ord
fully investigate electronic transport in GDL and its effect on
current distribution and cell performance. The source terms in
anode and cathode catalyst layers correspond to the hydroge
dation and oxygen reduction reactions, creating or consuming
trons. Note also that electrons always flow from a low potential
high potential point.

Electrochemical reactions in a PEFC, including the hydro
oxidation reaction~HOR! and oxygen reduction reaction~ORR!, are
treated using proper source/sink terms in the species concent
and proton and electron transport equations. The transfer c
densities in these equations are expressed by the linear and
approximations of Butler-Volmer equation in the anode and cath
respectively, as follows

Anode j 5 aj0,a
refS cH2

cH2,ref
D 1/2S aa 1 ac

RT
Fh D @8#

Cathode j 5 aj0,c
refS cO2

cO2,ref
D expS 2

ac

RT
Fh D @9#

where all the parameters are described in Table II. On the a
side, the Butler-Volmer equation is linearized based on the fa
facile HOR kinetics or small overpotential. The overpotentials
defined as

Anode side h 5 fs 2 fe @10#

Cathode side h 5 fs 2 fe 2 Uoc @11#

whereUoc is the open-circuit potential defined as11

Uoc 5 1.232 0.9 3 1023~T 2 298!

1
RT

2F S ln pH2
1

1

2
ln pO2D @12#

Table I. Conservation equations.

Conservation equation
Mass ¹ • (ru) 5 0
Momentum 1

«2 ¹ • ~ruu! 5 2¹p 1 ¹ • t 1 Su

Species
concentration

¹ • (uci) 5 ¹ • (D i
eff¹ci) 1 Si

Proton ¹ • (keffDfe) 1 Sf 5 0

Electron ¹ • (ss
eff¹fs) 1 Sf 5 0

Electrochemical reactions

(
i

siM i 5 ne2

whe

Hydrogen oxidation reaction in anode side: H2 2 2H1 5 2e2

Oxygen reduction reaction in cathode side: 2H2O 2 O2 2 4H1 5 4e2
i-
-

,
t
el

The electronic and electrolyte phase potentials,fs andfe, are de
termined by solving the electron and proton transport equation
4 and 5 in Table I as discussed later in this section.

Water transport caused by electro-osmotic drag is treated
extra source/sink term in the water concentration equation, E
wherei e is the local current density vector~similar to that defined i
Eq. 21 in a vector form! andnd stands for the electro-osmotic dr
coefficient12,13

nd 5 H 1.0 for l < 14

1.5/8~l 2 14! 1 1.0 otherwise
@13#

The water concentration in the membrane is defined as

cw
m 5

rdryl

EW
@14#

Source terms
1
2 in diffusion and catalyst

layers:

Su 5 2
m

K
u

3 in catalyst layers:

Si 5 2
si j

nF
except water

Si 5 2¹ • S nd

F
iD 2

si j

nF
for water in MEA

4 in catalyst layers:
Sf 5 j

5 in catalyst layers:
Sf 5 2j

Mi [ chemical formula of species
si [ stoichiometry coefficient
n [ number of electrons transfered

6
7

Table II. Electrochemical and transport parameters.

Anode total exchange current density,a j0 ~A/m3! 1 3 109

Cathode total exchange current density,a j0 ~A/m3! 1 3 104

Reference hydrogen concentration,CH2
~mol/m3! 40

Reference oxygen concentration,CO2
~mol/m3! 40

Anode transfer coefficient aa 5 ac 5 1
Cathode transfer coefficient ac 5 1
Faraday constant,F 96487
Porosity of diffusion layer 0.6
Porosity of catalyst layer 0.112
Volume fraction of ionomer in catalyst layer 0.4
Permeability of the diffusion layer~m2! 1 3 10215

Equivalent weight of ionomer~kg/mol! 1.1
Dry membrane density~kg/m3! 1980
Universal gas constant~J/mol K! 8.314
Electronic conductivity in current collector~S/m! 20000
Effective electronic conductivity in GDL~S/m! 300-500
Cell temperature~°C! 80
Anode/cathode pressure~atm! 2/2
Anode/cathode stoichiometry~1 A/cm2! 2/2
s

re H
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where rdry and EW represent the dry membrane density and
equivalent molecular weight, respectively.

Membrane water content, defined as water molecules
sulfonic-acid group (SO3

2), is determined by the water activity
the interface of membrane and gas phases in thermodynamic
librium. Water activity in the gas phase is calculated by

a 5
CwRT

psat @15#

where the saturation pressure of water was fitted to tabular
using the following expression14

log10 psat 5 22.17941 0.02953~T 2 273.15! 2 9.1837

3 1025~T 2 273.15!2 1 1.4454

3 1027~T 2 273.15!3 @16#

An empirical formulation,14 correlating membrane water cont

Figure 1. Schematic of the current collecting land and GDL.

Table III. Physicochemical relations.

Description Equation Unit
Transfer current
density

8
9 A/m3

Overpotential 10
11 V

Open-circuit potential 12 V
Electro-osmotic drag
coefficient

13

Water concentration in
membrane

14 mol/m3

Water activity 15
Water saturation
pressure

16 atm

Water content 17
Membrane water
diffusivity

18 m2/s

Proton conductivity 19 S/m
Effective
diffusivity/conductivity

20 m2/s
i-
with water activity, is employed in this model, in which the e
tence of liquid water is considered using a linear relationship a
water activity of unity

l 5 H 0.0431 17.18a 2 39.85a2 1 36.0a3 0 , a < 1

14 1 1.4~a 2 1! 1 , a < 3
@17#

Membrane water diffusivity is calculated using the follow
relationship of Motupallyet al.15

Dw
m 5 H 3.1 3 1027l~e0.28l 2 1!e@22346/T# 0 , l < 3

4.173 1028l~1 1 161e2l!e@22346/T# otherwise
@18#

A charge conservation equation, Eq. 4 in Table I, is solve
describe proton transport inside MEA. The dependence of p
conductivity on water content is calculated using the following
pirical expression of Springeret al.14

k 5 ~0.5139l 2 0.326!expF1268S 1

303
2

1

TD G @19#

The electron transport equation, Eq. 5 in Table I, is solve
obtain the electronic phase potential in the catalyst and gas diff
layers, and in the current collector. Various electronic conduc
values are listed in Table II.

The effective mass diffusivity and proton conductivity in por
media are described using the Bruggeman relation

D i
eff 5 D i«

1.5, keff 5 k«1.5 @20#

Local current density in the membrane is calculated

Figure 2. Geometry of a single straight-channel PEFC.

Table IV. Cell geometry.

Fuel cell geometry
@mm#

Cell length 100
Gas channel Depth 1

Width 1
Layer thickness Diffusion 0.3

Catalyst 0.01
Membrane 0.02

Land width 0.5
Computational cell numbers ;310,000
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I 5 2keff¹fe @21#

The average current density over the membrane area is given

I avg 5
1

A E
A
IdA @22#

where I is the local current density on the membrane andA is the
membrane area.

The conservation equations and their supplemental relation
are summarized in Tables I and III, respectively. The present P
numerical model is implemented into a commercial CFD pack
Fluent, basing on its user-coding capability.16

Results and Discussion

Theoretical analysis.—Figure 1 presents a schematic of the
rent collector and GDL. The typical thickness of the current co
tor ~L! is 1,000mm, the thickness of the GDL~t! is 300mm, and the
s

half-width of the gas channel~w! is 500mm. The effective electron
conductivities of the current collector and GDL~assumed isotrop
for simplicity! are assumed to be 20,000 and 300 S/m, respect
The typical electronic resistance in the current collector (R1) is thus
derived as

R1 5
L

s land
5

1000 mm

20000 S/m
5 0.5 mV cm2 @23#

The electronic resistance in the current collector is small, and t
fore, negligible. The through-plane ohmic resistance across G
the direction perpendicular to the membrane (R2) is

R2 5
t

ss
eff 5

300 mm

300 S/m
5 10 mV cm2 @24#

The lateral electronic resistance through the half-width of the
channel (R3) is

Figure 3. Ionic current distribution
(A/m2) in the middle of membrane u
der different electronic conductivities
GDL ~at 0.65 V!.

Figure 4. Electronic phase potential~V!
distribution in the current collecting lan
and GDL on the anode and catho
sides.
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R3 5
w

ss
eff 5

500 mm

300 S/m
5 16.7 mV cm2 @25#

The electronic phase potential variation is proportional to
electronic resistance and average current density. Since the a
current densities in the through-plane and lateral directions ar
ferent, the electronic resistances in the two directions, R2 and R3 ,
are not directly comparable. Assuming that the average curren

sity under the gas channel is a constantĪ , and the average curre
density through the GDL thickness~t! is uniform, the lateral elec
tronic phase potential variation in GDL can then be derived as

Dfs 5 E
0

w Īz

t

dz

ss
eff 5 Ī R3

w

2t
@26#

A scaling factor should, therefore, be included in the lateral e
tronic resistance. The modified lateral electronic resistance is

R38 5 R3

w

2t
5 16.7

500 mm

600 mm
5 13.9 mV cm2 @27#

The through-plane and lateral electronic resistances (R2 andR38) are
sufficiently large to affect the current distribution, both globally
the cell level and locally between individual channel and land in
in-plane direction.

The parameterw/2t in Eq. 26,i.e., the ratio of the half width o
the gas channel to the doubled GDL thickness, is therefore a
portant variable in PEFC design. At a given gas channel width
lateral electronic phase potential variation will increase when

Figure 5. Ionic current distributions in the lateral direction in the mid-len
of the cell at different electronic conductivities in GDL~GDL thickness: 300
mm!.

Table V. Average current density with various GDL electronic cond

GDL thickness~300 mm!

Electron conductivity
~S/m!

Average current
density~A/cm2!

Relative error
~%!

` 1.23 -
1,500 1.17 4.9
1,000 1.14 7.3

500 1.08 12.2

300 1.00 18.7
e

-

creasing the GDL thickness. Numerical results presented in the
section reveal that the current density under the gas chann
creased with decreasing the GDL thickness, causing highly no
form current distribution. It is evident from the present analysis
the GDL in PEFC functions not only to distribute reactants to
catalyst layer but also to provide a path for lateral electron con
tion.

Numerical results and discussion.—The effects of the later
electron transport on current distribution and cell performanc
numerically investigated using a single straight-channel PEF
shown in Fig. 2. The cell geometry is described in Table IV. Ca
grid independence study has been conducted to ensure accur
merical results. A total of 316,800 computational cells were foun
be sufficient in the present numerical simulations. The FC is
ated at 80°C and 2 atm with fully humidified hydrogen and air
into the anode and cathode inlet, respectively. The stoichiomet
both sides is set at two, based on the reference current densit
A/cm2. The electronic potential in they-z plane on the anode si
(x 5 0) is defined as zero, while it is set equal to the cell voltag
the cathode side.

As shown in Eq. 25 and 27, the lateral electronic resistan
determined by the electronic conductivity, GDL thickness, and
channel width. A parametric study is conducted to find out its e
on current distribution and cell performance. The variation of
lateral electronic resistance is presently carried out through cha
the GDL conductivity. The effect should be the same through ch
ing the GDL thickness and/or the gas channel width. Current d
butions in the midthickness of the membrane under three diff
electronic conductivities of GDL are presented in Fig. 3. For
electronic conductivity of 300 S/m, the maximum current densi
located under the edges between the gas channel and the
collecting land as this location offers the best combination of
access by oxygen and a short path for electron transport on
land. Here, the lateral electron transport in GDL plays a critical
in determining the current distribution locally between channel
land. Figure 4 shows the corresponding electronic phase pot
distribution in the current collector and GDL. Because of the la
electronic resistance, the minimum electronic potential occurs u
the middle of the GDL on the anode side, while the maximum
pears under the middle of the GDL on the cathode side, result
the lowest overpotentials and hence slowest electrochemical
tions there. Numerical results indicate that the width of the
channel and current collecting land are key optimization param
for better cell performance.

In Fig. 3, as the electronic conductivity increases to 1,000
the current density under the middle of the gas channel sta
increase because oxygen supply becomes more critical at
electronic conductivity. Over the second portion of the cell,
maximum current density occurs under the middle of the gas
nel, dominated by oxygen concentration. By assuming an infin
large electronic conductivity,i.e., completely neglecting electro
transport, oxygen supply becomes the sole factor determinin
current distribution, and as a result, the maximum current de
always occurs under the middle of the gas channel.

Current distributions along the in-plane direction in
midlength of the cell under different electronic conductivities
GDL are presented in Fig. 5. In order to neglect lateral elec

ty.

GDL thickness~100 mm!

Electron conductivity
~S/m!

Average current
density~A/cm2!

Relative erro
~%!

` 1.23 -
5,000 1.19 3.3
2,000 1.15 6.5
1,000 1.09 11.4
uctivi
300 0.95 22.8
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transport, the electronic conductivity of GDL has to reach at
1,500 S/m, at which the relative error of the average current de
is about 5% as compared with the average current density ass
an infinitely large electronic conductivity. The average current
sities at different electronic conductivities in GDL are listed
compared in Table V.

Electronic resistance in GDL will not only affect the curr
distribution in the lateral direction, but also that in the along-cha
direction. Current distributions in the middle of membrane un
different electronic conductivities in GDL in the along-channel
rection are presented in Fig. 6. At a low electronic conductivity
current distribution in the membrane becomes more uniform, b
a decreased average value. This trend is in accordance wi
common belief that when an FC operation is dominated mor
ohmic resistance, its overall performance is low but the curren
tribution is more uniform as the ohmic resistance is homogen
Because of the GDL electronic resistance, the current density
the channel inlet is reduced significantly. However, the decrea
the current density near the channel end is small because mor
gen is still available there.

The effect of GDL thickness on electronic phase potential d
bution and cell performance is shown in Fig. 7, where the G
thickness is decreased to 100mm. With a thinner GDL, althoug
oxygen can get access to the catalyst layer more easily, the
sectional area of the GDL for lateral electron transport, on the
hand, becomes smaller. As shown in Fig. 7, the effect of the la
electronic resistance becomes more significant at a given elec
conductivity, compared with the results in Fig. 5. In this case
electronic resistance can only be neglected for GDL electronic
ductivity greater than 5,000 S/m. Numerical results clearly show
two important roles played by GDL in a PEFC: distributing reac
and product, and transporting electrons in the lateral direction
the current collector. Therefore, the property of GDL should be
timized not only to improve reactant permeation and product w
removal, but also to provide more effective electron conduction
more uniform current distribution.

Variations in the current distribution in both along-channel
lateral directions are presented in Fig. 8 for a GDL electronic
ductivity of 300 S/m and a cell voltage of 0.65 V. While the e
tronic conductivity of 300 S/m is typical in the through-plane dir
tion, it could be much higher in the in-plane direction because
GDL material is highly anisotropic. The present case thus repre
a high-resistance limiting situation. The current distribution in

Figure 6. Current distributions in the middle of the membrane in the al
channel direction at different electronic conductivities in GDL.
g

e

.
r
f
-

-

l
c

s

lateral direction near the channel inlet~i.e., y/y0 5 0.1 wherey is
the axial distance along the channel! indicates strong effect of later
electron transport, because sufficient oxygen is available in the
lyst layer under both gas channel and land. The minimum cu
density in this case is under the middle of the gas channe
increase toward the land. Close to the cell outlet~i.e., y/y0

5 0.9), because oxygen is largely consumed, the situation ch
dramatically. In this case, current distribution in the lateral direc
becomes more uniform. Although the minimum current density
appears under the middle of the gas channel, the maximum c
density also occurs under the gas channel region. With furthe
crease of oxygen concentration toward the land, the current d
experiences a sharp decrease. Under the land area, the curre
sity also decreases toward the edge because oxygen concentr
lowest there. Figure 9 illustrates current density distributions in

Figure 7. Ionic current distribution in the lateral direction in the middle
the cell at different electronic conductivities in GDL~GDL thickness: 10
mm!.

Figure 8. Current distributions in the middle of the membrane in b
along-channel and lateral directions~0.65 V and 300 S/m!.
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middle of the membrane, in the land above and below the gas
nel, and in the outside land. Because of existence of the gas ch
the current distribution is highly nonuniform even in the outs
land, where the electronic conductivity is 20,000 S/m. Typical
tributions of electron and proton phase potentials are presen
Fig. 10. Cathode overpotential in this case is around 400 mV, w
is significantly larger than that on the anode side.

Current distributions in the middle of the membrane in b
along-channel and lateral directions at two different cell voltage
compared in Fig. 11-12. In Fig. 11, lateral electronic resist
dominates the current distribution at a high cell voltage of 0.8 V
this case, the minimum current density always occurs unde

Figure 10. Variation of electronic and electrolyte phase potentials~0.65 V
and 300 S/m!.
-
l,

middle of the gas channel and increases towards the land. At
cell voltage of 0.5 V, oxygen concentration plays a decisive ro
determining the current distribution. Except at the very beginnin
the cell inlet, where oxygen concentration is sufficiently high ev
where within the catalyst layer, the maximum current density alw
occurs under the middle of the gas channel and decreases to
the land.

By solving the electron transport equation, the contact resis
in a PEFC can be directly incorporated in the solution process.
is an important feature because the contact resistance betwee
and the catalyst layer is generally not a constant; it is larger u
the gas channel than under the land. Fig. 13 shows the ele

Figure 9. ~a! Ionic current distribution
(A/m2) in the middle of the membran
and electronic current distribution in~b!
the two lands bounding the gas chan
and~c! inside the base surface of the c
rent collector~0.65 V and 300 S/m!.

Figure 11. Current variation in the middle of the membrane in both alo
channel and lateral directions~0.8 V and 300 S/m!.
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phase potential variation in the current collector and GDL wi
constant contact resistance of 10 mV cm2 added between the curre
collecting land and GDL. The existence of contact resistance
dicated in Fig. 13 by the sudden change of the electronic p
potential at that interface. Figure 14 illustrates the distributio
electronic phase potential on both anode and cathode side
PEFC. The abrupt variation of the electronic potential betwee
current collecting land and GDL reflects the effect of contact r
tance.

Figure 15 shows that variations in the electronic phase pote
in catalyst layers on both anode and cathode sides are almos
tical. Since the electronic phase potential variation is determine
the electronic resistance and current distribution, and electron
sistances are the same on both anode and cathode sides, it in
that the current distributions are the same on the two sides.
phenomenon is related to the 1-D proton transport across the
brane, which can also be observed in Fig. 4 and 14. This resul
therefore, serve as a convergence criterion in the numerical ca
tion.

Conclusions

A 3-D, single-phase, isothermal numerical model of PEFC
developed, which is capable of investigating electrochemica
transport phenomena in all nine regions of a PEFC, namely th
channels, diffusion and catalyst layers, and the current collecto
both anode and cathode sides, and the membrane. The comp
of conservation equations of mass, momentum, species, and
~both protons and electrons! are numerically solved with proper a
count of electrochemical kinetics. The electron transport equat
solved in the catalyst and gas diffusion layers, and in the cu
collector, enabling numerical investigation of the lateral electr
resistance in GDL for the first time.

A single straight-channel PEFC is numerically studied in de
with focus on the impact of the lateral electron transport on
current distribution and cell performance. It was found that the
eral electronic resistance of GDL, which was affected by the
tronic conductivity, GDL thickness, and gas channel width, play
critical role in determining the current distribution and cell per
mance. With the fully-humidified inlet gases on both anode
cathode sides, the current distribution was determined by two
tors: oxygen supply and lateral electronic resistance in GDL.
high cell voltage, the lateral electronic resistance dictated the cu
distribution. In this case, the minimum current density always
curred under the middle of the gas channel and increased towa
current collecting land. At a low cell voltage, however, oxygen c
centration played a dominant role in determining the current d
bution. Except at the inlet section of the cell, where oxygen con
tration was sufficiently high everywhere within the catalyst la
the maximum current density always occurred under the midd
the gas channel and decreased towards the land.

Figure 14. Electronic phase potenti
distribution in the current collector an
GDL with a contact resistance of 10 mV
cm2 ~0.65 V and 300 S/m!.
Figure 12. Current variation in the middle of the membrane in both alo
Figure 13. Electronic phase potential variation in the current collector
GDL with a contact resistance of 10 mV cm2 ~0.65 V and 300 S/m!.
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When the thickness of GDL decreased, the effect of the la
electronic resistance on the current distribution and cell perform
became even stronger, because the cross-sectional area of G
lateral electron transport became smaller. Numerical results
cated that the gas diffusion layer in a PEFC serves two impo
functions: reactant distribution and lateral electron transport. T
fore, the thickness of GDL could be optimized for better cur
distribution and cell performance. In addition, the widths of the
channel and the current collecting land could also be optimize

Solving the electron transport equation gives rise to addit
advantages. The contact resistance can now be directly incorp
in the solution. The constant current boundary condition can al
easily implemented in a PEFC model. This enables stack mod
with many cells connected in series and hence requiring con
current across all cells. Finally, it is straightforward to extend
present work to account for anisotropy of electron transport th
commonly found in FC GDL.
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List of Symbols

a water activity
c molar concentration, mol/m3

D mass diffusivity, m2/s
EW equivalent weight of dry membrane, kg/mol

F Faraday constant, 96487 C/mol
i current density vector, A/m2

j transfer current density, A/m3

K permeability, m2
or

d

t

.

Mw molecular weight, kg/mol
n number of electrons in electrochemical reaction

nd electro-osmotic drag coefficient
p pressure, Pa
R universal gas constant, 8.314 J/~mol K!
S source term in transport equation
s stoichiometry coefficient in electrochemical reaction
T temperature, K
u fluid velocity and superficial velocity in porous medium, m/s

Uoc open-circuit potential, V

Greek

a transfer coefficient
« porosity
h overpotential, V
F phase potential, V
k proton conductivity, S/m
l water content in membrane
m viscosity, kg/~m s!
r density, kg/m3

s electronic conductivity, S/m

Superscripts

eff effective value in a porous medium
m membrane

ref reference value
sat saturation value

Subscripts

a anode
c cathode
e electrolyte
i species index

m mixture or membrane
oc open circuit
s electron

w water

Figure 15. Electronic phase potenti
distributions in catalyst layers on~a! the
anode and~b! the cathode sides.
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