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bstract

A two-dimensional theoretical model is developed in this study to simulate the transport phenomena of oxygen in cathode gas diffusion layer
GDL) of proton exchange membrane fuel cell (PEMFC). An analytical solution is then obtained accordingly to characterize the effects of GDL
n cell performance. It is found that the concentration flux of oxygen across the GDL is primarily dominated by the thickness and porosity of
DL. For a thicker GDL, the diffusion resistance increases and thus lowers the cell performance especially under high current density condition.

n the other hand, an increase of porosity will enhance the transport of oxygen and result in significant improvement of cell performance. The

nfluences of system parameters including the temperature, channel height, inlet velocity, and inlet pressure on the diffusion of oxygen in GDL
re also examined systematically. Results provide insights into the characteristics of oxygen diffusion in GDL and benefit the optimal design of
EMFC.
2006 Elsevier B.V. All rights reserved.
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. Introduction

In the past decade, proton exchange membrane fuel cell
PEMFC) has received much attention due to its widely promis-
ng applications in portable power sources, automobile power
ystems, and stationary power plants. Numerous studies have
evoted to develop theoretical models in order to simulate the
ransport of reactants, electrochemical reactions, and character-
stics of membrane in PEMFC [1–22]. Particularly, since it is
ell known that the performance of PEMFC is cathode limited,
ost of the research efforts have focused on the cathode side
f PEMFC [8–22] to investigate the composition and perfor-
ance of catalyst layer, transport of reactants in feed channel

nd porous electrode, and water management problem.

∗ Corresponding author. Tel.: +886 8 7233733; fax: +886 8 7215649.
E-mail address: mhchang@mail.ytit.edu.tw (M.-H. Chang).
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tical solution

Recently, many investigations [23–31] have concentrated on
he GDL because of its substantial influence on fuel cell per-
ormance. The GDL makes the gas reactant transports to the
atalyst layer in a diffusive way rather than direct contact in
rder to avoid the possible breakdown of the membrane caused
y the strong impact of reactant on the membrane surface. How-
ver, the existence of GDL affects the mass transport of reactant
rofoundly and results in a loss of cell performance. Thus, it
s quite important to understand the characters of GDL for the
esign work of PEMFC. Jordan et al. [23] performed an experi-
ental study to find the effect of carbon morphology in GDL and

roposed a model to explain how the hydrophobicity and poros-
ty of GDL affect water impregnation and gas diffusion through
his layer. Park et al. [24] considered the GDL consists of the

as diffusion medium (GDM) and the micro-layer, and inves-
igated the water transportation in GDM with different PTFE
ontents. A novel design of GDL has been developed by Chen
t al. [25] that insert a water management layer between the
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raditional GDL and the catalyst layer. The effects of different
abrication methods and thickness of GDL were also discussed
y Lee et al. [26]. Mirzazadeh et al. [27] studied the role of
DL in the cell performance and evaluated the electrode with
r without this layer. They found that the effect of GDL is more
ronounced at higher current densities. Jeng et al. [28] developed
two-dimensional model for oxygen mass transfer in the GDL
f air-breathing PEMFC under the influence of current collector
ibs. The resulting equations were discretized and solved by a
umerical technique. Their results indicate that the GDL is used
nly partly in the mass transfer process due to the existence
f ribs. Williams et al. [29] examined the limiting factors for
he oxygen transport in the cathode GDL with several kinds of
ommercial GDL. They further studied the influence of convec-
ion through the GDL on the cathode limiting current by using
hree GDLs with different gas permeability [30]. A computa-
ional analysis for the effect of GDM permeability on convective
ransport also has been performed by Pharoah [31].

Although the GDL plays an important role in the optimiza-
ion of PEMFC, it is still difficult to evaluate the influence of an
ndividual property of GDL on cell performance in experiments
r theoretical analyses, because the electrochemical reactions
n gas diffusion electrode involve complicated factors and they
re strongly coupled in general. Therefore, a simplified model is
ecessary and helpful to understand the characteristics of GDL.
n the present study, we have developed a two-dimensional theo-
etical model for the GDL along the cathode channel of PEMFC.
he system is simplified and thus an analytical solution can
e obtained to characterize the transport of oxygen in GDL.
ccordingly, the influences of physical factors of the system
n the cell performance can be easily examined based on this
imple analytical solution.

. Theoretical model and formulation

Consider the two-dimensional model of cathode GDL as
hown in Fig. 1. The GDL with thickness H is confined between
he catalyst layer and the gas channel. The interface between the
DL and the gas channel is located at y = 0. Pure oxygen is fed

nto the gas channel with inlet velocity ν0, where the channel
eight and length are hc and L, respectively. To study the charac-
eristics of transport and consumption of oxygen in this system,

ome simplifications are made as list below:

. The system is isothermal and in a steady state.

ig. 1. Schematic representation of the two-dimensional model for the gas dif-
usion layer in cathode side of PEMFC.
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. The catalyst layer is very thin and can be treated as a boundary
adjacent to the upper surface of GDL. The electrochemical
reaction occurs at this layer only.

. The GDL is isotropic and the transport of oxygen in this layer
can be described by Darcy’s law.

. The generation and transport of water are ignored.

. The oxygen in the system behaves as an ideal gas.

Accordingly, the continuity equation in the GDL can be
xpressed by

∂(ρvx)

∂x
+ ∂(ρvy)

∂y
= 0, (1)

here ρ is the density, νx and νy are respectively the x and y
omponents of the superficial velocity which is defined as the
olume flow rate through an unit cross-sectional area in a porous
edium. By utilizing the Darcy’s law, the velocity components

x and νy can be written as

x = − κ

µ

∂P

∂x
, vy = − κ

µ

∂P

∂y
, (2)

here κ is the permeability, µ the dynamic viscosity, and P is
he pressure. According to the ideal gas equation of state, the
ressure P can be substituted by

= CdRT, (3)

here Cd is the molar concentration, R the universal gas con-
tant, and T is the absolute temperature. Note that ρ = CdM in
hich M is the molecular weight of oxygen. Eqs. (1)–(3) can be

ombined together in the form:

2

[
C2

d(x, y)

2

]
= 0, (4)

here �2 = ∂2/∂x2 + ∂2/∂y2 is the Laplace operator. Define:

(x, y) = C2
d(x, y)

2
, (5)

hus, Eq. (4) becomes

2[Φ(x, y)] = 0. (6)

he above equation characterizes the concentration distribution
n the GDL and can be solved simply with appropriate boundary
onditions. At the side walls of GDL x = 0 and x = L, there is no
oncentration flux and the boundary conditions are

∂Φ

∂x

∣∣∣∣
x=0

= ∂Φ

∂x

∣∣∣∣
x=L

= 0. (7)

t the interface between the GDL and the gas channel y = 0, the
oncentration is continuous across the interface and the bound-

ry condition is given by

Φ|y=0 = C2
0

2
exp

(
− 2x

L1

)
. (8)
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In above equation, the results for the profile of oxygen concen-
tration along the channel given by Dohle et al. [11] are used and
the corresponding equation is

Cd(x, 0) = C0 exp

(
− x

L1

)
, (9)

where C0 is the inlet concentration and L1 the characteristic
length of oxygen consumption at the reaction order γ = 1. To
derive the boundary condition at the interface between the GDL
and the catalyst layer y = H, we can define the mass flux of oxy-
gen ṁ0 as a function of local current density i(x) according to
the electrochemical reaction at the catalyst layer:

O2 + 4H+ + 4e− → 2H2O, (10)

so we have:

ṁ0|y=H = ρvy = MCdvy = iM

nF
, (11)

where n = 4 is the number of electrons transferred per mole of
oxygen consumed and F the Faraday constant. The mass flux
ṁ0 also satisfies the relation [9]:

ṁ0|y=H = −εDe
0M

∂Cd

∂y

∣∣∣∣
y=H

+εMvyCd
∣∣
y=H

, (12)

where the first and second terms on the right hand side are
the amounts of oxygen flux caused by diffusion and convec-
tive motion, respectively. Here, ε is the porosity of GDL and De

0
the effective molecular diffusion coefficient of oxygen that is
related to the diffusion coefficient in a nonporous domain D0 by
De

0 = D0ε
1.5 [9]. By equating both Eqs. (11) and (12), we may

obtain:

∂Cd

∂y

∣∣∣∣
y=H

= ε − 1

nεFDe
0
i(x). (13)

The Tafel equation [9,12] is used to describe the distribution of
current density along the boundary of catalyst layer:

i(x) = i0

(
Cd|y=H

Cref

)
exp

(
αF

RT
η

)
, (14)

where i0 is the exchange current density, Cref the reference con-
centration of oxygen, α the charge transfer coefficient and η the
electrode activation overpotential. Therefore, Eq. (13) becomes

∂Cd

∂y

∣∣∣∣
y=H

= (ε − 1)

nεFDe
0

i0

Cref
exp

(
αF

RT
η

)
Cd|y=H. (15)

Note that Eq. (9) indicates the concentration of oxygen decays
exponentially along the channel. Hence, it is reasonable to
assume that the concentration of oxygen in the GDL also behaves
in a similar way. Thus, the concentration function C (x, y) can
d
be written by separation of variables:

Cd(x, y) = C(x)θ(y), (16)

D
G
e
p
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nd then Eq. (15) can be solved to get the boundary condition at
= H:

Φ|y=H = C2(x)G2

2

= C2(x)

2
exp

(
2(ε − 1)

nεDe
0F

i0H

Cref
exp

(
αF

RT
η

))
, (17)

here

= exp

(
(ε − 1)

nεDe
0F

i0H

Cref
exp

(
αF

RT
η

))
. (18)

q. (6) together with the boundary conditions (7), (8), and (17)
an be solved to obtain an analytical solution in the form:

(x, y) = C2
0L1

4L

[
1 − exp

(
2L

L1

)] [(
1 + G2 − 1

H

)
y

]

+
∞∑

n=1

C2
0

L

[
1 − exp

(
− 2L

L1

)
cos(nπ)

]
L1
2

(
nπ
L

)2 + 2
L1

× cos
(nπ

L
x
) {

G2 sinhnπ
L

y

sinhnπ
L

H

−
[
sinh

(
nπ
L

y
) − tanh

(
nπ
L

H
)

cosh
(

nπ
L

y
)]

tanh
(

nπ
L

H
)

}
. (19)

his equation gives the concentration of oxygen in the GDL in
simple analytical form.

To determine the voltage–current curves of the PEMFC, we
efine the average current density ī over the channel length L as

= 1

L

∫ L

0
ī(x) dx, (20)

nd the operating cell voltage is given by

= Vcell − η − ηohm, (21)

here Vcell is the open circuit voltage, η can be determined
rom the Tafel Eq. (14), and ηohm is the ohmic losses. Since
n most PEMFCs the electrical resistance is mainly caused by
he ion transport through the membrane, the ohmic losses are
pproximated by a plain expression:

ohm = īlm

σm
, (22)

here lm is the membrane thickness and σm the membrane con-
uctivity. Eqs. (19)–(22) provide a simple technique to estimate
he influence of GDL on fuel cell performance.

. Results and discussion

We first examine the influence on cell performance due to
he existence of GDL and compare the results with those of

ohle et al. [11] in which they considered the case without
DL. Fig. 2 illustrates the variations of I–V curves for sev-

ral assigned values of the GDL thickness. Based on the same
arameters used in Ref. [11], it is found that the present results
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Table 1
Values of physical parameters used in the base case

Cell temperature, T (K) 343
Inlet pressure, P (atm) 1
Inlet flow velocity, ν0 (cm s−1) 145
Inlet concentration, C0 (mol cm−3) 3.87 × 10−5

Reference concentration, Cref (mol cm−3) 3.18 × 10−5

Channel length, L (cm) 44
Channel height, hc (cm) 0.1
Membrane thickness, lm (cm) 0.018
Gas diffusion layer thickness, H (cm) 0.04
Transfer coefficient, � 1
Number of electrons, n 4
Exchange current density, i0 (A cm−2) 5.74 × 10−7

Molecular weight, M (kg mol−1) 32
Dynamic viscosity, µ (g cm−1 s−1) 2.03 × 10−4

Permeability, κ (cm2) 10−8

Universal gas constant, R (J mol−1 K−1) 8.314
Faraday constant, F (C mol−1) 96487
Porosity, ε 0.4
Diffusion coefficient of oxygen, D0 (cm2 s−1) 0.0991
Ideal open circuit voltage, V (V) 1.2
C

T
t
i
F
Fig. 5.The channel height hc and the thickness of GDL H are
respectively 0.1 and 0.04 cm with the interface at Y = 0.1 cm
indicated by the dashed line. One can see that at ε = 0.3 in
ig. 2. Voltage–current curves for four assigned values of GDL thickness.

re in agreement with those of Ref. [11] for the case without
DL. The use of GDL apparently lowers the cell performance

nd the curve falls gradually with increase of GDL thickness.
his effect is more pronounced especially at high current den-
ity condition, which indicates that a thicker GDL gives rise to
higher resistance for oxidant transport toward the electrode

urface. The influence of GDL for different channel length is
emonstrated in Fig. 3 for three assigned values of L. It has been
roposed by Dohle et al. [11] that a decrease of channel length
ill improve cell performance in the whole range of current
ensities because the oxygen concentration is more uniform in
horter L and this effect raises the overall performance per unit
rea as shown in Fig. 3 for the cases without GDL. When we take
he GDL into consideration, it is found that the influence of GDL
s quite significant especially in short channel length. For the
ase L = 400 cm, the limiting current density reduces only 11%
pproximately. While for the case L = 100 cm it reduces about
9%, which reveals that it is very important to improve the losses

aused by the use of GDL particularly in relatively short channel
ength.

Table 1 gives the values of parameters used in the follow-
ng analysis for a base operating condition of the fuel cell.

ig. 3. Volage–current curves for three assigned values of channel length L with
nd without GDL.

F
G
0

cell

onductivity, σm (1 −1 cm−1) 0.0868

he variations of the distribution of oxygen concentration in
he gas channel and GDL for three assigned values of poros-
ty ε under the same output of cell voltage 0.5 V are shown in
ig. 4(a)–(c) and the corresponding I–V curves are shown in
ig. 4. Distribution of oxygen concentration in the cathode gas channel and
DL for three assigned values of porosity with the same output of cell voltage
.5 V; (a) ε = 0.3, (b) ε = 0.4, (c) ε = 0.5.
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larger for a higher channel height, the average concentration will
increase within the same channel length and results in better
cell performance especially at high current density condition.
Fig. 5. Variation of voltage–current curves with porosity.

ig. 4(a), the oxygen concentration within the GDL descends
apidly toward the electrode surface and most of oxygen near
he catalyst layer is consumed due to the low diffusivity in
ccord with the low porosity of GDL. Hence, the concentra-
ion flux through the GDL is small and fails to supply sufficient
xidant to the catalyst layer for electrochemical reaction. Conse-
uently, the cell voltage falls quickly against the current density
s shown in Fig. 5. As the porosity of GDL increases, for exam-
le, ε = 0.4 and 0.5 as shown in Fig. 4(b) and (c), the mass
ransport through the GDL will be increased and therefore the
oltage loss due to the presence of GDL will diminish obviously
s indicated in Fig. 5. These results suggest that the porosity of
DL plays an important role in the factors to affect the cell per-

ormance and should be as large as possible in practical design of
EMFC.

The operating temperature of fuel cell is also an important
actor and its effect on the mass transport of GDL is displayed in
ig. 6(a)–(c) via the velocity profiles in the GDL for three given

emperatures. It is noted that actually many parameters in the
ystem are functions of temperature and the influences of tem-
erature variation on cell performance are quite complicated.
ere, we simply consider the effect of temperature arising from

he ideal gas equation as indicated in Eq. (3) and assume the
ther parameters are invariant with temperature to simplify the
nalysis. At lower operating temperature as shown in Fig. 6(a)
or T = 323 K, it is found that the x-component of velocity for
he gas in GDL is very small and the direction of velocity is
lmost toward and perpendicular to the catalyst layer. Thus, the
iffusive direction of oxygen in GDL is primary dominated by
he catalyst layer where the electrochemical reaction occurs.
imultaneously, the magnitude of velocity decays along x-axis
irection while grows gradually approaching the catalyst layer.
imilar results can also be observed in Fig. 6(b) and (c) for
= 343 and 363 K, respectively. Apparently, an increase of tem-
erature enhances the diffusive velocity in the GDL and thus
mproves the cell performance as shown in Fig. 7. While the
oncentration is in inverse proportional to the temperature for

constant inlet pressure, the improvement of cell performance
y increasing temperature is limited. Moreover, the I–V curve
or higher temperature appears to possess smaller limiting cur-
ig. 6. Velocity profiles in the GDL for three assigned temperatures; (a)
= 323 K, (b) T = 343 K, (c) T = 363 K.

ent density because the potential loss due to mass transport
s more significant at higher temperature that causes the corre-
ponding I–V curve fall faster early than the lower temperature
ase.

The geometric effect of channel size is a critical factor as well.
ere we simply consider the variations of the channel height and

he results are demonstrated in Fig. 8 for three assigned values
f channel height with the same inlet velocity 200 cm s−1. It
s found that the limiting current density will be enlarged by an
ncrease of channel height and the cell performance will be raised
ignificantly at high current density. Since the mass flow rate is
Fig. 7. Variation of voltage–current curves with temperature.
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Fig. 8. Variation of voltage–current curves with channel height.
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Forsyth, J. Power Sources 86 (2000) 250–254.
Fig. 9. Variation of voltage–current curves with inlet pressure.

imilar results also can be obtained for different inlet velocities
ith a fixed channel height due to the same causes.
Fig. 9 illustrates the variations of I–V curves with three

ifferent inlet pressures. From Eq. (3) it is known that the
oncentration is proportion to the pressure for an isothermal
ystem. Consequently, the cell performance appears to be quite
ensitive to the inlet pressure and limiting current density is
lso approximately proportion to the inlet pressure. This find-
ng suggests that it should be an efficient way to enhance the
ell performance by utilizing a high inlet pressure in compar-
son with the other factors such as temperature and channel
eight.

. Conclusions

We have developed a simple two-dimensional model for
he mass transport of oxygen within the GDL of PEMFC and
ccordingly obtained an analytical solution for the distribution of
xygen concentration in GDL. Based on this analytical solution,

he influence of GDL on cell performance has been examined
nd the results indicate that the utilization of GDL indeed pro-
uce significant potential losses. Such losses can be improved if
ne used a thinner GDL or increases the porosity of GDL, and

[

[
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he effect of porosity seems to be more pronounced. The other
hysical factors including the temperature, channel height, inlet
elocity, and inlet pressure are also investigated. It is found that
he most efficient way to enhance the cell performance is to
ncrease the inlet pressure since the concentration flux through
he GDL to the catalyst layer will greatly increase especially
nder high current density condition.

Although the system is simplified by some critical assump-
ions such as to treat the catalyst layer as a thin boundary
nd neglect the water transport problem, the present model
till provides a simple and direct technique to estimate the
nfluence of GDL, and will be helpful for the design work of
EMFC.

cknowledgements

We are grateful to the financial support from National Science
ouncil of Taiwan under grants NSC 94-2212-E-132-005, NSC
4-2212-E-002-008, NSC 94-2623-7-002-018, NSC 93-2212-
-002-029, and NSC 94-2622-E-002-004.

eferences

[1] D.M. Bernardi, M.W. Verbrugge, AIChE J. 37 (1991) 1151–1163.
[2] D.M. Bernardi, M.W. Verbrugge, J. Electrochem. Soc. 139 (1992)

2477–2491.
[3] J.S. Yi, T.V. Nguyen, J. Electrochem. Soc. 145 (1998) 1149–1159.
[4] V. Gurau, H. Liu, S. Kakac, AIChE J. 44 (1998) 2410–2422.
[5] C. Marr, X. Li, ARI 50 (1998) 190–200.
[6] G. Maggio, V. Recupero, L. Pino, J. Power Sources 101 (2001) 275–

286.
[7] A.A. Kulikovsky, T. Wuster, A. Egmen, D. Stolten, J. Electrochem. Soc.

152 (2005) A1290–A1300.
[8] C. Marr, X. Li, J. Power Sources 77 (1999) 17–27.
[9] J.S. Yi, T.V. Nguyen, J. Electrochem. Soc. 146 (1999) 38–45.
10] A.A. Kulikovsky, J. Divisek, A.A. Kornyshev, J. Electrochem. Soc. 146

(1999) 3981–3991.
11] H. Dohle, A.A. Kornyshev, A.A. Kulikovsky, J. Mergel, D. Stolten, Elec-

trochem. Commun. 3 (2001) 73–80.
12] A.A. Kornyshev, A.A. Kulikovsky, Electrochim. Acta 46 (2001)

4389–4395.
13] Z.H. Wang, C.Y. Wang, K.S. Chen, J. Power Sources 94 (2001) 40–

50.
14] A.A. Kulikovsky, Electrochem. Commun. 4 (2002) 527–534.
15] A.A. Kulikovsky, Electrochem. Commun. 4 (2002) 845–852.
16] A.A. Kulikovsky, Electrochim. Acta 49 (2004) 617–625.
17] A.A. Kulikovsky, Electrochim. Acta 49 (2004) 5187–5196.
18] A.A. Kulikovsky, Electrochem. Commun. 6 (2004) 969–977.
19] W. Ying, J. Ke, W.Y. Lee, T.H. Yang, C.S. Kim, Int. J. Hydrogen Energy

30 (2005) 1351–1361.
20] W. Sun, B.A. Peppley, K. Karan, Electrochim. Acta 50 (2005) 3359–

3374.
21] K.W. Lum, J.J. McGuirk, J. Electrochem. Soc. 152 (2005) A811–

A817.
22] Q. Guo, V.A. Sethuraman, R.E. White, J. Electrochem. Soc. 151 (2004)

A983–A993.
23] L.R. Jordan, A.K. Shukla, T. Behrsing, N.R. Avery, B.C. Muddle, M.
24] G.G. Park, Y.J. Sohn, T.H. Yang, Y.G. Yoon, W.Y. Lee, C.S. Kim, J. Power
Sources 131 (2004) 182–187.

25] J. Chen, T. Matsuura, M. Hori, J. Power Sources 131 (2004) 155–
161.



5 Power

[

[

[

[29] M.V. Williams, E. Begg, L. Bonville, H.R. Kunz, J.M. Fenton, J. Elec-
6 C.R. Tsai et al. / Journal of

26] H.Y. Lee, J.H. Park, D.Y. Kim, T.H. Lee, J. Power Sources 131 (2004)

200–206.

27] J. Mirzazadeh, E.S. Iranizad, L. Nahavandi, J. Power Sources 131 (2004)
194–199.

28] K.T. Jeng, S.F. Lee, G.F. Tsai, C.H. Wang, J. Power Sources 138 (2004)
41–50.

[

[

Sources 160 (2006) 50–56
trochem. Soc. 151 (2004) A1173–A1180.
30] M.V. Williams, H.R. Kunz, J.M. Fenton, J. Electrochem. Soc. 151 (2004)

A1617–A1627.
31] J.G. Pharoah, J. Power Sources 144 (2005) 77–82.


	An analytical solution for transport of oxygen in cathode gas diffusion layer of PEMFC
	Introduction
	Theoretical model and formulation
	Results and discussion
	Conclusions
	Acknowledgements
	References


