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a b s t r a c t

The performance of Polymer Electrolyte Membrane fuel cells depends on the design of the cell as well as

the operating conditions. The design of the cell influences the complex interaction of activation effects,

ohmic losses, and transport limitations, which in turn determines the local current density. Detailed

models of the electrochemical reactions and transport phenomena in Polymer Electrolyte Membrane fuel

cells can be used to determine the current density distribution for a given fuel cell design and operating

conditions. In this work, three-dimensional, multicomponent and multiphase transport calculations are

performed using a computational fluid dynamics code. The computational results for a full-scale fuel cell

design show that ohmic effects due to drying of polymer electrolyte in the anode catalyst layer and mem-

brane, and transport limitations of air and flooding in the cathode cause the current density to be a max-

imum near the gas channel inlets where ohmic losses and transport limitations are a minimum.

Elsewhere in the cell, increased ohmic losses and transport limitations cause a decrease in current den-

sity, and the performance of the fuel cell is significantly lower than that which could be attained if the

ohmic losses and transport limitations throughout the cell were the same as those near the gas channel

inlets. Thus overall fuel cell design is critical in maximizing unit performance.

Crown Copyright � 2009 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Performance losses in Polymer Electrolyte Membrane (PEM)

fuel cells depend on the design of the cell and the operating condi-

tions. The cell design affects the complex interaction of activation,

ohmic, and transport limitations. The resulting current density dis-

tribution is predominately influenced by variations in ohmic losses

and transport limitations throughout the fuel cell.

Ohmic losses are primarily due to the conduction of protons in

the polymer electrolyte of the catalyst layers and membrane. The

polymer electrolyte needs to be well-hydrated in order to maxi-

mize the conductivity. A major problem with PEM fuel cells is

maintaining hydration of the polymer electrolyte and, in order to

reduce the water carried away by exiting gases due to evaporation,

the reactant gas streams must be adequately humidified. However,

at high current densities, transport of water from the anode to the

cathode due to electro-osmotic drag occurs at a rate greater than

that at which it can be restored by back diffusion from the cathode

and through anode stream humidification. As a result, the polymer

electrolyte tends to dry out in the anode catalyst layer and mem-

brane. This decreases the electrical conductivity.

Transport limitations, which become dominant at high current

densities, are primarily due to the use of air as the oxidant since

the lowconcentrationof oxygen inair and theaccumulationofnitro-

gen lead to the formation of barriers for oxygen transport. Also, the

rate at which oxygen can be supplied becomes limited by the pro-

duction of water, which causes flooding. This effect is enhanced by

electro-osmotic drag of water from the anode to the cathode. Flood-

ing restricts gas transport,which causes the concentration of oxygen

to decrease at catalyst sites, limiting the reaction rate.

Modeling studies provide a valuable tool for the investigation of

the physicochemical phenomena occurring in PEM fuel cells. In this

paper a comprehensive PEM fuel cell model is introduced and a

computational implementation of the model for a specific fuel cell

design is discussed. Finally, the model is used to investigate the ef-

fects of ohmic losses and transport limitations on current density

distributions for the cell design.

2. Mathematical details

In this section a three-dimensional, multicomponent and multi-

phase model is presented for PEM fuel cells. In the anode and cath-

ode gas channels and gas diffusion and catalyst layers the

fundamental conservation laws are applied to the multicomponent

gases [1]. The conservation of mass can be expressed in the form of

the steady-state equation of continuity:

0017-9310/$ - see front matter Crown Copyright � 2009 Published by Elsevier Ltd. All rights reserved.
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divðquÞ ¼
X

n

i¼1

Si ð1Þ

where the source terms are in general non-zero as a result of water

phase changes and electrochemical reactions. Also, although the

flow of gases is essentially incompressible, the mixture density is

not constant because of variable gas composition, and is calculated

from the ideal gas law for a multicomponent gas:

q ¼
P

RT
Pn

i¼1yi=Mi

ð2Þ

The conservation of linear momentum for steady-state flow in

the absence of external body forces (i.e. neglecting gravity) yields:

divðqu : uÞ þ gradP þ divs ¼ �
l
j
u ð3Þ

and u is a superficial velocity. The term on the right-hand side of the

equation is only significant in the porous gas-diffusion and catalyst

layers and, when this term is large in comparison to the convection

and viscous terms, Eq. (3) yields the incompressible form of Darcy’s

law [2]. Conversely when l/j is small the form of the Navier–Stokes

equations are obtained. (NB: Though widely employed, the convec-

tion terms in Eq. (3) are not strictly correct for the intermediate

condition, however, only the two limits were encountered in the

present problem.)

Using the generalized Fick’s law [3], neglecting thermal-diffu-

sion (Soret effects) conservation of species may be written as

divðquyiÞ ¼ div q
X

j

Deff
ij grad yj

 !

þ Si ð4Þ

The effective diffusion coefficients are given in terms of values at

reference pressure and temperature by

Deff
ij ¼ ½uf ð1� sÞ�1:5Dref

ij

Pref

P

 !

T

Tref

� �1:75

ð5Þ

The pressure and temperature dependencies in Eq. (5) are from

an empirical relation [4]. The dependencies on the porosity (i.e.

volumetric fraction available for fluid flow) and liquid water satu-

ration in the porous gas diffusion and catalyst layers take into ac-

count not only the volumetric fraction available for gas flow, but

also the tortuosity of the porous media using effective medium

theory [5].

For a binary gas there is only one independent Fick diffusion

coefficient (namely the binary diffusion coefficient), such that for

humidified hydrogen in the anode, D11 ¼ DH2—H2O. In contrast, say,

for a ternary mixture, there are four independent Fick diffusion

coefficients. For humidified air in the cathode, assuming a three-

component gas and solving for the mass fractions of water vapor

and oxygen in nitrogen, respectively, it can be shown that the Fick

diffusion coefficient D11 is equal to the binary diffusion coefficient,

DH2O—N2
, which arises from the fact that binary diffusion coefficient

for water in oxygen and nitrogen, is the same. Also, the Fick diffu-

sion coefficient, D22 is equal to the binary diffusion coefficient,

DO2—N2
, to within 2%, since the diffusion of oxygen is predominately

through nitrogen. Finally it can be shown that D12 and D21 are

small compared to D11 and D22 (i.e. less than 6%) and can justifiably

be neglected. Thus, based on an order-of-magnitude analysis, the

use of Fick’s law is justified.

Neglecting the effects of kinetic energy convection, enthalpy

diffusion (Dufour effects) and viscous dissipation, conservation of

energy for steady-state flow yields

divðquhÞ ¼ divk
eff
gradT þ Sh ð6Þ

where the source term takes into account local heat production due

to water phase changes, ohmic resistances, activation overpoten-

tials and heat of reaction. In Eq. (6) the effective thermal conductiv-

ity takes into account the conductivity of both the solid and fluid

phases for flow in porous media, assuming that local thermal equi-

librium applies.

Nomenclature

a activity
c concentration (kmol m�3)
C condensation rate (s�1)
D diffusion coefficient (m2 s�1)
E equivalent weight (kg kmol�1)
F Faraday constant (9.6487 � 107 C kmol�1)
h specific enthalpy (J kg�1)
i current density (A m�2)
i0 exchange current density (A m�2)
j mass flux (kg m�2 s�1)
J Leverett J-function
k thermal conductivity (Wm�1 K�1)
M molecular weight (kg kmol�1)
P pressure (Pa)
R gas constant (8.3143 � 103 J kmol�1 K�1)
s liquid water saturation
S source (units of field variable � kg m�3 s�1)
T temperature (K)
u velocity (m s�1)
V voltage (V)
y mass fraction

Greek symbols

a transfer coefficient
b concentration exponent
c surface tension (N m�1)
g overpotential (V)

h contact angle (rad.)
j permeability (m2)
k water content
l viscosity (kg m�1 s�1)
n active surface area per unit volume (m�1)
q density (kg m�3)
r electrical conductivity (S m�1)
s viscous stress (Pa)
/ electrical potential (V)
u volumetric fraction

Superscripts

eff effective
ref reference

Subscripts
a anodic
c cathodic
f fluid
i, j species indices
m membrane
n species number
oc open circuit
s solid
sat saturation
w liquid water
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The electric field potentials associated with electron and proton

conduction are given by

divðreff
s grad/sÞ þ Ss ¼ 0 ð7Þ

divðreff
m grad/mÞ þ Sm ¼ 0 ð8Þ

where the overall or net sources must be equal and opposite. In Eq.

(8) a fit to experimental data for Nafion� 117 conductivity [6] is

used:

reff
m ¼ u1:5

m e1268
1

303
�1
Tð Þ 0:5139k� 0:326; k > 1

0:1879; k 6 1

�

ð9Þ

Eq. (9) takes into account the effective conductivity in the cata-

lyst layers as a function of volumetric fraction and tortuosity using

the effective medium theory. Also, in the catalyst layers the water

content in the polymer electrolyte (concentration of water divided

by concentration of fixed negative charge sites) is related to the

activity of water in the adjacent pores using an experimentally de-

rived relationship [6] for Nafion� 117:

k ¼
0:043þ 17:81a� 39:85a2 þ 36a3; 0 6 a 6 1

14þ 1:4ða� 1Þ; 1 < a 6 3

(

ð10Þ

In Eq. (10) the activity is given in terms of the water vapor par-

tial pressure, saturation pressure and liquid water saturation by [7]

a ¼
PH2O

Psat

þ 2s ð11Þ

The mass flux of liquid water in the membrane due to electro-

osmotic drag and diffusion, is given by [6]

jm ¼
2:5

22

� �

MH2O

im
F
k�

qdry

Edry

MH2ODm gradk ð12Þ

In Eq. (12) a fit [8] to experimental data for Nafion� 117 [6] is

used for the diffusion coefficient:

Dm ¼ 10�10 � e2416
1

303
�1
Tð Þ �

1; k < 2

1þ 2ðk� 2Þ; 2 6 k 6 3

3� 1:167ðk� 3Þ; 3 < k < 4:5

1:25; kP 4:5

8

>

>

>

<

>

>

>

:

ð13Þ

The mass flux of liquid water in the gas channels and gas diffu-

sion and catalyst layers is given by

jw ¼ qwsu� qw

s3j
lw

d

ds

c cos h

ðj=uf Þ
1=2

J

" #

grads ð14Þ

The second term on the right-hand side of Eq. (14) is derived

from Darcy’s law and applies only to the porous gas diffusion

and catalyst layers. In general, gas and liquid water pressures differ

by the capillary pressure. However, changes in gas pressure are rel-

atively small in PEM fuel cells such that changes in liquid water

pressure are mainly due to changes in capillary pressure. Capillary

pressure is given in terms of the Leverett J-function [9], which is

only a function of liquid water saturation, by the expression in

the square brackets in Eq. (14). Also the permeability of the porous

media to liquid water is assumed to be given by s3j [5]. The effects

of liquid water in the gas channels are not considered here.

Instead it is assumed that water from the gas diffusion layers

which reaches the channels is simply transported out of the chan-

nels at the same velocity as the gases. Neglecting Darcy’s law in Eq.

(14) yields the resulting convective term for the gas channels. In

the PEM fuel cell model, changes in liquid water mass flux, jw,

are considered to be only due to water phase changes as given

by Eq. (17) below.

Reaction rates in the anode and cathode catalyst layers are pre-

scribed by the Butler–Volmer equations [10]:

Ss;a ¼ ni
ref
0;a

cH2

crefH2

 !ba

e�ac;agaF=RT � eaa;agaF=RT
� �

Ss;c ¼ ni
ref
0;c

cO2

crefO2

 !bc

e�ac;cgcF=RT � eaa;cgcF=RT
� �

ð15Þ

The overpotentials driving the electrochemical reactions in Eq.

(15) are related to potential differences between the solid and

polymer electrolyte phases in the anode catalyst layer by

ga = /s � /m and in the cathode catalyst layer by gc = /s � /m � Voc

[11]. The open circuit voltage is given in terms of the reversible po-

tential by the Nernst equation. However, the open circuit voltage

departs from its reversible value due to competing reactions which

set up a mixed potential and as a result, an experimental value [12]

is used instead.

The non-zero terms in Eqs. (1) and (4) for the electrochemical

reactions in the anode and cathode catalyst layers, are given by

SH2
¼

MH2

2F
Ss;a

SO2
¼ �

MO2

4F
Ss;c

SH2O ¼
MH2O

2F
Ss;c � Sw � div jm

ð16Þ

In Eq. (16), the jm term is due to water uptake/transport through

the membrane and the Sw term is due phase change in the diffusion

and catalyst layers [5,13]:

Sw ¼ Cmax ð1� sÞ
PH2O � Psat

RT
MH2O;�sqw

� �

ð17Þ

and the terms in parenthesis are due to condensation or evapora-

tion, respectively.

In order to obtain practical engineering solutions, the governing

system of coupled non-linear partial differential equations are con-

verted to systems of linear algebraic equations by means of well-

established finite-volume techniques [14]. A computer code may

then be readily employed to obtain numerical solutions for any gi-

ven fuel cell design. In this program of research, a version of the

FLUENTTM code [15] was modified for implementation of the model

equations, for the specific geometry detailed below.

3. Fuel cell prototype

The PEM fuel cell model is implemented and a model prototype

constructed for a full-scale fuel cell design, currently under devel-

opment. Fig. 1 shows a schematic of the design. On the anode side,

a multi-pass serpentine arrangement of twin gas channels with 46

bends (23 per side), width and height of 1.2796 � 10�3 m, and

Fig. 1. Schematic of fuel cell prototype considered in this study.
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lengths of 3.649 m, land widths 1.2736 � 10�3 m, provides fuel to

the cell. On the cathode there are 93 straight (i.e. single-pass) gas

channels with widths and heights of 3.656 � 10�4 m, lengths of

0.24 m and land widths between gas channels of 5.0 � 10�4 m.

Operating conditions for the PEM fuel cell implementation in-

clude constant mass flow rates at the anode and cathode gas chan-

nel inlets corresponding to a stoichiometric number of 3 at mean

current density of 1 A cm�2 (10,000 A m�2). Co-flow of hydrogen

and air at 100% relative humidity and temperatures of 70 �C are as-

sumed at the inlets. Back pressures of 3 atm (3.04 bar) are applied

at the gas channel outlets in both the anode and cathode.

The domain was tessellated with a grid consisting of nominally

eighteen million computational cells, which was used to perform

all the computations presented in this paper. This mesh was the

maximum size that could be handled with the available computing

equipment, namely a 32-node beowulf cluster with an aggregate

memory of 256 GByte. Further grid refinement studies could not

therefore be entertained on this equipment. In the cathode and

membrane electrode assembly regions, a structured hexahedral

mesh was employed, whereas on the anode-side an unstructured

mesh, fitted to the serpentine passage, was utilized. Fig. 2 shows

the meshes employed in the two regions. At the non-conformal

interface between the two sub-domains tri-linear interpolation

was employed to convert primitive variables and fluxes, as neces-

sary. Parameters associated with the CFD implementation of the

PEM fuel cell model are given fixed values at the stated operating

conditions from published results, which have been determined by

separate experimental measurements. Further values for the mod-

el parameters are provided in refs. [16,17]. Besides the operating

conditions and model parameters, properties of the PEM fuel cell

components are required. The other components in the fuel cell

are the (i) bipolar plates; made of SGL BBP4 carbon/phenolic com-

posite, (ii) Toray TGP-H-060 gas diffusion layers and (iii) Gore Pri-

mea� Series 5510 catalyst-coated composite membrane. Properties

of these components as supplied by the manufacturers [16,17]

were used in the performance calculations.

4. Analysis of results

Fig. 3 shows CFD results for water vapor concentration in the

anode catalyst layer at a current density of 1 A cm�2

(10,000 A m�2). The water vapor concentration in the anode de-

creases along the serpentine gas channels and under the bipolar

plates between the channels as can been seen from the pattern

in Fig. 3. The concentration also decreases from the gas channels

through the gas diffusion layer to the catalyst layer. These results

are due to electro-osmotic drag transporting water through the

membrane from the anode to the cathode. Also, the water vapor

concentration decreases with increasing current density since elec-

tro-osmotic drag increases with current density. In contrast,

although water is produced in the cathode and is transported by

electro-osmotic drag from the anode to the cathode, water vapor

concentration in the cathode is found to be relatively constant

since it is limited by the formation of liquid water to its fully sat-

urated value.

Fig. 4 is similar to Fig. 3, except that it shows hydrogen concen-

tration in the anode catalyst layer at a current density of 1 A cm�2

(10,000 A m�2). The decrease in water vapor concentration along

the serpentine gas channels and under the bipolar plates between

the channels, as shown in Fig. 3, causes a corresponding increase in

hydrogen concentration (as can been seen from the pattern in

Fig. 4). However, because the concentration of hydrogen is largeFig. 2. Details of non-conformal mesh.

Fig. 4. Hydrogen concentration in anode catalyst layer (kmol m�3).

Fig. 3. Water vapor concentration in anode catalyst layer (kmol m�3).

D.H. Schwarz, S.B. Beale / International Journal of Heat and Mass Transfer 52 (2009) 4074–4081 4077
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compared to that of water vapor, the relative increases in hydrogen

concentration are much smaller. Thus, even though electro-osmo-

tic drag increases with current density, causing larger decreases in

water vapor mole fraction and corresponding increases in hydro-

gen concentration, the changes in hydrogen concentration are rel-

atively small.

Fig. 5 shows oxygen concentration in the center cathode gas

channel and underlying parts of the gas diffusion and catalyst lay-

ers at a current density of 1 A cm�2 (10,000 A m�2) for slices sepa-

rated by equal lengths along the channel from near the inlet at the

lower left to near the outlet at the upper right. The results of Fig. 5

show that the concentration decreases from the gas channel

through the diffusion layer to the catalyst layer, and under the

bipolar plate because of the longer diffusion length scale, and to-

wards the gas channel outlet because of oxygen consumption. As

shown in Fig. 5, the minimum concentration varies significantly

from the concentration near the gas channel inlet. The minimum

is also found to decrease substantially with current density. Thus

the results show the expected decrease in oxygen concentration

associated with the transport resistances of air and liquid water,

which increase as the current density increases, causing large

transport limitations at high current densities.

Fig. 6 shows liquid water saturation in the cathode catalyst

layer at a current density of 1 A cm�2 (10,000 A m�2). As shown

in Fig. 6, the distribution of liquid water in the cathode depends

on production and water transport from the anode with saturation

increasing towards the gas channel outlets as more water is carried

away in the gas channels. The saturation also increases through the

gas diffusion layer from adjacent to the gas channels to adjacent to

the catalyst layer and under the bipolar plate. Flooding is found to

increase as current density increases, with liquid water saturation

restricting the mass transport of oxygen causing transport limita-

tions. Note that there is no liquid water in the anode because the

water vapor concentration shown in Fig. 3 is below the fully satu-

rated value.

Fig. 7 shows polymer electrolyte water content in the mem-

brane and anode and cathode catalyst layers along the horizontal

and vertical lines as shown in Fig. 3 at a current density of 1 A cm�2

(10,000 A m�2). The horizontal line in Fig. 3 is under the central

cathode gas channel and the vertical line is under the bipolar plate

between the two anode gas channels near the inlets and crosses

bends of the channels near the bottom and top. As shown in

Fig. 7(a) and (b), water content decreases from the cathode catalyst

layer through the membrane to the anode catalyst layer. Fig. 7(a)

also shows that water content decreases under the anode bipolar

plates and towards the gas channel outlet in the membrane and

Fig. 5. Oxygen concentration in cathode gas channel and gas diffusion and catalyst

layers (kmol m�3).

Fig. 6. Liquid water saturation in cathode catalyst layer.

Fig. 7. Water content in membrane and anode and cathode catalyst layers (a) under

the length of the central cathode gas channel and (b) perpendicular to the cathode

gas channels near the inlets.
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anode catalyst layer. In contrast, water content increases slightly

towards the gas channel outlet in the cathode catalyst layer due

to increasing liquid water saturation. Fig. 7(b) shows a correspond-

ing increase in water content under the anode gas channels in the

membrane and anode catalyst layer. The water content in the an-

ode catalyst layer and membrane decreases with current density

and, as indicated in Fig. 7, at a current density of 1 A cm�2

(10,000 A m�2) the anode catalyst layer and membrane are already

quite dry. The decrease in protonic conductivity due to drying of

the polymer electrolyte is substantial, causing large ohmic losses

in the anode catalyst layer and membrane.

Fig. 8 shows overpotential in the anode catalyst layer at a cur-

rent density of 1 A cm�2 (10,000 A m�2). The patterns in Fig. 8(a)

and (b) are similar to those seen in Fig. 3, which indicates that

the distribution of overpotential in the anode catalyst layer is

determined by the water vapor concentration. This is because

water vapor concentration determines polymer electrolyte water

content which in turn determines protonic conductivity. The oh-

mic losses due to low protonic conductivity in the anode catalyst

layer and membrane cause a decrease in local current density

and a corresponding decrease in overpotential. Fig. 8(a) and (b)

also show that overpotential is higher near to the membrane than

near the gas diffusion layer.

Fig. 9 shows local reaction rate in the anode catalyst layer at an

average current density of 1 A cm�2 (10,000 A m�2). The patterns

in Fig. 9(a) and (b) are similar to those seen in Fig. 8(a) and (b),

which indicates that the distribution of reaction rate in the anode

catalyst layer is determined by the overpotential. This is because

changes in hydrogen concentration are relatively small (as shown

in Fig. 4) so that changes in reaction rate are completely deter-

mined by the overpotential. Fig. 9(a) and (b) shows that reaction

rate is much higher adjacent to the membrane than to the gas

Fig. 8. Overpotential in anode catalyst layer adjacent to (a) membrane and (b) gas diffusion layer (V).

Fig. 9. Reaction rate in anode catalyst layer adjacent to (a) membrane and (b) gas diffusion layer (A m�3).

D.H. Schwarz, S.B. Beale / International Journal of Heat and Mass Transfer 52 (2009) 4074–4081 4079



Author's personal copy

diffusion layer. Reactions are concentrated near the anode gas

channel inlets, where the high water vapor concentrations yield

high polymer electrolyte water content and low ohmic losses.

Fig. 10 shows reaction rate in the cathode catalyst layer along

the horizontal and vertical lines shown in Fig. 1 at a current den-

sity of 1 A cm�2 (10,000 A m�2). As shown in Fig. 10(a), reaction

rate decreases under the anode bipolar plates due to low water

vapor concentrations yielding low polymer electrolyte water con-

tent and high ohmic losses. Reaction rate also decreases towards

the cathode gas channel outlet due to decreasing oxygen concen-

tration. Fig. 10(b) shows a corresponding increase in reaction rate

under the anode gas channels and also a decrease along the chan-

nel lengths. Fig. 10(a) and (b) shows that reactions are concen-

trated near the cathode gas channels inlets, where oxygen

concentration is high and near the anode gas channel inlets

where high polymer electrolyte water content yields low ohmic

losses. However, the cathode reactions are not as concentrated

as those in the anode.

Figs. 9 and 10 together show that reactions are concentrated

near the gas channel inlets where ohmic losses and transport lim-

itations are minimized. The variations in reactions are already

quite large at a current density of 1 A cm�2 (10,000 A m�2) and

the variations become even larger as current density increases.

Thus the results show that for the design of Fig. 1, performance

of the fuel cell is much lower than that which could be attained

if the ohmic losses and transport limitations throughout the cell

were the same as those near the gas channel inlets. Thus fuel cell

performance would be significantly increased by new designs

aimed at minimizing the ohmic losses and transport limitations

elsewhere in the fuel cell, not only at the gas inlets. This observa-

tion reinforces the utility of the role of mathematical modeling in

making the transition from small-scale fuel cells to industrial de-

signs where macroscopic (i.e. continuum) effects can significantly

degrade performance.

5. Conclusion

In this paper, results are presented for a three-dimensional,

multicomponent and multiphase model of a PEM fuel cell. The ef-

fects of ohmic losses and transport limitations are explored and the

CFD computations show that drying of the polymer electrolyte in

the anode catalyst layer and membrane causes the current density

in the anode catalyst layer to be concentrated near the anode gas

channel inlets. The CFD results also show that resistances to the

transport of oxygen by air and flooding cause the current density

in the cathode catalyst layer to be concentrated near the cathode

gas channel inlets. Thus ohmic losses and transport limitations

play an important role in determining current density distribu-

tions, which in turn are a measure of the effectiveness of the

PEM fuel cell design at attaining maximum performance. Therefore

the effects of ohmic losses and transport limitations on current

density distributions should be an important consideration in the

design of PEM fuel cells.
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