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bstract

Steady-state and three-dimensional simulations were carried out to study the influences of geometrical parameters on the performance of PEMFC
nder different hydrating conditions. Flow fields, species transport, transport of water in polymer membrane and movement of liquid water in
athode and anode porous layers were determined, in order to accomplish a complete estimation of ohmic and concentration losses of PEMFC
ower. The geometrical parameters were thickness of the polymer membrane, cathode catalyst layer as well as gas channel to rib width ratio.
very simulation was made under different relative humidities of inlet flows (50 and 100%) for every change of characteristic length. Results show

hat the influence of the geometrical parameters on ohmic and concentration losses is of considerable importance. The performance of PEMFC
s seriously affected under dehydrating conditions. However, such performance may be considerably improved by using suitable geometrical

arameters. Cathode and anode liquid saturation may not only affect the transport of species, but also the polymer electrolyte water content. These
esults show the importance of simultaneously calculating both the water absorption and desorption through the polymer electrolyte and the liquid
aturation in the cathode and anode porous mediums to obtain an actual view of ohmic and concentration losses of the PEMFC performance.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Modeling and numerical simulation of PEMFC should be
imed for simultaneously calculating the water transfer through
he polymer membrane and catalyst layers interface as well as
he liquid water saturation in porous mediums. PEMFC’s simu-
ations under different hydrating conditions become essential
hen numerically analyzing the water management. Estima-

ions of concentration and ohmic losses of power under different
onditions are important for the optimization of flow fields.
verall losses of power are highly dependant on the water

ransport and especially on the water content of the polymer
embrane, which may be affected by many conditions and para-
eters.

Many numerical models have been created to account for

ater management [1–13]. The Wang’s review [14] shows a
omplete description of the most important models published
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electrolyte; Saturation

p to now. Recently, Matamoros and Brüggemann [15] simul-
aneously calculated the water transport in polymer membrane
electro-osmotic drag, back diffusion and water interfacial trans-
er) and liquid saturation in the cathode porous mediums under
ifferent operational conditions. In this former work [15], the
uthors pointed out the importance of simulating both the poly-
er electrolyte water transport and the liquid water saturation

n order to determine the actual ohmic and concentration losses
ariations. The condensation of water may not only have an
nfluence on the concentration losses, but also on the ohmic
osses by affecting the fraction of water that may be transferred
o the polymer membrane. Hence, the water management sim-
lations should include both polymer membrane and two-phase
alculations, in order to provide insight into diverse phenomena
hat can take place when operating the PEMFC under different
onditions.

The objective of the present work is to analyze the influences

hat some geometrical parameters (thickness of polymer mem-
rane, cathode catalyst layer and gas channel to rib width ratio)
ay have on the water transport and as such on the performance

f a straight PEMFC under different hydrating conditions, in

mailto:luis.matamoros@uni-bayreuth.de
dx.doi.org/10.1016/j.jpowsour.2007.07.038
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Nomenclature

ALG/VL gas–liquid interfacial area (m−1)
Asuperf Pt area per Pt mass (m2 kg−1)
cp volumetric thermal capacity (J kg−1 K−1)
C molar concentration (kmol m−3)
CO2ref oxygen reference molar concentration

(kmol m−3)
CO2s oxygen molar concentration at the agglomerate

surface (kmol m−3)
CCL cathode catalyst layer
CCLT cathode catalyst layer thickness (m)
CGDLT cathode gas diffusion layer thickness (m)
D diffusivity (m2 s−1)
F Faraday constant
GCW gas channel width (m)
ioref reference exchange current density (A m−2)
Kp hydraulic permeability (m2)
mPt Pt mass per volume (kg m−3)
M molecular weight (kg kmol−1)
ṅGLH2O volumetric condensation rate (kg s−1 m−3)
N molar flux (kmol m−2 s−1)
NDrag electro-osmotic drag factor

(kmolH2O (kmolH+ )−1)
P pressure (Pa)
PM polymer membrane
PMT polymer membrane thickness (m)
r reaction rate (kmol s−1 m−3)
Ragg agglomerate ratio (m)
RH relative humidity
S saturation factor
Sφ source term
T temperature (K)
V velocity (m s−1)
x molar fraction
y mass fraction

Greek letters
αc transfer coefficient cathode side
δ thickness (m)
ε porosity
η cathode overpotential (V)
θ contact angle (rad)
λ water content (kmolH2O (kmolSO3

− )−1)
μ dynamic viscosity (kg m−1 s−1)
	 density (kg m−3)
σ surface tension (Nm−1)

Subscripts
agg agglomerate
c capillary
G gas
H+ proton
H2O water
i species i

im immobile

j species j

L liquid
m mixture
O2 oxygen
SO3

− sulfonate group

o
e

a
p
m
g
w
a
f
t
T
s
d
o
t
c
g
t
u
t
8
a
l
fl
o
t
a
d
p
c
t
l
C
t
m
c
p
c
t
t
t

c
u
g
f

V vapor

rder to analyze the diverse phenomena that may dominate
lectrochemical mechanisms in these systems.

The effects of the parameters, like gas channel and ribs width
s well as the porosity of the gas diffusion layers, on the PEMFC
erformance were recently studied in Refs. [12,13] using CFD
odeling. In these works [12,13], isothermal operation and sin-

le phase flow were assumed. The interfacial polymer membrane
ater content was evaluated in Refs. [12,13] by using Springer et

l. [16] equilibrium correlation at 30 ◦C. This means that the dif-
usion resistance in the non-equilibrium process of water transfer
hrough the polymer membrane interface was not considered.
he boundary condition at the polymer membrane interface
hould be modeled by diffusion in both mediums when using
ifferential modeling. Otherwise the water transfer in and out
f the polymer membrane cannot be established. It is impor-
ant to mention that the equilibrium polymer electrolyte water
ontent at higher temperatures than 30 ◦C should be estimated,
iven that the polymer electrolyte is dehydrated by increasing
he temperature. The data of Hinatsu et al. [17] at 80 ◦C can be
seful to achieve an estimation of the equilibrium water con-
ent of the polymer electrolyte at temperatures between 30 and
0 ◦C by linear interpolation. When assuming catalyst layers as
surface, ohmic losses in this region are considered as neg-

igible. It is important to model the resistance to the proton
ux exerted by the polymer electrolyte contained in the cath-
de catalyst layer, especially at dehydrating conditions, given
hat such process may affect the activation potential of the cat-
lyst, and so the sensitivity of the numerical modeling under
ifferent conditions may be different. As aforementioned, the
resent work aims for studying the effects of several geometri-
al parameters on PEMFC performance, giving special attention
o ohmic losses in the polymer membrane and cathode catalyst
ayer, which highly depend on the water movement in PEMFC.
onsequently, the phenomenon like the interfacial water transfer

hrough the polymer membrane boundaries, the change of poly-
er electrolyte water content at different temperatures, and the

hange of overpotential in the cathode catalyst layer should be
roperly accounted for. Therefore, the present work shows the
onsiderable sensitivity of this modeling under different condi-
ions which may be interesting when studying and understanding
he electrochemical and transport processes that may dominate
he power output of PEMFC using numerical tools.

Even though the concentration losses in the anode side are

onsidered insignificant in the present work, the liquid water sat-
ration in anode porous mediums is included in the simulations,
iven that this phenomenon may influence the water trans-
er through the polymer membrane and anode porous medium
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nterface. In other words, the presence of liquid water in the
node porous mediums affects the anode water balance. Conse-
uently a fraction of water may be either absorbed or desorbed by
he polymer membrane, another portion may be condensed and
he rest may be disposed by the gas flow in channel. Therefore
he overall ohmic losses may be affected by the anode condensa-
ion of water, which means that this phenomenon should be taken
nto account, even though the concentration losses in anode may
e considered as negligible.

. Fundamental equations and source terms

The model is three-dimensional and simultaneously calcu-
ates the variables of gas channels, catalyst layers and polymer

embrane in a straight PEMFC. As mentioned above, the liquid
ater saturation is not only estimated in the cathode but also in

he anode porous layer to improve the estimation of the poly-
er membrane water content field. Conservation balances and

ource terms are showed in Table 1.
Diffusion is assumed to be the primary mechanism of trans-

ort in the gas diffusion layers and catalyst layers while the
onvection is assumed as negligible. The pressure drop in gas
hannels (source term of momentum in gas channels) is esti-
ated using the Darcy friction factor, consequently the use of

oupled pressure–velocity equations was avoided. The source
erm of the continuity equation can be ignored [18].

Joule heating in polymer membrane, heat produced in cath-
de reaction and heat produced in condensation–evaporation
ntropy change are taken into account as source terms of energy
T . Joule heating ST1 in the membrane is calculated by using

he proton conductivity in Nafion kH+ and the proton flow. It
s important to mention that the energy balance in the polymer

embrane was calculated assuming the thermal conductivity
s 100 W m−1 K−1 [19]. Heat produced in the cathode reac-
ion is determined using the reaction heat of oxygen reduction

HrO2 and reaction rate, which basically consists of heat pro-
uced by the entropy change and cathode overpotential [20].
ondensation–evaporation entropy change in cathode porous
ediums is estimated using the latent heat of vaporization of

ater at local temperature HLG and the volumetric condensation

ate.
The electrochemical kinetic was determined by using the

gglomerate model [21–25]. The electrochemical reaction rate
t
r

able 1
onservation balances and source terms

alance Differential expression

omentum V · ∇	V = −∇P + ∇μ∇V + S

nergy V · ∇	cpT = −∇k∇T + ST

pecies V · ∇	yi = −∇Di,m∇	yi + Si

ontinuity ∇	V = Sm

olymer membrane ∇Dλ∇λ = MSO3
−

	SO3
−

dNDragNH+
dx

aturation in porous mediums ∇ 	H2O(L)KpS3

μH2O(L)

(
dPc
dS

)
∇S = Ss
Power Sources 172 (2007) 253–264 255

btained from the agglomerate model is considered as source
erm of species Si in catalyst layers. The stoichiometrical factor
f every species is derived from the well-known mechanism of
eaction in PEM fuel cells. The agglomerate model states that
he catalyst layer is a porous medium composed by platinum
nd carbon particles mixed together with polymer electrolyte.
his mixture is defined as spherical agglomerates, which have
oid spaces between them. In this work, the polymer electrolyte
s assumed as Nafion, the water is assumed to be produced in
as phase and condensation could take place in this medium.
he anode reaction is assumed to be dominated by the cath-
de reaction kinetic, and so the reaction rate is finally expressed
s

H+ = 3DaggCO2s(1 − ε)

R2
agg

(θRagg coth θRagg − 1) (1)

he Thiele modulus (θRagg) can be defined as follows:

Ragg =
√

mv
PtAsuperfioref

FDaggCO2ref
Ragg exp

(
−αcFη

2RT

)
(2)

he Henry constant for the dissolution of oxygen in water is
sed to calculate the concentration at agglomerate surface [26]:

O2s = xO2

P

101325
exp

(
666

T
− 14.1

)
(3)

he reference exchange current density (ioref) is calculated by
he correlation presented by Wang et al. [25] made from the
xperimental data [27]:

og(ioref) = 7.507 − 4001

T
(4)

he diffusivity of oxygen in Nafion Dagg is calculated from the
orrelation presented by Marr and Li [23], which is made from
xperimental data [27]:

agg =
[
−1.07 × 10−5 + 9.02 × 10−6 exp

(
T − 273

106.7

)]
ε1.5
(5)

It is important to mention that the parameter mv
Pt represents

he volumetric cathode catalyst loading which consists of the
elation between the cathode catalyst loading per area and the

Source terms

V SV = 0

ST1 = (NH+ F )2

kH+ ; ST2 = �HrO2 rO2 ; ST3 = HLGṅGLH2O

Si = Miri; SH2O = ṅGLH2O

Sm = 0

Sλ = 0

Ss = ṅGLH2O
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athode catalyst layer thickness as follows:

v
Pt = mPt

δCCL
(6)

he product of mv
PtAsuperf yields the volumetric platinum area,

hich is coupled with the reference exchange current density on
latinum surface ioref to define the current output of the cell with-
ut considering the concentration and ohmic losses. The cathode
atalyst loading value of mPt = 1.0 mg Pt cm−2 was arbitrar-
ly chosen as base case, and its performance depends on the
urface area value (Asuperf = 250 cm2 Pt mg−1 Pt), which was
lso arbitrarily chosen in the range of 110–1400 cm2 Pt mg−1 Pt
ccording to Marr and Li data [23]. Therefore, the performance
f present PEMFC directly depends on these factors that numer-
cally yield moderate and high current densities under diverse
onditions.

To account for the voltage losses induced by the Nafion resis-
ance to the transport of protons to active sites, a 1D-expression
f Ohm’s law is defined to estimate the increase of cathode
verpotential in the cathode catalyst layer:

H+ [(1 − ε)εagg]1.5 δη

δx
= NH+F (7)

here kH+ [�−1 m−1] is the proton conductivity in Nafion
xpressed as [16]:

H+ = (0.5139λ − 0.3260) exp

[
1268

(
1

303
− 1

T

)]
(8)

Two-phase flow in the cathode porous medium (gas diffu-
ion layer and catalyst layer) is assumed as separated phases.
erning and Djilali [6] proposed a liquid water velocity field
onsidering both convection and capillary forces. In this work
he liquid is assumed to flow individually driven by capillary
ressure gradients, produced by gradients of liquid saturation
nd surface tension [4,7], consequently the convection is con-
idered as negligible in porous mediums. The capillary pressure
s semi-empirically calculated by means of the Leverett function
(S) for hydrophobic unsaturated porous mediums [7,10]:

c = σ cos θ(
Kp/ε

)1/2 J(S) (9)

he Leverett function J(S) for hydrophobic porous mediums is
xpressed as

(S) = 1.417S − 2.120S2 + 1.263S3 (10)

here the reduced saturation factor S is as follows:

= s − sim

1 − sim
(11)

elow the saturation value sim (immobile saturation), the water
s assumed to be a discontinuous flow pattern, and as such the
apillary flow can be assumed as negligible. At the gas channel,

he liquid water is disposed either by high convective air flow or
y evaporation. Then, the reduced saturation factor is assumed
o be zero at the gas channel and gas diffusion layer interface
7].

D

Power Sources 172 (2007) 253–264

In order to calculate the water change of phase to establish
he saturation factor in porous medium, the condensation kinetic
heory is used to determine the volumetric condensation rate
˙GLH2O which is expressed as

˙GLH2O = KGLMH2O
ALG

VL

PH2O(G) − PSat
H2O

RT
(12)

he factor KGL consists of diffusion terms for the condensation
rocess [7]. The evaporation was assumed to be the inverse of the
ondensation process. The gas–liquid interfacial area ALG/VL
as arbitrarily assumed as constant. It is important to mention

hat the condensation and evaporation process in porous medi-
ms is considered as additional source term for water gas balance
Table 1: species balance).

To calculate fuel cell potential, the cathode overpotential and
olymer membrane voltage loss are subtracted from the equilib-
ium potential. The voltage loss produced by bipolar plates and
ontact resistance between gas channel ribs and gas diffusion
ayers was assumed as negligible:

= 1.23 − 9 × 10−4(T − 298) + 2.3RT

4F
log(P2

H2
PO2 )

−η − i

kH+
(13)

.1. Transport properties

Gases are assumed as ideal. Dynamic viscosity is determined
sing the kinetic theory of gases.

In order to consider the influence of porous medium on the
onductive transport, the following correction factors were used
or catalyst layers and gas diffusion layers, respectively [28]:

(ε) = ε1.5 (14)

(ε) = ε

(
ε − εβ

1 − εβ

)α

(15)

he factor εβ is considered as 0.11 and α is 0.527 for in-plane
iffusion and 0.785 for cross-plane diffusion [7].

Thermal conductivities are expressed as an average between
onductivities of phases involved in each infinitesimal element
f the system:

= kSf (1 − ε) + kGf (ε)(1 − s) + kLf (ε)s (16)

Volumetric thermal capacity is also regarded as an average
etween phases. Consequently, thermal equilibrium between
hases is assumed:

p = cpS(1 − ε) + cpGε(1 − s) + cpLεs (17)

Mixture diffusivity was approximated by the mixture rule
29]:

n∑
xiMi
i,m = i=1,i�=j

n∑
i=1

xiMi

n∑
i=1,i�=j

xi/Di,j

(18)
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cathode overpotential is used as controlling input variable, given
that both cell potential and current density mainly depend on the
concentration and ohmic losses fields in the polymer membrane
and cathode catalyst layer. Therefore, their averages and fields

Table 2
Geometrical and electrochemical parameters

Description Value

Channel height (m) 0.0004
Channel width (m) 0.001
Channel length (m) 0.10
Channel rib (m) 0.0002
Gas diffusion layer thickness (m) 0.0001
Gas diffusion layer porosity 0.5
Catalyst layer thickness (m) 0.00001
Catalyst layer porosity 0.4
Polymer membrane thickness (m) 0.0001
Pt loading (mg Pt cm−2) 1
Pt surface area (cm2 Pt g−1 Pt) 250,000
Agglomerate porosity 0.2
Agglomerate radii (cm) 0.00001
Inlet cathode volumetric flow (m3 s−1) 0.000001
Inlet anode volumetric flow (m3 s−1) 0.0000005
L. Matamoros, D. Brüggemann / Jour

inary diffusivities were calculated using the following corre-
ation for gases at low density [29]:

PDi,j

(PciPcj)1/3(TciTcj)5/12((1/Mi) + (1/Mj))1/2

= a

(
T√

TciTcj

)b

(19)

n this equation, a and b are constants. If the mixture diffusivity
s calculated for a porous medium, Eqs. (14) and (15) are used
o account for the effect of porosity and tortuosity of the catalyst
ayer and gas diffusion layer, respectively. The effect of liquid
ater saturation is accounted for by using a normalized function
(s) = (1 − s)1.5. Therefore, the final form of the diffusivity is

i,m-corrected = Di,mf (ε)f (s) (20)

For the polymer electrolyte, the electro-osmotic drag coeffi-
ient NDrag was calculated at 30 and 80 ◦C using the empirical
ata for Nafion from Springer et al. [16] and Neubrand [30],
espectively. Concerning the diffusion coefficient of water in
he polymer electrolyte, the following approach was made from
he data of Zawodzinski et al. [31] (30 ◦C) and Neubrand [30]
80 ◦C) to determine the value of this property:

λ = 1.5 × 10−7λ e−2436/T (21)

.2. Boundary conditions

In order to determine the interfacial water transfer between
he cathode and anode porous mediums and the polymer mem-
rane, the difference between the bulk concentrations of water
n each phase and the equilibrium concentrations of water at the
nterface was used as driving force of absorption and desorption
f water by the polymer electrolyte. The convective mass trans-
er is neglected, and so the water exchange is expressed in terms
f the molar fraction of each phase (Yi and Xi) and the mixture
iffusivity of species i by each phase (Di,m1 and Di,m2):

1Di,m1
Xi − X∗

i

M1�x1
= 	2Di,m2

Y∗
i − Yi

M2�x2
(22)

The equilibrium data from Springer et al. [16] at 30 ◦C and
rom Hinatsu et al. [17] at 80 ◦C were used to complete this
nterfacial mass transfer model by relating the molar fraction of
ater of each phase at the interface (Y∗

i and X∗
i ). The interfacial

olymer membrane water content at different temperatures is
alculated by linear interpolation. The water uptake from vapor
hase is likely to mostly hydrate the polymer membrane [31],
iven that the catalyst layer and gas diffusion layer must be
lmost flooded to account for a significant liquid water uptake.

Considering that ohmic losses are also calculated in the cath-
de catalyst layer, the water content of the polymer electrolyte
ontained in this region is assumed to be uniform and equal to

he calculated interfacial water content of polymer membrane.
ence, the water content balance (Table 1) is only used in poly-
er membrane. Using a model for the absorption and desorption

f water in the catalyst layer would be highly difficult, given

I
I
I
I

Power Sources 172 (2007) 253–264 257

he complexity of the porous structure of this region. There-
ore, the water transfer in and out of the polymer electrolyte is
ssumed to take place only at the polymer membrane–catalyst
ayer interface which is considered as a plane.

. Results and discussion

As mentioned above, the concentration and ohmic losses may
ither highly or slightly depend on the geometrical parameters
f PEMFC. The geometrical parameters can be of high impor-
ance when simulating such systems, consequently their effects
hould not be taken for granted when either analyzing the water
anagement or validating data. Values of thickness of polymer
embrane, cathode catalyst layer and gas channel to rib width

atio were varied between low and high magnitudes under dif-
erent humidifying conditions (50 and 100%). The effect of gas
iffusion layers permeability is also simulated in order to analyze
he behavior of concentration losses caused by liquid satura-
ion when using gas diffusion layers with different properties.
esults are mostly presented as transversal averages along the
as channel, given that two- and three-dimensional displays are
ot practical to make comparisons. Power density distributions
epresent the product of current density and cell potential distri-
utions. It is important to mention that the local ohmic losses in
he polymer membrane and the overpotential are used to estimate
he cell potential distribution. Results are also showed as polar-
zation curves, in order to enhance the presentation of power and
urrent density distributions.

Table 2 summarizes the base geometrical and electrochemi-
al parameters arbitrarily used in this work. Both cell potential
nd current density were output variables in simulations. The
nlet cathode flow temperature (K) 353.0
nlet anode flow temperature (K) 353.0
nlet cathode flow pressure (Pa) 300,000.0
nlet anode flow pressure (Pa) 300,000.0
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ig. 1. (A) Average along-channel power density and (B) voltage loss in pol
umidities.

re known at end of every simulation. The base value of cath-
de overpotential at the interface cathode catalyst layer–polymer
embrane was kept constant at 0.760 V (when calculating distri-

utions of power and current densities) using the electrochemical
arameters arbitrarily chosen in this work. This value repre-
ents the reaction resistances in the cathode electrode without
onsidering the concentration and ohmic losses [20] (mainly a
roperty of platinum and external circuit resistances). Therefore,
athode overpotential is assumed constant at 0.760 V for every
ase (except for the polarization curves), in order to obtain high
umerical PEMFC output. Such input data configuration was
onsidered suitable to achieve objectives of the present work.
therwise, a trial-and-error procedure would be necessary to

chieve results at constant either current density or cell poten-
ial which would not be practical when considering both cell
otential and current density as output fields. Inlet flows, pres-
ures and temperatures were kept constant. The cathode inlet
ow is three times higher than the necessary flow to produce
.0 A cm−2. Hence, the concentration losses by oxygen deple-
ion are considerably reduced. Each geometrical parameter was
aried at constant inlet relative humidity. Afterwards, the same
rocedure is repeated but using a different inlet relative humid-
ty. Values of inlet relative humidity were 50 and 100%. Even
hough the stoichiometry may vary for different inlet relative
umidities, its change is assumed as negligible in most of the
ases given the excess of reactants.

.1. Variation of polymer membrane thickness

Polymer membrane thickness is an important parameter to
tudy, due to its influence on the ohmic losses by proton flux
esistance from anode to cathode. The proton conductivity may
e highly affected by the water content of polymer membrane,
nd as such ohmic losses in this region depend not only on the
roton flux and length of resistance, but also on the interfacial
ater transfer through the polymer membrane during operation.

s well the thickness of polymer membrane is an important

ength in the process of hydration, given that it proportionally
efines the amount of water to be transferred to increase the
ater content, consequently its magnitude may have a nonlinear

fi
r
p
m

membrane for different polymer membrane thickness and inlet flow relative

nfluence on ohmic losses and as such on the performance of
EMFC.

Fig. 1 shows averages of the along-channel power density
nd ohmic losses in the polymer membrane for different PMT
sing 50 and 100% of RH in both cathode and anode inlet flows.
t can be observed in Fig. 1(A) the influence of RH of inlet
ows on power density. The magnitudes of power density are

ower at 50% RH in comparison to the 100% RH values; given
hat ohmic losses in CCL and PM considerably increase for
ower RH as shown in Fig. 1(B). The PEMFC power density
mproves for thinner membranes, given that the ohmic losses in
M are considerably decreased (Fig. 1(B)) for both RH cases.
he ohmic losses at 50% RH seem to be uniform along the gas
hannel, on account of the compensation between the gradual
umidification of polymer membrane and the increase of cur-
ent density along the gas channel. This increase of current and
ower density is produced by the decrease of ohmic losses in
CL and PM as a result of the humidification of the polymer
lectrolyte. Under fully humidifying conditions, the lack of oxy-
en depletion causes uniform polymer membrane voltage loss
long the gas channel. In conclusion, it can be seen in Fig. 1
hat the ohmic losses can be considerably reduced when using

embranes thinner than 50 �m for both 50 and 100% RH.
Fig. 2 shows the polarization curves for different polymer

embrane thickness at 50 and 100% RH, in order to improve
he former observations. The ohmic losses seem to be consid-
rably diminished at 50% when using thin polymer membrane
e.g. 25 and 50 �m). The differences between 100% RH (fully
umidifying conditions) and 50% (dehydrating condition) are
ot dramatical when using such thin membranes. Therefore,
uitable operation can be achieved under such conditions. These
esults show the importance of numerically taking into account
very effect that may influence the water transport, in order to
etermine the actual ohmic and concentration losses and reliably
redict the actual PEMFC behaviors.

Fig. 3 shows 100 �m thick polymer membrane water content

elds (base case) at different inlet flow RH (50 and 100% RH,
espectively) to provide insight into water distributions in the
olymer membrane. It can be seen in Fig. 3(A) that the poly-
er membrane is considerably dried at the entrance of the gas
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it can be seen in Fig. 4(A), the water content considerably dimin-
ig. 2. Cell voltage vs. average current density for different polymer membrane
hickness and inlet flow relative humidities.

hannel when operating at 50% RH. The ohmic losses reduce
he cathode reaction rate and so the water production is not high
nough to effectively increase the along-channel water content
approximately from 4 to 7). At 100% RH (Fig. 3(B)), the water
ontent is almost uniform along the gas channel. Even though
he water fraction increases along the gas channel, the water
ontent tends to be slightly higher at the entrance as product
f the higher cathode reaction rate in this area. This behavior
eans that most of the water is more likely to be disposed by

he gas and liquid phase than to be transferred to the polymer
lectrolyte under fully humidifying conditions. Therefore the
olymer membrane water content may be almost uniform along
he gas channel under fully humidifying conditions as a result
f the water saturation in the control volume (activity 1). The
lectro-osmotic drag tends to dry the anode side of PM espe-

ially at 50% RH. However, fully humidifying conditions in the
node inlet flow (in case B) and the back diffusion contribute to
eep water content of PM in anode side.

i
d
c

Fig. 3. Polymer membrane water content field [kmolH2O (kmolSO3
− )−1] a
ig. 4. Polymer membrane water content [kmolH2O (kmolSO3
− )−1] at 50% RH

A) PMT = 200 �m and (B) PMT = 50 �m.

Back diffusion is an important factor that may be affected
y the polymer membrane thickness. Hence, the polymer mem-
rane thickness is a parameter that may nonlinearly affect the
erformance of PEMFC. Fig. 4 shows two contours of water
ontent along the gas channel at 50% RH, in order to provide
nsights to this factor for PMT (A) 200 �m and (B) 50 �m. Aver-
ge current density is 0.8 A cm−2 for both Fig. 4(A) and (B). As
shes from cathode to anode as a product of the electro-osmotic
rag and the long path for diffusion of water molecules from
athode to anode side. This effect is considerably decreased for

t different inlet flow relative humidities A (50%) and B (100% RH).
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hinner membranes, given that back diffusion becomes impor-
ant in comparison to the electro-osmotic drag, as a product of the
horter path from cathode to anode side (Fig. 4(B)). Fig. 4 shows
he high negative effect of the polymer membrane thickness over
ack diffusion and as such over ohmic losses in PEMFC.

.2. Variation of cathode catalyst layer thickness

Catalyst layer thickness defines the length for the proton
ransport through the polymer electrolyte to active sites in the
athode. Ohmic losses in this region depend directly on this
arameter. Dehydrating conditions may affect the cathode reac-
ion rate for diverse CCLT. For these reasons the catalyst layer
hickness is varied maintaining the catalyst loading per area
1.0 mg Pt cm−2) constant under different humidifying condi-
ions. Even though, the change of catalyst layer thickness causes
variation of catalyst concentration, the total mass of catalysator

n the system remains constant.
Fig. 5 shows averages of the along-channel current density

or different CCLT using 50 and 100% of RH in both cathode
nd anode inlet flows. As shown in Fig. 5, ohmic losses in CCL
onsiderably decreases for thinner CCLT. Thinner catalyst layers
nhance cathode reaction rate diminishing resistance to transport
f proton to reactive sites. Therefore, thin CCLT favors higher
urrent densities, consequently the performance of PEMFC is
ncreased. This enhancement is more important at dehydrating
onditions (50% RH). As it can also be seen in Fig. 5, current
ensity is considerably improved for the two thinnest CCL at
0% RH, given that current density distributions are consider-
bly similar at 50 and 100% RH. Hence, ohmic losses in CCL

ould be considered insignificant for these values. It is important
o mention that the slight difference of current density observed
or the thinnest CCL is a product of the increase of stoichiometry
aused by higher oxygen concentration at 50% RH. However,

ig. 5. Average along-channel current density for different cathode catalyst layer
hickness and inlet flow relative humidities.
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ig. 6. Cell voltage vs. average current density for different cathode catalyst
ayer thickness and inlet flow relative humidities.

his observation do not change the fact that ohmic losses are
ather small for thinner CCL than 6.25 �m.

Polarization curves were built to show the whole performance
f PEMFC (ohmic losses in CCL and PM) for different CCLT at
0 and 100% RH (Fig. 6) and to complete the former observa-
ions. As shown in Fig. 6, ohmic losses in CCL are considerably
educed when using thinner electrodes (less than 6.25 �m) at
ifferent RH which is in agreement with former observations
Fig. 5). Given that the polarization curves of the two thinnest
CL almost overlap for both RH, it can be concluded that ohmic

osses in CCL may be considered as negligible for these val-
es. Therefore, the difference of performance observed in Fig. 6
t different RH is mostly caused by ohmic losses in polymer
embrane (base case: 100 �m).
These results show the importance of including CCLT in sim-

lation of PEMFC, even at 100% RH. CCL should be considered
s an active volume and not as an active surface, in order to
ccount for ohmic losses caused by polymer contained in this
egion. Considering CCL as a volume would enhance analyzes
oncerning PEMFC optimization.

.3. Variation of gas diffusion layer permeability

Gas diffusion layer permeability is an important parameter
hat may considerably affect PEMFC performance under fully
umidifying conditions. In case the gas diffusion layer perme-
bility is small, water saturation may considerably increase and
o power density may be affected by concentration losses caused
y resistance to reactant transport to active sites. In numeri-
al terms, this factor dominates the magnitude of saturation by

ontrolling the capillary flow to be disposed to the gas channels.

Fig. 7 (A) and (B) shows the effect of gas diffusion layer
ermeability on power density (polarizations) and water satu-
ation, respectively. The performance of PEMFC considerably
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gas diffusion layer, gas channel width may play a more impor-
tant role. As seen in former section, liquid saturation is likely
to be highly governed by parameters like the permeability of
gas diffusion layer. Liquid saturation is also dominated by the
Fig. 7. (A) Cell voltage and average current density and (

ecreases when permeability is low (Fig. 7(A)), given the consid-
rable increase of concentration losses produced by the liquid
aturation (Fig. 7(B)). The porosity of gas diffusion layer is
ept constant, consequently the behavior observed in Fig. 7
s only caused by changes of the tortuosity of the path for
isposal of liquid water. The power density tends to be con-
tant for permeabilities higher than 2.5e−15 m2 under high
urrent densities, which means that the saturation is consider-
bly controlled over this value (less than 0.2). These results
how how the PEMFC performance may be affected by the
iquid saturation and the importance of two-phase flow simu-
ation to reduce the concentration losses caused by the water
ondensation.

.4. Variation of cathode gas channel width

Gas channel width represents a characteristic length perpen-
icular to former lengths. The relation between gas channel and
ib width may be of importance, given that the reactants flow
hrough the gas channel and electrons flow through the ribs.
herefore, both lengths are highly important to be considered
hen analyzing the concentration and ohmic losses. However,

he resistance to electron transport through ribs is assumed as
egligible in this work.

Gas channel to rib width ratio is varied from 5.0 to 1.0, in order
o analyze the behavior of the concentration losses under these
onditions. As shown in Fig. 8, the polarization curves overlap
or 50% RH. Hence, the effect of GCW is rather small at 50%
H, provided that the ohmic losses dominate over concentra-

ion losses induced by narrow gas channel, and so the oxygen
iffusion accomplishes to supply the reactant demand under
uch low cathode reaction rates. Oxygen diffusion is also more
ffective, given the higher oxygen concentration at dehydrat-
ng conditions. The concentration losses at 100% RH increase
n comparison to ohmic losses. The increment of humidifying
onditions decreases the negative effect of polymer electrolyte
roton resistance and as such the cathode reaction rate is favored.
nder these conditions, the intensity of reaction is higher and as
uch is the demand of reactants. To satisfy this demand, the reac-
ant transport must be effective, but the characteristics length like
hannel width may exert control over the mass transfer. For these
easons the polarizations show slight differences for diverse

F
a

ter saturation assuming different cathode permeabilities.

CW at 100% RH where the wider gas channels tend to enhance
he performance of PEMFC by increasing the area for diffusion
f species. As seen in Fig. 8, effect of gas channel width may
nly be important at high current densities under fully humidify-
ng conditions, given the importance of diffusional control under
hese conditions. Otherwise, the effect of this parameter can be
gnored.

Liquid saturation may not play an important role in these for-
er observations. Fig. 9 shows along-channel distributions of
ater saturation for different GCW at 100% RH. As it can be

een in Fig. 9, wider channels tend to diminish the saturation
n porous mediums, which is a result of major elimination of
iquid water by capillary flow. However, the change of water
aturation for different GCW may be considered as negligible
hen analyzing the effect of the gas channel width on PEMFC
erformance. Under conditions favoring liquid accumulation in
ig. 8. Average along-channel current density for different gas channel width
nd inlet flow relative humidities.
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ig. 9. Average along-channel water saturation for different gas channel width.

ydrophobicity of the gas diffusion medium, which is assumed
ptimal in this work (θ � 110).

.5. Effect of ohmic losses on temperature and saturation
istributions

Temperature distributions are mostly affected by distribu-
ions of ohmic losses in PEMFC. If ohmic losses were low
nd almost uniform along the gas channel, the system could
e assumed as isothermal. As seen before, ohmic losses play
n important role for thick polymer membranes, whose effect is
onsiderably decreased when using thinner membranes. Given
hat the optimal configuration of geometrical parameters con-

iderably reduces the overall ohmic losses even at high current
ensities and dehydrating conditions, isothermal operation may
e assumed in most cases. Temperature distribution may play
n important role in a system with serious ohmic losses (e.g.

d
(
u
o

ig. 10. Through-plane and along-channel distributions of temperature and liquid s
umidifying conditions (100% RH).
Power Sources 172 (2007) 253–264

hick membranes greater than 50 �m). Fig. 10 shows tempera-
ure and saturation contours for two different polymer membrane
hickness ((A and B) 200 �m and (C and D) 50 �m, respec-
ively) when operating at 100% RH, in order to determine the
mportance of temperature distributions caused by ohmic losses
nder fully humidifying conditions. The heat is mostly pro-
uced by the overpotential at cathode catalyst layer and the
oule heating in the polymer membrane. Therefore, the temper-
ture in gas diffusion layer is likely to show the same tendency
s the local current density. In this case temperature distribu-
ions are almost uniform as a result of the high convection at
as channel–gas diffusion layer interface and low ohmic losses
nder fully humidifying conditions (Fig. 10). However, the effect
f Joule heating in polymer membrane on temperature and sat-
ration distribution can be observed in Fig. 10. Temperature
ncreases for thicker membranes as a product of higher Joule
eating and diminishes along the gas channel due to the gradual
eduction of cathode reaction rate (Fig. 10(A)). In direction from
olymer membrane to gas channel, the temperature is almost
niform due to the small path to dispose the excess of heat to
he gas channel flow. Due to the small residence time of the
as flow, the gas channel temperature may considered uniform,
nd so the temperature in the along-channel direction shows the
ecreasing tendency observed in Fig. 10(A). Water saturation
asically depends on water activity and temperature. At the gas
hannel entrance where temperature is higher, water saturation
hows an increasing tendency related to the water production
n cathode and decrease of temperature along the gas channel
Fig. 10(B)). However, the water saturation reaches a maximum
nd starts diminishing as a result of the lack of water produc-
ion. As shown in Fig. 10(C) and (D), the temperature is almost
niform along the gas channel (Fig. 10(C)) and only a slight

ecrease of water saturation along the gas channel is observed
Fig. 10(D)). As seen in Fig. 10(B) and (D), cathode water sat-
ration is highly dominated by capillary flow and values do not
vercome the magnitude of 0.2, given the high permeability of

aturation (A and B) PMT = 200 �m and (C and D) PMT = 50 �m under fully
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ase case (1e−13 m2). Behavior of temperature distributions
t 50% RH is assumed to be similar to the case of 100% RH,
xcept for the case of thick membranes where ohmic losses are of
onsiderable importance, especially at dehydrating conditions.
iven that ohmic losses are considerably reduced when using

hin membranes and cathode electrodes (Figs. 1 and 2), tem-
erature distributions at different hydrating conditions (50 and
00% RH) are assumed to be similar for systems with low ohmic
osses.

.6. Comparison to experimental data

Data validation is an important aspect of every work con-
erning numerical simulation. Therefore comparisons between
xperimental and numerical distributions become of high impor-
ance not only to confirm the suitability of the numerical data,
ut also to improve the understanding of different important phe-
omenon that may take place in the control volume. Up to now,
ome experimental setup [32–36] have been developed to get
pproaches of current density distributions in PEMFC, which
re important advances, given that the polarization curves may
e misleading for data validation [14]. In this work, some of data
f Mench et al. [37] is used to show the suitability of this model
o study the behaviors of PEMFC (Fig. 11) over a wide range of
urrent densities. The numerical input data was adjusted to the
xperimental conditions of Ref. [37] in order to achieve a reli-
ble validation. Results show that the numerical current density
istributions show a reasonable increase when lowering the cell
otential and working under mass transport limitations (oxygen

epletion). This behavior is in agreement with the experimental
ata presented in Ref. [37], consequently this modeling proves to
e sensitive to different factors that may govern the performance
f PEMFC.

ig. 11. Comparison between numerical and experimental [37] current density
istributions.
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. Conclusions

Results showed that geometrical parameters may have an
mportant influence on PEMFC performance under conditions
rbitrarily chosen in this work. This work also showed the
mportance of simultaneously calculating water absorption and
esorption by polymer electrolyte and water saturation, in order
o establish actual ohmic and concentration losses under differ-
nt hydrating conditions.

Polymer membrane may cause serious ohmic losses if thick-
ess is high. Use of thin polymer membrane considerably
nhances PEMFC power by reducing ohmic losses, especially
nder dehydrating conditions.

PEMFC power may be improved by using thin cathode
atalyst layers. Proton resistance to active sites is small; conse-
uently cathode reaction rate is not affected by activation losses.
ot only ohmic losses may be enhanced but also concentration

osses. Concentration of platinum particles becomes higher, and
o reactants transfer control may be reduced. Therefore cathode
atalyst layer thickness plays an important role when optimizing
lectrochemical parameters.

Permeability of the gas diffusion layer is an important factor
o control the liquid saturation. In numerical terms, high per-

eabilities (greater than 1e−15 m2) could enhance disposal of
iquid water in the gas diffusion layer, keeping the saturation in
orous mediums controlled (less than 0.2).

Wide gas channels yield lower concentration losses under
ully humidifying conditions, and as such better performance is
chieved under these conditions at high current densities. How-
ver, ribs width should be wide enough to avoid ohmic losses
y electron transport from anode to cathode.

Temperature gradients could be important when current den-
ity causes high ohmic losses. Otherwise, the system could be
reated as isothermal under the electrochemical and geometrical
onditions of this work.

Effect of the humidity over PEMFC power density could
e considerably diminished if using the optimal geometrical
arameters to minimize ohmic and concentration losses. Oper-
tion at 50% RH showed to be satisfactory when using polymer
embranes thinner than 50 �m. In the case of catalyst layers,
EMFC performance is likely to become independent of this fac-

or if using a thickness thinner than 6.25 �m even at dehydrating
onditions like 50% RH.
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