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bstract

In this paper, we present a comprehensive non-isothermal, one-dimensional model of the cathode side of a Polymer Electrolyte Fuel Cell. We
xplicitly include the catalyst layer, gas diffusion layer and the membrane. The catalyst layer and gas diffusion layer are characterized by several
easurable microstructural parameters. We model all three phases of water, with a view to capturing the effect that each has on the performance of

he cell. A comparison with experiment is presented, demonstrating excellent agreement, particularly with regard to the effects of water activity in
he channels and how it impacts flooding and membrane hydration. We present several results pertaining to the effects of water on the current density
or cell voltage), demonstrating the role of micro-structure, liquid water removal from the channel, water activity, membrane and gas diffusion layer
hickness and channel temperature. These results provide an indication of the changes that are required to achieve optimal performance through

mproved water management and MEA-component design. Moreover, with its level of detail, the model we develop forms an excellent basis for a

ulti-dimensional model of the entire membrane electrode assembly.
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. Introduction

The fuel cell, in its various forms, is a promising alternative to
he use of hydrocarbon fuels for energy production, motivated
argely by concern for the environment. The proton exchange

embrane fuel cell (PEMFC) receives a great deal of attention,
articularly because it attains a relatively high power density and
lectrical efficiency. Before the benefits of this technology can be
ealized, several important practical issues need to be resolved,
ith the overarching aims of reducing the manufacturing cost

nd improving the performance and durability. A key concern,
hich we address in this paper, is the management of water in

ts various phases.
The heart of a single PEMFC is composed of a proton con-
ucting membrane sandwiched between an anode and cathode.
he anode and cathode are thin sheets of porous graphite paper,
nto which a catalyst layer, composed roughly of carbon-grain
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upported Platinum particles, is pressed. The basic principle of
he PEMFC, or indeed any other fuel cell, is to convert chemi-
al into electrical energy. At the anode, hydrogen is fed through
he graphite paper, termed the gas diffusion layer (GDL), and
s oxidized in the anode catalyst layer (ACL), producing hy-
rogen ions and free electrons. The electrons pass through an
xternal circuit and the ions through the membrane, eventually
ombining with electrons and oxygen in the cathode catalyst
ayer (CCL) to form water. The oxygen is fed through a GDL
t the cathode side. The membrane electrode assembly (MEA)
s depicted in Fig. 1. Because of the low operating temperatures
he Platinum (Pt) catalyst is required to enhance the rate of re-
ction by providing an alternative pathway to the final products.
he cost of Pt is clearly a concern; though the required amount
f Pt has been reduced ten-fold reduction in the last few years,
he percentage that is utilized is still very low (approximately
0%).
The catalyst layers are amongst the most complex compo-
ents of the fuel cell. Through the solid components (carbon
rains, supporting smaller catalyst particles, and electrolyte),
ow components of air and water vapor. Liquid water resides

mailto:ashah@pims.math.ca
dx.doi.org/10.1016/j.jpowsour.2006.02.085
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ig. 1. Schematic representation of the MEA and a description of the geometry.

n the gas pores and dissolved water within the electrolyte. The
lectrons migrate through the carbon components of the layer
hile the protons migrate through pathways provided by the

lectrolyte. The latter is typically Nafion (a sulphonated Teflon),
hich contains both hydrophobic and hydrophilic regions, the

econd of which are vital in ensuring the free flow of the protons.
he CCL is the more studied of the two catalyst layers for several

easons. The oxygen–reduction reaction (ORR) takes place at a
uch slower rate than the hydrogen oxidation at the anode and

roduces water. The hydrophilic regions in the CCL can cause
ater retention, which restricts the ingress of oxygen. Moreover,

eaction is limited by the availability of Pt, and can only occur
t points of contact between the Pt, carbon and electrolyte. Be-
ause of the importance of the CCL it is included explicitly in
ur model, with an attempt to capture some of the micro-scale
eatures of its structure.

The properties of the membrane and the GDL also play a
entral role in the control of water. It is essential that the protons
enerated at the anode can reach the cathode freely, and in order
o attain the high conductivity necessary to achieve this, the
embrane must remain well hydrated. The GDL must allow

ufficient oxygen from the cathode channel to enter the CCL,
ut must be sufficiently hydrophobic to expel any build-up of
iquid water.

The preceding discussion underlines the unquestionable im-
ortance of water management, which in turn explains the grow-
ng emphasis placed on (particularly) liquid water in modelling
tudies, [1–9]. Though many of the issues are difficult to sepa-
ate, they may be summarized as follows:

. Flooding of the CCL and GDL and its impact on the perfor-
mance;

. The relationship between humidification of the cell and per-
formance;
. Hydration of the membrane and electrolyte (ionomer);

. The trend of PEMFC operating conditions toward higher tem-
perature and lower water activity, and their impact on satu-
ration levels (optimal conditions for performance).

c
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t
a

ources 160 (2006) 1251–1268

One of the difficulties associated with PEMFC modelling lies
n accurately describing the structure of the CCL. The closest
pproximation to the structure is one of clumps of carbon grains
agglomerates) coated with and connected by electrolyte, [6,10–
4]. A widely employed approach in modelling the CCL is to
ssume that the agglomerates are spherical in shape, [6,7,15–20],
nd to incorporate the agglomerate-level activity into a homo-
eneous model by assuming that a thin film of electrolyte (or
ater) introduces a local resistance to the oxygen—motivated
y the well-established theory of porous catalysts (see Chapter
of [21]). The three main variants are as follows:

Include external resistance to the oxygen movement arising
from the film(s)—this yields an expression for the limiting
current density (or reaction rate) as a function of the agglom-
erate characteristics, [3,6,7,15,18].
Include internal resistance to the oxygen movement, due
to flooding of the agglomerates with electrolyte or liquid
water—this yields an effectiveness factor for the oxygen dif-
fusion coefficient, [16,17].
Include both internal and external resistances, as described
above, [19,20].

xplicit incorporation of such resistances distinguishes these
odels from those in [22–28], which treat the CCL as a homo-

eneous porous medium, i.e., each phase exists in each reference
ontrol volume and is specified solely by a volume fraction. Such
odels are not able to capture the limiting-current-density phe-

omena.
A great deal of the recent modelling activity has been concen-

rated on multi-dimensional numerical simulation, noteworthy
xamples of which are [2,4–7,9,18,19,27,29,30] (by no means
n exhaustive list). The multi-dimensionality of these models
ignificantly complicates their solution, forcing approximations
o be made with respect to water and the CCL. Natarajan and
guyen, [5], use a simplified and regularized form of the per-
eability in their isothermal model and do not explicitly model

he membrane and CCL. He et al., [2], adopt a similar approach,
implifying further by assuming that the capillary diffusion co-
fficient is constant. Wang et al., [9], describe the water balance
sing the so-called multi-phase mixture (M2) model, [31], where
hermodynamic equilibrium between liquid water and vapour is
ssumed to prevail throughout. In other respects their model is
imilar to those in [5,2]. An isothermal M2 model is also used in
30], the focus of which is flooding in the GDL and CCL. Siegel
t al., [6], incorporate the CCL and membrane, making the as-
umption that water exists only as vapour or as a species dis-
olved in the electrolyte/membrane, and are not able to account
or liquid-water effects directly. The same is true of the model
n [29], which treats all three forms of water as a single phase.
n [7], Siegel et al. include all three forms but introduce several
onvoluted assumptions regarding the equilibrium between the
hree phases, as well as a highly regularized capillary diffusion

oefficient. One-dimensional models that rigorously treat water
an be found in the [3,32,33]. In the former, Lin et al. simplify
he capillary diffusion coefficient, adopt isothermal conditions
nd assume a constant gas pressure. Nam and Kaviany, [32],
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• non-uniform proton concentrations
• degradation issues, such as carbon oxidation and hydrogen

peroxide production
• transient effects.

To simplify matters, we have chosen to neglect the last two
items in this work. Their incorporation is the subject of current
activity, in which the entire MEA is explicitly modelled. We say
more on this in Section 6. We now describe the model and list
the assumptions adopted in its derivation.

1. CCL characterization. As in the class of models discussed
in the introduction, we assume that the carbon grains
form spherical clusters (agglomerates) separated by primary
pores. Surrounding the agglomerates is an electrolyte layer,
on which a layer of liquid water can also exist. We assume
that the contact between the carbon agglomerates is sufficient
to ensure the free flow of protons and electrons, and that the
connecting paths posses a negligible volume fraction. Within
the agglomerates exists a fraction of the electrolyte. High-
resolution electron microscopy confirms that the agglomer-
ate structures are coated with electrolyte and some liquid
water. Middelman, [34], postulates that the oxygen does not
have access to the Pt particles located within the agglom-
erates, particularly those close to their centres. For reaction
to occur within the agglomerates, sufficient electrolyte must
be present, the quantity of which depends on the prepara-
tion process, [10,12,35], but is typically low (though [12,35]
are two examples of efforts directed at increased electrolyte
penetration into the agglomerates). We therefore assume that
the Pt within the agglomerates is not active, i.e., that it does
not contribute to the bulk reaction. It is possible to derive
an effectiveness factor to remove this assumption. However,
since it is unclear that significant reaction occurs within the
agglomerates, and for the sake of simplicity, we continue
with our assumption. If needed or justified, the inclusion of
an effectiveness factor is straightforward.

2. Oxygen transport. Diffusion in large pores is assumed to
be predominantly continuum, given their characteristic size
and the typical operating pressures. Assuming that the oxy-
A.A. Shah et al. / Journal of Po

oncentrate on the GDL, treat the CCL as an interface and only
ntroduce the membrane through the boundary conditions. They
rovide a thorough and rigorous discussion on the role of micro-
tructural parameters in liquid-water movement. Pasaogullari et
l., [33], employ the M2 model in a detailed study of water ef-
ects in the membrane and GDL, incorporating both anode and
athode. Their model is isothermal and treats the catalyst layer as
n interface, focussing primarily on the effect of a micro-porous
ayer attached to the GDL.

In this paper we develop a comprehensive one-dimensional
odel, explicitly incorporating a GDL, CCL and membrane.
ost of the features separately considered in detail in the mod-

ls described above are included, as well as several new fea-
ures, such as a separate equation for dissolved oxygen, non-
quilibrium between water in the membrane and vapour, and
embrane swelling. Our aim in this paper is to present the basic

eatures of the model, and to demonstrate its success in captur-
ng the convoluted water-driven phenomena. Extension of the

odel to two dimensions and to one of the entire MEA can be
chieved in a straightforward manner.

The outline of this paper is as follows. In the next section we
ist the assumptions adopted in deriving the model and discuss
he broader issues faced in MEA modelling. In Section 3 we
resent the model, with complete details and explanations. In
ection 4 we describe the experimental procedure. The design
f the cell is such that variations down the channel are minimal,
.e., pseudo one-dimensional, which allows comparison between

odelling and experimental results to be made. The numerical
esults are then presented in Section 5, in which we first demon-
trate agreement with the experiments. Finally, in Section 6 we
rovide a discussion and outline future work.

. Model description and assumptions

Before embarking on the derivation of the model, it is in-
tructive to list the factors that are commonly believed to impact

EA performance:

the diffusion of oxygen through the pores of the GDL and
CCL
the transport of oxygen as a species dissolved in liquid water
and electrolyte
water production
operating temperature and temperature variations
the micro-structure of the GDL and CCL
bulk convective motion of liquid water in response to pressure
gradients
water vapour in the channels and in the pores of the GDL and
CCL
hydration of the membrane
electro-osmotic drag (migration)
condensation/evaporation and absorption/desorption (to and

from the electrolyte)
the transport of protons and electrons
flooding of the GDL and CCL pores
membrane swelling Fig. 2. The spherical-agglomerate structure assumed.
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gen and water vapour are small concentrations in a nitrogen
gas, we employ Fick’s law. The oxygen in the primary pores
reaches the Platinum particles on the agglomerate surface by
dissolving in the water/electrolyte and diffusing across the
layer(s). Henry’s law is used to describe the equilibrium in
oxygen concentration at the interface between the gas and
liquid/solid phases (see Fig. 2).

. Non-uniformity of proton concentration. The protons are
transported in the form of hydronium ions, H3O+. We assume
electro-neutrality (the number of negative charges equals the
number of positive charges) but we do not make the typical
assumption of a homogeneous distribution of charged sites
in the electrolyte, which would allow us to take the concen-
tration of H3O+ as constant.

. Water. The model accounts for water in all three forms; as
a dissolved species, as vapour and as liquid. Liquid water
resides in the primary pores. The water dissolved in the elec-
trolyte is transported by diffusion (concentration gradients)
and electro-osmotic drag (migration). As do Seigel et al.,
[6], we assume that the net water produced is either in liq-
uid or vapour form. Condensation and evaporation are mod-
elled using the approach in [2,4,5], and references therein.
In this representation the transfer occurs at a finite rate, dic-
tated by the deviation of the local thermodynamic state from
equilibrium. In a similar fashion, we introduce phase change
between vapour and dissolved water by considering the devi-
ation from equilibrium between dissolved water and vapour.
Details for each are presented later.

. Electrolyte volume. We include the effects of swelling on the
volume of electrolyte in the CCL.

. Temperature. The model is non-isothermal, which is neces-
sary to model phase change accurately and to study the effects
of water activity. We do however assume a single temperature
for all phases.

Other assumptions are (a) negligibly small viscous flows,
36], and (b) a negligible ohmic potential drop in the electron-
cally conducting carbon phase, justified by the relatively high
arbon conductivity.

. Model derivation

.1. Catalyst layer

The geometry is depicted in Fig. 1, showing x as the
pace variable, with the cathode channel placed at x = 0, the
DL/CCL interface at x = L1, the membrane/CCL interface at
= L2 and the membrane/ACL interface at x = L3.
Let s be the saturation (fraction of primary pore volume occu-

ied by liquid water), the concentrations of oxygen and nitrogen
n the primary pores be Cp and CN, respectively, and the concen-
ration of oxygen in the electrolyte be Ce. Taking into account

eaction, diffusion and absorption, mass balances yield:

d

dx

(
(1 − s)Dp

dCp

dx

)
= − hpe(HCp − Ce)︸ ︷︷ ︸

interfacial mass transfer

, (1)

n
e
s
m

ources 160 (2006) 1251–1268

d

dx

(
εeDe

dCe

dx

)
= − 1

4
R(ηc, T, C

s
e)︸ ︷︷ ︸

reactant consumption

+hpe(HCp − Ce),

(2)

d

dx

(
(1 − s)DN

dCN

dx

)
= 0, (3)

here εe is the volume fraction of electrolyte and Dp, DN and De
re the molecular diffusion coefficients of oxygen and nitrogen
hrough the primary pores and of oxygen through the electrolyte.
he first are subject to a Bruggeman correction (in the absence of
value for the tortuosity of the flow path) and their dependence
n temperature and pressure follows the Chapman-Enskog for-
ula (in m2 s−1), [37],

p = 3.8 × 10−9 T 3/2

P
ε3/2

p , DN = 3.6 × 10−9 T 3/2

P
ε3/2

p , (4)

here εp is the volume fraction of primary pores, T is temper-
ture and P is the gas pressure. The variations of Dp and DN
ith temperature and pressure are neglected, that is, we use a

onstant value based on the temperature at the cathode channel.
ince temperature and pressure variations are weak, the corre-
pondingly small changes in Dp and DN have a negligible effect.
he coefficient De has the following form (taken form [38]):

e = 3.1 × 10−7e−2768/T , (5)

here once again we approximate temperature in this expression
y its value at the cathode channel.
R(ηc, T, C

s
e) is the reaction rate, based on the Butler-Volmer

aw, hpe is a volumetric mass transfer coefficient from gas to
lectrolyte (on the air side), and H is a dimensionless Henry
onstant. The diffusive flux of oxygen from the pore space to
he interface between the gas and electrolyte/water is balanced
y the amount adsorbed into the electrolyte/water.

To prescribe the mass-transfer coefficient, hpe, we use the
ormula for the Sherwood number given in [37] for flow past a
pherical particle.

h = 2 + 0.6Re1/3Sc2/3,

here Re is the Reynolds number and Sc is the Schmidt num-
er. For a predominantly diffusive process, we can approximate
h = 2. From the formula hpesa = ShDp/Dag, where Dag is the
gglomerate diameter and sa is the specific surface area of the
gglomerates, we obtain hpe = O(105). It should be noted that
stimating mass transfer coefficients is itself a great challenge, a
etailed discussion of which is beyond the scope of the present
aper.

The electrolyte volume fraction, εe, will increase as it swells
ith water. We separate the electrolyte film that coats the ag-
lomerates (volume fraction εf

e) from that contained in the inte-
iors (volume fraction εi

e) and write ε0
e = εf

e + εi
e. The Pt inside

he agglomerates is assumed to be inactive, that is, there is a

egligible surface area of Pt in contact with the fraction εi

e of
lectrolyte. The combined volume fraction of the carbon, Pt and
mall pores, εa, is assumed constant. The volume fraction of pri-
ary pores is then given by εp = 1 − εa − εe. The swelling of
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he electrolyte is assumed to impact on the thickness of the elec-
rolyte film. To incorporate it we use the following approximate
elationship:

e = ε0
e + ksλ, (6)

here ks = 0.0126, and λ is the membrane water content (mol
2O/mol SO−

3 ), given by

= Cd

1 − ksCd
, (7)

here Cd is the dissolved water concentration in the electrolyte,
ormalized with respect to ν = 1800 mol m−3, the fixed-charge
ite concentration of the membrane, [39].

To derive an equation for the electrolyte potential in the CCL,
, we consider a mass balance for H3O+. With the assumption
f a negligible convective flux, the contribution to the movement
omes from migration and concentration gradients:

d

dx

(
εeσe

F

dφ

dx
+ εeDHCd

dCH

dx

)
︸ ︷︷ ︸

diffusive flux of H3O+

= − R(ηc, T, C
s
e)︸ ︷︷ ︸

H3O+consumption

, (8)

here CH is the H3O+ concentration, σe is the protonic conduc-
ivity of the electrolyte, DH is the H3O+ diffusion coefficient and

is Faraday’s constant. CH and Cd are related as follows [40]

H = −1

2
keCd +

√(
1

2
keCd

)2

+ keCd, (9)

here the temperature dependent ke is given by

e = k0 exp

(
H0

R

(
1

T
− 1

298

))
. (10)

s an approximation we assume that ke is constant. Note that
q. (9) is derived with the assumption of electro-neutrality. We

efer to [41] for details. The diffusion coefficient DH is taken
rom [40]:

H = 1.6 × 10−8e−1683/T Cd, (11)

here once again we neglect the dependence on temperature
ariations. For σe we use the law derived in [39],

e = exp

(
1268

(
1

303
− 1

T

))
(5.14λ − 0.326). (12)

The algebraic term on the right-hand side of (12) accounts
or the effect of hydration on the conductivity. It is based on
mpirical data collected by Springer et al. [39].

An equation for the temperature, T, is derived from an energy
alance of conduction, convective heat flux from liquid water
ovement and heat sources

− d

dx

(
k

dT

dx
− sεpρlClvlT

)
=
(

(−δs)T

ne
+ Fη

)
R(ηc, T, C

s
e)︸ ︷︷ ︸
reaction and activation loss

+ εeσe

(
dφ

dx

)2

︸ ︷︷ ︸
ohmic heating

+ hglhpc(RTCv − Psat)︸ ︷︷ ︸
phase change

. (13)

	

T
o

ig. 3. A schematic representation of the interactions between water in the three
hases.

In this equation, −(δs) is the entropy associated with ORR,
v
1 is the water vapour concentration, ne = 4 is the number of
lectrons transferred in one reaction, hpc is a mass transfer co-
fficient, defined below, hgl is the liquid-gas enthalpy change, ρl
s the density of liquid water, Cl is the specific heat capacity of
iquid water, and k is the effective thermal conductivity, found
rom a volume average of the individual conductivities. For sim-
licity, we use constant values for k. Finally, the quantity vl is
he liquid-water interstitial velocity, which we define later.

.1.1. Water in the catalyst layer
The schematic in Fig. 3 depicts the features of the liquid-

ater model and the assumptions we make in deriving it. For a
etailed description of liquid-water transport in MEA we refer
o Nam and Kaviany [32].

The mass balance for water dissolved in the electrolyte is
ritten as follows:

d

dx

⎛
⎜⎜⎝εeDd

dCd

dx
+ 5

44Fν
λεeσe

dφ

dx︸ ︷︷ ︸
drag

⎞
⎟⎟⎠ = − hdv(Cd − C∗

d)︸ ︷︷ ︸
vapour↔dissolved

,

(14)

here Dd is the diffusion coefficient for dissolved water. The
ater vapour mass balance is expressed as follows:

− d

dx

(
(1 − s)Dv

dCv
1

dx

)
= − hpc(RTCv − Psat)︸ ︷︷ ︸

liquid↔gas

+ hdvν(Cd − C∗
d) + 3	

2
R(ηc, T, C

s
e)︸ ︷︷ ︸

H2O production

, (15)

here Dv is the vapour diffusion coefficient. The switch function
satisfies:{

0 aw > 1
=
1 aw ≤ 1

. (16)

he bulk diffusivity Dv is obtained from Chapman-Enskog the-
ry and a Bruggeman correction, and Dd from the relationship
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rovided in [42] (with temperature and pressure approximated
y their values at the cathode channel):

d = 3.5 × 10−5λe−2436/T , Dv = 4.1 × 10−9 T 3/2

P
ε3/2

p .

(17)

For liquid water, the mass balance is

d

dx

(
εpρl

Wl
vl

)
︸ ︷︷ ︸

capillary action

=−hpc(RTCv−Psat)+ 3(	−1)

2
R(ηc, T, C

s
e)︸ ︷︷ ︸

H2O production

,

(18)

here vl and Wl are respectively the interstitial velocity and
olar mass of liquid water. vl is determined by the Darcy-law

pproximation to momentum conservation:

l = κl

µl

dp

dx
, (19)

here κl, µl and p are respectively the relative permeability,
iscosity and pressure of the liquid. The latter is given by p =
− pc, so that differentiating Eq. (18) and using Eq. (19) yields:

− ρl

µlWl

d

dx

(
εpκl(s)

[
−dpc

ds

ds

dx
+ dP

dx

])
=−hpc(RTCv − Psat)

+3(	 − 1)

2
R(ηc, T, C

s
e). (20)

There is a great deal of debate surrounding both the form and
agnitude of the permeability and capillary pressure. Mazumder

nd Cole [4], compare the Leverett model employed in [5] with
he empirical relationship in [9], in which both of these quantities
ssume entirely different forms, yielding markedly different pre-
icted levels of saturation. There are also other models of liquid
ransport in porous media, of varying degrees of sophistication.
or example, Nam and Kaviany, [32], scale saturation against an

mmobile value (below which the liquid water is discontinuous
nd therefore does not move), and place the scaled saturation
nside the Leverett function. All of the forms mentioned can be
asily implemented in our model but we choose to follow that
n [4,30,33] (and references therein).

c = σcJ(s), κl(s) = κcs
3, (21)

here κc is the absolute permeability of the CCL and J(s) is
he capillary-pressure function. The quantity σc is defined as
ollows:

c = σ′ cos θc
c

√
εp

κc
, (22)

here θc
c is the contact angle for the CCL (0 < θc

c < π/2) and
′ is the surface tension. The grouping 2

√
εp/κc is then equal

o the characteristic capillary radius.
The Leverett function for a hydrophilic medium, for which

he wetting phase is the liquid, is given by
(s) = 1.417(1 − s) − 2.12(1 − s)2 + 1.262(1 − s)3. (23)

The liquid–vapour phase-change term, derived from that
iven in [4] and references therein, is driven by the deviation

h

ources 160 (2006) 1251–1268

rom equilibrium, RTCv − Psat, where Psat is the saturation pres-
ure of water and the first term is equivalent to the partial pressure
f the vapour. The latter is defined by XvP , where P is the pres-
ure of the gas phase and Xv is the molar fraction of vapour.
sing the ideal gas law, P = CRT, Xv is given by

v = Cv

C
= CvRT

P
, (24)

here C = Cv + CN + Cp is the molar density of the gas. A
elationship for the saturation pressure is provided in the discus-
ion of the boundary conditions. In order to distinguish between
vaporation and condensation, the mass-transfer coefficient hpc
epends on the sign of the driving force RTCv − Psat and its
recise form is

pc =
{

κc
εp(1−s)Xv

RT
RTCv > Psat

κe
εpsρl
Wl

RTCv < Psat
, (25)

here κc and κe are the condensation and evaporation rate con-
tants. The values of ke and kc are taken from [2]. We use a con-
inuously differentiable implementation of the following form:

pc = κcεp(1 − s)Xv

2RT

(
1 + |RTCv − Psat|

RTCv − Psat

)

+κeεpsρl

2Wl

(
1 − |RTCv − Psat|

RTCv − Psat

)
. (26)

In a similar fashion, the vapour-dissolved phase-change term
n Eqs. (14) and (15) is driven by the deviation from equilibrium,

d − C∗
d, where C∗

d is the concentration of dissolved water in
quilibrium with vapour. The latter is derived from the following
aw for the equilibrium water content measured at 80 ◦C (found
n[43]):

λ∗ = 0.3 + 10.8aw − 16a2
w + 14.1a3

w,

C∗
d = λ∗

1 + 0.0126λ∗ , (27)

here aw is the water vapour activity. To distinguish between
esorption and water-uptake of the electrolyte (absorption), the
ass-transfer coefficient hdv depends on the sign of the driving

orce Cd − C∗
d. From the experimental and numerical results

n [44], we can approximate the coefficients of absorption and
esorption as follows:

dv =
{

κa(1 − s)λ Cd − C∗
d < 0

κd(1 − s)λ Cd − C∗
d > 0

, (28)

here κd and κe are given in Table 1. Their weak dependence
n temperature variations is neglected. The factor 1 − s ac-
ounts for the blockage of the pores by the liquid water. To
mplement this approach we use a continuously differentiable
dv = κd(1 − s)λ 1 + d

Cd − C∗
d

+κd(1 − s)λ

(
1 − |Cd − C∗

d |
Cd − C∗

d

)
, (29)
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Table 1
A list of model parameter values

Symbol Quantity Size References

L Catalyst layer thickness 22.5 �m
Lm Membrane thickness 62.5 �m
LG Cathode GDL thickness 200 �m
Ta (Tc) Anode (cathode) channel temperature 70 ◦C
aw,c (aw,a) Cathode (anode) channel water activity 1 (1)
C̄ Total gas concentration in cathode channel Pc/(RTc) mol m−3

C̄p Oxygen concentration in cathode channel 0.05C̄ mol m−3

Pc Gas pressure in the cathode channel 30 psig (206.842 kPa)
εp Volume fraction of primary pores 0.6 [10–12]
εi

e Electrolyte volume fraction in agglomerates 0.2 [10–12]
εa Volume fraction of C, Pt and small pores 0.3 [10–12]
εg Porosity of the GDL 0.75 [49]
cO2,ref Reference oxygen concentration 4.55 mol m−3 [6]
Dl Oxygen diffusivity in liquid water (60 ◦C) 4.82 × 10−9 m2 s−1 [37]
αc Cathodic transfer coefficient 0.55
αa Anodic transfer coefficient 0.45
E0 Open circuit potential 0.95 V
Dag Agglomerate diameter= 2Rag 0.4 �m [10–12]
δ0 Electrolyte film thickness without swelling 15 nm [17]
N Number of agglomerates per unit volume 1.257 × 1019 m−3 Est.
apt Specific surface area of Pt 1000 cm2 (mg Pt)−1 [50]
mpt Pt loading 0.4 (mg Pt) cm−2 [3]
hpe Oxygen mass transfer rate 105 s−1 Est.
H O2 Henry’s law constant (dimensionless) 0.3 [51]
κa (κd) Absorption (desorption) constant 10−5/9 (10−5/3) m s−1 [2]
θc

c (θg
c ) CCL (GDL) contact angle 90◦ (120◦) ([33])

κc (κg) Absolute permeability of CCL (GDL) 10−13 (8.7 × 10−12) m2 [52] ([49])
µl Liquid-water viscosity 10−3 Kg m−1 s−1 [4]
σ′ Surface tension 0.07 N m−1 [4]
k Thermal conductivity of CCL 2 W m−1 K−1 [29]
km Thermal conductivity of membrane 1 W m−1 K−1 [29]
kG Thermal conductivity of GDL 4 W m−1 K−1 [29]
� Liquid-water removal constant 0.075 m−1 Fitted
iO ,c Reference cathode exchange current density 40 A m−2 Fitted
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ρlCl Heat capacitance of water
−δs Entropy associated with ORR

.1.2. Schroeder’s paradox
It is well known that the water content λ depends on the water

ctivity, aw = XvP/Psat. The precise relationship was correlated
y Hinatsu et al. in [43],

v = λa = 0.3 + 10.8aw − 16a2
w + 14.1a3

w (at 353 K), (30)

hich has a maximum of λv = 9.1 at equilibrium with vapour.
owever, when the electrolyte is submerged in liquid water its

quilibrium water content appears to jump discontinuously to a
igher value, which, following [44], we take to be λ = 16.8.

In an attempt to capture this anomaly, known as Schroeder’s
aradox, we define a critical saturation, s∗, at which the agglom-
rates are entirely coated with liquid water and equilibrium with
iquid water is achieved. This critical value is approximated as
he immobile saturation, below which the water mass is not con-
inuous (and therefore does not flow). We point out that this is
n approximation, based on the assumption that the electrolyte

s continuously covered by water for s > s∗. We use the value
f s∗ = 0.1 given in [32], and refer to that paper for references
elated to its measurement. The water content at the boundary
etween the CCL and membrane is kept continuous by enforc-

u
t
i
u

4.184 × 106 J m−3 K−1 Est.
162.2 J mol−1 K−1 [53]

ng equilibrium between the membrane and liquid water when
(L2) = s∗. Alternatively, we may assume that the water content
n the membrane drops continuously to a vapour-equilibrated
alue at x = L3, but this does not qualitatively alter the results.
e therefore make the simpler choice and avoid further assump-

ions in specifying the rate of decrease.
A list of parameters and their values can be found in Table 1.

.2. Reaction rate and limiting current density

The ORR rate (in mol m−3 s−1) is given by the Butler-Volmer
aw and first-order kinetics in oxygen concentration:

(ηc, T, C
s
e) = aiO2,c

FcO2,ref
εeC

s
e

(
eαaFηc/RT − e−αcFηc/RT

)
, (31)

here iO2,c is the cathode exchange current density, αa and αc are
he anodic and cathodic transfer coefficients, cO2,ref is a reference
xygen molar concentration, a is the surface area of catalyst per

nit volume of catalyst layer, ηc is the overpotential and R is
he universal gas constant (8.314 J mol−1 K−1)). The quantity a
s a function of the specific Pt surface area (Pt surface area per
nit mass of Platinum), apt, the Pt loading, mpt, and the CCL
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hickness, L:

= aptmpt/L.

owever, the active platinum surface area is much more diffi-
ult to characterize. The overpotential, ηc, is defined precisely
hrough the relationship:

c = Uc − E0 − φ, (32)

here Uc is the potential of the carbon matrix (constant by as-
umption) and E0 is the so-called open circuit potential, as-
umed constant. The value of oxygen concentration in the Butler-
olmer expression, (31), ought to reflect accurately that reaction

akes place at the surfaces of the carbon agglomerates. The con-
entration at these surfaces, Cs

e , is generally different from the
ulk value in the electrolyte, particularly given the restricted
iffusion of oxygen. Cs

e can be related to the bulk value, Ce,
y balancing the rate of reaction with the rate of diffusion of
xygen to the surface of the agglomerates (at steady state). This
ass balance can be approximated as follows:

′(Ce − Cs
e) = 1

4
R(ηc, T, C

s
e), (33)

here γ ′ is the rate of oxygen diffusion through the elec-
rolyte/water film to the surface of the agglomerates (in s−1).
sing the definition of R(ηc, T, C

s
e) and solving the resulting

quation for Cs
e then yields:

Cs
e = γ ′Ce

γ ′ + εer
(
eαaFηc/RT − e−αcFηc/RT

) where

r = aiO2,c

4FcO2,ref
, (34)

o that the final form of the reaction rate is

(ηc, T, C
s
e) ≡ R(ηc, T, Ce)

= γ ′εerCe
(
eαaFηc/RT − e−αcFηc/RT

)
γ ′ + εer

(
eαaFηc/RT − e−αcFηc/RT

) . (35)

In order to relate the diffusion rate γ ′ to the microscopic
roperties of the CCL, we define an electrolyte film thickness,
e, an agglomerate radius, Rag, and the number of agglomerates
er unit volume, N:

′(Ce − Cs
e) ≈ A

De

δe
(Ce − Cs

e)︸ ︷︷ ︸
molar flux

so that γ ′ = ADe

δe
, (36)

here A is the specific surface area of agglomerates (we assume
hat all of the surface area is covered, whereupon A = 4πR2

agN).
he volume of electrolyte attached to the surface of each agglom-
rate is εf

e/N, which, from our assumptions, covers the entire
urface of the agglomerate. The thickness δe

0 (without swelling)
f
nd ε0 are therefore related as follows:

e
0 =

(
R3

ag + 3ε
f
0

4πN

)1/3

− Rag. (37)

t

−

ources 160 (2006) 1251–1268

he electrolyte swelling results in a volume change equal to (per
gglomerate) (εf

e − εf
0)/N. The electrolyte film thickness is then

iven by

e =
(

(Rag + δe
0)3 + 3(εf

e − εf
0)

4πN

)1/3

− Rag. (38)

hen s > s∗, as previously defined, the liquid water present
n the catalyst layer will provide additional resistance to the
xygen, with a different diffusion coefficient Dl. Given the hy-
rophilic nature of the electrolyte, we assume that any liquid
ater coats the entire surface of the agglomerates. Based on

hese assumptions, the thickness of the water layer is given by

l =
(

(Rag + δe)3 + 3sεp

4πN

)1/3

− Rag, (39)

ith a total film thickness

= δe + δl (40)

he quantity γ ′ then has to be modified; it is decomposed into
term arising from diffusion through the water layer, γ ′

l , and a
erm of the type described above, γ ′

e. To approximate the concen-
ration of oxygen at the agglomerate surfaces two balances need
o be performed, one for diffusion through the water, to relate
he bulk concentration to concentration at the water/electrolyte
nterface, and one between diffusion through the electrolyte and
eaction, to relate the latter concentration to Cs

e. The reaction
ate then takes the form (35) with

γ ′ = γ ′
lγ

′
e

γ ′
l + γ ′

e
, where γ ′

l = A′Dl

δl
,

γ ′
e = ADe

δe
, A′ = 4π(Rag + δe)2N. (41)

he Henry constant H would likewise require modification. It
s approximately 0.3 for water under typical operating condi-
ions, and was assigned the value 0.15 for Nafion in [27]. For
implicity, we assume the water-based value throughout and ap-
roximate it as a constant.

Note that the quantity N is a function of both the radius of
he agglomerates and their distribution, for example, the more
ensely packed the agglomerates the larger N.

The current flow is the reverse of the H3O+ flow, so that the
urrent density, I ′ A m−2, is

′ = 4Fr

∫ L

0

γ ′εeCe
(
eαaFηc/RT − e−αcFηcRT

)
γ ′ + εer

(
eαaFηc/RT − e−αcFηc/RT

) dx. (42)

.3. Membrane

We now describe the equations employed in the membrane,
2 < x < L3, within which we assume that oxygen and vapour
o not exist, i.e., the membrane is impenetrable to both. The
embrane potential is modelled in a manner similar to the elec-
rolyte potential in the CCL, Eq. (8),

d

dx

(
σe

F

dφ

dx
+ DHCd

dCH

dx

)
= 0, (43)
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here σe and DH were previously defined. The movement of
ater in the membrane is either as a dissolved species or pos-

ibly by convection as a liquid, the latter depending on the
tate of the membrane. It has been postulated by Weber and
ewman, [45], that the convective movement increases with in-

reased water content because the membrane walls are inflated
y the action of the water. However, as Mazumder demon-
trates in [46], the role of convection is typically outweighed
y both diffusion and electro-osmotic drag, even when a pres-
ure increase of 2 atm from anode to cathode is maintained. We
herefore neglect it, particularly since we will not consider such
ubstantial pressure drops. The equation for dissolved water is
hen

d

dx

(
Dd

dCd

dx
+ 5

44Fν
λσe

dφ

dx

)
= 0. (44)

he equation for temperature now involves only a conduction
erm and ohmic losses

d

dx

(
km

dT

dx

)
= σe

(
dφ

dx

)2

, (45)

here km is the effective thermal conductivity of the membrane.
t the interface between the membrane and CCL a further con-
ition is enforced to ensure the continuity of the water content,
. This condition was discussed above.

.4. Gas diffusion layer

In the GDL, 0 < x < L1, we specify balances for the masses
f oxygen, nitrogen, vapour and liquid water, together with an
nergy balance. Equations for the first two are

d

dx

(
DG

p (1 − s)
dCp

dx

)
=− d

dx

(
DG

N(1 − s)
dCN

dx

)
= 0, (46)

here DG
p and DG

N are the effective molecular diffusion coeffi-
ients for oxygen and nitrogen in the GDL, and εg is the GDL
orosity.

The equation for vapour concentration is

d

dx

(
(1 − s)DG

v
dCv

1

dx

)
= −hpc(RTCv − Psat),

(47)

here DG
v is the effective molecular diffusion coefficient for

apour in the GDL. DG
p , DG

N and DG
v are approximated as in

4) and (17) (with εp replaced with εg), evaluated at the cathode
hannel conditions. The phase-change term on the right-hand
ide of (47) is defined as in (25) and (26), with εp replaced with
g.

The energy equation balances conduction, convective heat
ow arising from the liquid water motion and heating from phase
hange,
d

dx

(
kG

dT

dx
− sεgρlClvlT

)
= hglhpc(RTCv − Psat), (48)

here kG is the effective thermal conductivity of the GDL.

F

C

ources 160 (2006) 1251–1268 1259

Finally, the equation for liquid water is

ρl

µlWl

d

dx

(
εgκl(s)

[
−dpc

ds

ds

dx
+ dP

dx

])
=− hpc(RTCv−Psat),

(49)

ith

c = σgJ(s), κl(s) = κgs
3, σg = σ′ cos θg

c

√
εg

κg
, (50)

here κg is the absolute permeability of the GDL and θ
g
c is

he contact angle (π/2 < θ
g
c < π). The Leverett function for a

ydrophobic medium, for which the wetting phase is the gas
hase, is given by

(s) = 1.417s − 2.12s2 + 1.262s3. (51)

.5. Boundary conditions

For the discussion of the boundary conditions we recall Fig. 1,
hich depicts the geometry. At the interface between the mem-
rane and CCL, x = L2, the fluxes of oxygen (in the pores),
ater vapour, nitrogen and liquid water are taken to be zero;

hat is, these species are assumed not to penetrate the mem-
rane. It is possible that small amounts of the dissolved oxygen
each the anode and small amounts of hydrogen reach the cath-
de. These are primarily degradation issues, which are dealt
ith in a forthcoming paper. Since protons have no effective

ransport mechanism in the GDL, the flux of protons at the in-
erface between the GDL and CCL, x = L1, is zero. Similarly,
he dissolved-water and oxygen fluxes must be zero at x = L1
n order to ensure their continuity:

dCe

dx
= Dd

dCd

dx
+ 5

44Fν
λσe

dφ

dx
= dφ

dx
= 0, x = L1

dCp

dx
= dCe

dx
= dCv

dx
= ds

dx
= 0, x = L2.

(52)

At the interface between the cathode channel and the GDL
nterface, x = 0, the oxygen and vapour concentrations are pre-
cribed. At the membrane/ACL interface,x = L3, the membrane
otential is approximated as zero

p(0) = C̄p, Cv(0) = C̄v, φ(L3) = 0. (53)

The value of C̄v is calculated from the water activity of the
athode channel, aw,c, which is defined as X̄vPc/Psat, where
¯ v is the molar fraction of vapour in the cathode channel, Pc
s the cathode-channel gas pressure and Psat,c is the cathode-
hannel saturation pressure. The saturation pressure, a function
f temperature, is given by the formula in [39]:

og10 Psat = −2.1794 + 0.02953(T − 273) − 9.1837

× 10−5(T − 273)2 + 1.4454 × 10−7(T − 273)3.

(54)
rom these relationships we derive C̄v as follows:

¯ v = RTcPsat,c

Pc
C̄, (55)
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here C̄ is the total gas molar concentration in the cathode chan-
el, calculated from the cathode-channel pressure:

¯ = Pc

RTc
. (56)

The dissolved-water concentration at the membrane/ACL in-
erface is assumed to be in equilibrium with the vapour-phase
oncentration if s(L2) < s∗, and to be in equilibrium with water
f s(L2) ≥ s∗. The water activity at x = L2, aw,a, is approxi-

ated by the anode-channel value (since water is not produced
n the ACL), yielding the following expression for Cd:

λ = λa = 0.3 + 10.8aw,a − 16a2
w,a + 14.1a3

w,a,

Cd(L3) = λa

1 + 0.0126λa
. (57)

In the cathode channel the temperature is prescribed. The
ux of heat at x = L3 is approximated using the anode channel

emperature Ta. We assume that the heat flux is constant across
he anode GDL and ACL, yielding:

(0) = Tc, km
dT

dx
(L3) = kG

LG
(Ta − T (L3)) . (58)

We are assuming the that the anode gas diffusion layer is
dentical to that on the cathode side. This is not necessarily so
nd this assumption can easily be relaxed.

The final boundary condition is that for the liquid water at
he interface between the cathode channel and the GDL. It is
ommon in modelling studies, for example [3,5–7], to assume
ither a zero saturation or zero liquid-water flux at this location,
r along portions of the channel/GDL interface in two dimen-
ions. In [47], Weng and Wang specify the saturation at the
DL/channel interface, which, as they state, is likely to depend

ensitively on the gas flow in the channel, current density and
ettability. According to their results, high levels of saturation

re possible only if the prescribed value at the boundary is high
r the GDL permeability is unrealistically small. In our model,
he counterpart to this boundary condition depends on the gas
ow and wettability, and is written as a flux. We show that high
aturation levels are possible within a broad range of realistic
arameter space.

The accumulation and removal of liquid water along the chan-
el is a complicated process. Water is expelled from the GDL
hrough preferential openings and forms droplets attached to the
urface. These droplets can grow or coalesce to a form larger
roplets comparable in size to the channel dimensions, which
esults is the formation of a liquid film, [48]. Ultimately, the film
s wicked along the channel walls toward the exit. The greater
he flow velocity in the channel, the more effective the removal
f liquid water. A detailed model of this process, accounting for
he surface properties of the GDL, phase change, surface ten-
ion, two dimensional gas flow and hydrophilicity of the chan-
el walls, is clearly a challenge in its own right that will not be

ttempted here. Instead, we approximate the process with the
ollowing steady-state flux condition at x = 0:

ds

dx
(0) − �s(0) = 0, (59)

h
d
q
t

ources 160 (2006) 1251–1268

here � = 0 corresponds to zero water removal. This form is
otivated in two ways. Firstly, there should be no removal at zero

aturation. Secondly, the parameter � can be seen naturally as
in an average sense) the reciprocal of a water film thickness on
he surface of the GDL. When this thickness approaches zero, the
aturation is physically zero, which is expressed by 1/� → 0
n Eq. (59). The thickness, and therefore �, is likely to depend
ensitively on the flow rate in the channel, [48] (also by analogy
ith the theory of Ekman transport in ocean modelling).

. Experimental details

The fuel cell was prepared with carbon fibre paper (GDL),
arbon supported Platinum catalyst and Nafion membrane, with
50 cm2 anode geometric area and a masked cathode with a
cm2 geometric area. The MEA and cell hardware were de-

igned to minimize any temperature, pressure and concentration
radients in the cell. The small cathode geometric area ensures
inimal heat generation and concentration change along the

ength of the flow-field channels. To further ensure that there
as no concentration change along the length of the flow field,
e used a stoichiometry of greater than 60 (compared to a nor-
al operating value of approximately 2). Thus, the design was

uch that variations were predominantly through the MEA, and
herefore one-dimensional. Note also that the flow rate was the
ame in all cases.

Using a load bank, a series of polarization curves were pro-
uced under varying conditions to demonstrate the change in
he polarization losses relative to oxygen concentration, water
ctivity and temperature.

The oxygen concentration was varied between 3% and 5%,
alanced in nitrogen. A separate investigation was performed
t the same concentrations with oxygen balanced with helium.
hese results are not discussed here.

Three different water activity conditions were tested at a cell
emperature of 70 ◦C: aw = 0.6 anode/aw = 0.7 cathode, aw =
.7 anode/aw = 0.8 cathode, and aw = 1 on both anode and
athode. Three different cell temperatures were tested at aw = 1
o validate the effect of temperature on performance: 70, 45 and
5 ◦C. Only results pertaining to the first are discussed here.

. Numerical results

.1. Finite element solution strategy

We first outline the solution strategy and the manner in which
he results were matched to the experimental data (presented in
he next section). The governing equations and boundary condi-
ions laid out above were solved using the finite-element method
mplemented in FEMLAB. The discretization of the equations
as achieved on a uniform grid using quartic Lagrange poly-
omials, allowing the number of grid points to be kept small
typically 32 or 64). The switch functions were substituted with

yperbolic tanh functions to smooth the discontinuities, a stan-
ard procedure. Adaptivity, a feature of FEMLAB, was not re-
uired in the calculations, though was occasionally used to ob-
ain smoother plots.
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Fig. 4. Electrolyte potential and oxygen concentration profiles

In order to compare the modelling with the experimental re-
ults, all parameter values were fixed as specified below with the
xception of the exchange current density, iO2,c. The latter was
hen adjusted to match the experimental data displayed in Figs. 6
nd 7. This fitting was required only once, i.e., iO2,c = 40 A m−2

n both figures. The motivation for this fitting procedure stems
rom the lack of a consistent value for iO2,c in the literature
426 A m−2 in [41] and 1.5 × 10−4 A m−2 in [26]). Similar dis-
repancies exist in the values of the transfer coefficients and
O2,ref. The difficulties associated with measuring or estimat-
ng these quantities are numerous. For example, iO2,c changes
rom one cathode structure to another (active surface area of
latinum), as well as with temperature. The value we derive for

O2,c falls well within the broad range of values that appear in the
iterature. A more detailed discussion of the issues surrounding
he measurement of these quantities can be found in [54] and

55].

It should be mentioned that � was fixed at 0.075 m−1. Since a
alue for � is difficult to determine theoretically, we later present
parametric study of its effect. The flow rate in the cathode

f
t
a
p

ig. 5. Saturation levels for decreasing cell voltage corresponding to aw = 1 (left)
iven in Fig. 7.
ponding to aw = 1 in Fig. 7, as the cell potential is decreased.

hannel is assumed to be constant (as in the experiments), which
ustifies the use of a constant � in all calculations.

.2. Experimental validation

For the modelling results of this section, the parameters
alues that were used are shown in Table 1, unless otherwise
tated.

We begin with the set of results demonstrated in Figs. 4 and
, the first of which shows profiles of electrolyte potential and
xygen concentration as the cell voltage (approximated by the
arbon potential Uc) is decreased from 0.95 to 0.1 V. In the cal-
ulations, both channels are at aw = 1 and 70 ◦C, and the oxygen
oncentration in the cathode channel is 5% of the total. The sec-
nd figure shows the saturation levels for both the case above
nd with aw = 0.7 anode/aw = 0.8 cathode, indicating the ef-

ect that the water activity in the channels has on the flooding of
he cathode: that saturation levels can be high at low cell voltage
nd with high water activity in the channels. We return to this
oint later.

and aw = 0.7 anode/aw = 0.8 cathode, the polarization curves for which are
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ig. 6. Comparison of the modelling and experimental polarization curves at 5
nd 3% oxygen concentration (see Table 1 for a full list of parameter values).

To demonstrate the comparison between the modelling re-
ults and those of the experimental procedure described in the
revious section, we refer to Figs. 6 and 7. The first of these fig-
res shows the polarization curves at two different oxygen con-
entrations, with aw = 0.7 anode/aw = 0.8 cathode. The sec-
nd figure shows polarization curves at two different values of
ater activity in the channels, with a 5% oxygen concentration.

n both of these figures, the conditions not specified are as in
able 1, except that the thickness of the CCL is 25 �m.

The agreement between the modelling results and the exper-
mental data is excellent. The second figure clearly underlines
he ability of the model to capture the impact of water on both
he membrane and CCL/GDL. The modelling and experimental

esults strongly suggest that the increased hydration of the mem-
rane at high water activity leads to improved performance at
igh and mid-range cell voltages. However, as the current den-

ig. 7. Comparison of the modelling and experimental polarization curves for
wo aw configurations at 5% concentration of oxygen (see Table 1 for a full list
f parameter values).
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ity increases so does the water generated in the CCL, which
eads to significant oxygen diffusion limitation from flooding,
nd ultimately to a better performance at low water activity.
hese features are very well captured by the model. Below we
ay more on the effects of changes in the channel water activity,
articularly when coupled to changes in the channel tempera-
ures.

.3. Effects of GDL and CCL structures

The magnitudes of the permeabilities, κc and κg, and capillary
iffusion coefficients, σc and σg, are subject to a great deal of
ncertainty. The effect that changes in these quantities have on
he flooding behaviour, and therefore performance, are not well
nderstood. In this subsection make an attempt to quantify the
iquid-water effects as these quantities are varied. The benefit
f such information is clearly in predicting the performance of
ifferent media, namely in the GDL and CCL, whose proper-
ies can be classified in relation to contact angle (hydrophobic-
ty/hydrophilicity), permeability and porosity. Let us return to
he definitions (21), (22) and (50) and now define the quantities:

c = κcσc

µ
, dg = κgσg

µ
. (60)

hanges in these quantities can arise from changes in several
nderlying parameters, namely the absolute permeabilities, κc
nd κg, the porosities, εp and εg, and the contact angles θc and
g. The permeabilities can be decomposed using the Kozeny-
arman relation, [32],

c = ε3
pd

2
p,c

16Kc(1 − εp)2 , κg = ε3
gd

2
p,g

16Kg(1 − εg)2 , (61)

here dp,c and dp,g are the mean pore diameters in the CCL
nd GDL, respectively. Kc and Kg are the so-called Kozeny
onstants. Ultimately

g ∝ dp,g, dg ∝ cos θg
c , dg ∝ ε2

g

1 − εg
, (62)

o that dg increases with increasing porosity, contact angle (in
he hydrophobic range) and mean pore diameter of the GDL. The
ame is true for dc except that a decrease in the contact angle,
c
c, leads to an increase in dc. Thus, the results obtained from
arying dg and dc contain a quite general degree of information.
or typical values (those used by Mazumder, [4]), dg is of the
rder 10−4–10−5. In the CCL, where the pores are much smaller
O(10−7m)), dc is likely to be one or two orders of magnitude
maller than dg.

Fig. 8 demonstrates the effect on performance and liquid-
ater accumulation of changes in dg and dc. In these calcula-

ions, both channels are at aw = 1 and other parameters, unless
therwise specified, are given in Table 1. It can be seen from the
rst of these figures that increases in dg and dc lead to decreases
n the maximum saturation and increases in the minimum satura-
ion (minimum at x = 0 and maximum at x = L2), accompanied
y increases in the current density, measured at 0.1 V. Changes
n dg, at fixed dc, appear to have a more dramatic effect than
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ig. 8. The effect on the maximum saturation and current density at 0.1 and 0.6
nd GDL. dg and dc are defined in (60) and both channels are at aw = 1.

hanges in dc, at fixed dg, particularly on the minimum satura-
ion. It can further be seen that for a fixed dc there is a lower
imit to the saturation and an upper limit to the current density
s dg is increased. The difference in the lower limit of maximum
aturation as dc is increased is quite appreciable, but the effect
n the current density, measured at both 0.1 and 0.6 V, is neg-
igible. It appears then that changes in the contact angle, pore
adius and porosity in the GDL have a far greater impact than
hanges in the same quantities in the CCL (possibly because of
he far greater thickness of the GDL). In fact they can alter the
ccumulation of liquid water and consequently the performance
uite dramatically.

We note finally that in the range −8.5 < log10 dg < −6, the
urrent density measured at 0.6 V does not decrease as rapidly
s the current density at 0.1 V. This appears once more to be the
onsequence of the competition between flooding and hydration

f the membrane. a

ig. 9. The left-hand figure shows the polarization curves for a decreasing range of

w = 1. The right-hand figure shows the effect of changes in the GDL thickness on b
.1 V. In this plot Lm is given in Table 1.
hanges in the contact angles, absolute permeabilities and porosities of the CCL

.4. Effects of GDL and membrane thickness

The effects of membrane and GDL thickness changes can
e inferred from Fig. 9. For these calculations both channels
re at aw = 1 and other parameters are given in Table 1, unless
therwise stated. The left-hand figure demonstrates the polar-
zation curves for an increasing range of membrane thickness,
ith a GDL thickness of 200 �m. It can be seen from the right-
and figure that decreasing Lm improves the performance by
ncreasing the slope of the polarization curve. Quite substantial
mprovements are possible. The right-hand figure demonstrates
hat decreasing the GDL thickness improves performance. Inter-
stingly, this is despite a simultaneous increase in the maximum
aturation. This implies that improving the oxygen supply to the
CL, by reducing the mass-transport resistance from the GDL,
an to some extent mitigate the effects of flooding, another ex-

mple of the competing effects in the MEA.

membrane thickness, with a GDL thickness of 200 �m and both channels at
oth the maximum saturation and current density measured at a cell voltage of
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ig. 10. The effect on the performance of changes in the channel water activit
alues (right figure).

.5. Effects of water activity

In Fig. 10 we plot the polarization curves for several values
f water activity in the channels. The left-hand figure demon-
trates that changes in water activity, with the same values in
oth channels, have a convoluted effect on the performance. At
ully humidified conditions the effects of flooding are strongly
elt at low cell voltages. However, the performance at high
nd mid-range voltages is good. At lower humidification lev-
ls down to approximately aw = 0.8 the performance improves
t low cell voltages, with minor deterioration at higher voltages.
owever, when the water activity is reduced further, the per-

ormance deteriorates, particularly at high and mid-range cell
oltages but also now at lower cell voltages (compared to aw =
.8).

Maintaining the cathode-channel water activity and varying
hat for the anode channel leads to the polarization curves in
he right-hand plot of Fig. 10. The best performance is seen at
w,a = 1, with only a minor deterioration down to aw,a = 0.8.
nce below this value, the increased resistivity of the mem-
rane degrades the performance substantially, particularly at
id-range cell voltages.

.6. Combined effects of temperature and water activity

Fig. 11 demonstrates the effects of simultaneous changes in
he operating temperatures and water activities, at constant pres-
ure in the channels. It appears that at as we increase temperature,
hanges in water activity are less strongly felt. At T = 60 ◦C,
ignificant improvements in performance are possible at mid-
ange and high cell voltages if the water activity of the channels is
igh, as already seen in the previous subsection. At T = 120 ◦C,
hile improvements are still possible, they are not as dramatic.

ne implication of this result is that in some measure it is possi-
le to mitigate the effects of flooding (dramatic deterioration in
erformance at low cell voltage) by increasing the temperature
n the channels, and therefore the average temperature of the

r
m
p
F

en maintained at the same value in both channels (left figure) and at different

ystem. In Fig. 12 we see the reason for this. At T = 60 ◦C the
aturation levels are high at low cell voltage, causing the drop
n performance seen in Fig. 11. However, due to decreased con-
ensation, at T = 120 ◦C even at low cell voltage the saturations
evels are too low to lead to flooding.

We note that in Fig. 11, the gas pressure in the channel is
onstant, so an increase in temperature leads to a decrease in the
olar density of the gas, and therefore in total oxygen avail-

ble. More importantly, an increase in temperature causes a
ubstantial increase in the saturation vapour pressure at high
emperatures. At fixed water activity, there are correspondingly
arge increases in the vapour density. Fig. 13 shows the polar-
zation curves at aw = 1 as the temperature is increased from
0 to 120 ◦C, while the gas pressure, Pc, and the concentra-
ion of oxygen in the cathode channel, C̄p are kept constant at
0 psig (206.842 kPa) and 3.75 mol m−3, respectively. We see
hat the current density increases dramatically at low cell volt-
ge because of the reduction in the saturation levels. At higher
ell voltages the performance deteriorates, but not substantially,
ossibly because of the increase in the vapour density and its
orresponding effect on the membrane conductivity.

.7. Effects of water removal from channel

To see the effect of the removal of liquid water from the
athode channel we refer to Fig. 14. It is evident that by in-
reasing the removal rate (equivalent to increasing �) perfor-
ance improves at 0.1 V. The improvement in performance is

ccompanied by a decrease in the maximum saturation (over
DL and CCL), and there is an inverse relationship between the
ooding level and the current density at this voltage. Moreover,

he current density measured at 0.6 V does not decrease signifi-
antly over the same range of �. In other words, increasing the

emoval of liquid water from the channel improves the perfor-
ance at low cell voltages without significantly affecting the

erformance at high cell voltages. This point is underlined by
ig. 15.
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Fig. 11. The effect on the performance of combined changes in the chan

. Discussion

Capturing the effects of (particularly liquid) water is a non-
rivial issue in PEMFC modelling. In this paper we have provided
he outline of a model that incorporates many of the difficult
spects associated with these effects. In doing so, we found it
ecessary to explicitly include many of the MEA features that
re often subject to approximation, such as a detailed catalyst
ayer model, temperature variations and the multi-phase nature
f the problem.

We have demonstrated through comparison with experi-
ent that the model we have developed qualitatively captures

he correct behaviour with respect to flooding and membrane
ydration (see Fig. 7). This result, which appears to be ab-
ent in previous modelling studies, underlines the competi-
ion between hydration of the membrane and flooding, and is
learly an effect which has to be captured in any model that
s aimed at predicting or aiding water management. To show
he benefits of our modelling approach we performed several

tudies focussed on water management, particularly with re-
ard to the effects that micro-structure and operating condi-
ions have on performance. We now highlight a few of our
ndings:
ater activity and temperature (both channels at the same water activity).

1) From the results depicted in Fig. 8 and the relation-
ships (60)–(62), it appears that the most influential micro-
structural property to affect saturation levels is the pore di-
ameter, dp,g for the GDL and dp,c for the CCL. Provided
that they do not approach extreme values (θc

c, θ
g
c → 90◦),

the contact angles play only a minor role since the maxi-
mum saturation is quite insensitive to changes in dc and dg
that are not at least an order of magnitude. Nevertheless,
combined changes in the microstructural properties of the
GDL can be employed to improve performance quite sub-
stantially.

2) Reducing the thickness of the membrane improves perfor-
mance. However, this practice must be treated with cau-
tion. If the thickness is reduced by too much, oxygen and
hydrogen cross-over will also increase and will lead to se-
vere degradation. Likewise, decreasing the GDL thickness
improves performance, with the increased oxygen supply
outweighing the increased saturation levels.

3) From the results of Section 5.5, it is clear that without either

changes in the other conditions or external humidification
strategies, the resistance of the membrane is prohibitively
high if the water activities in the channels are below a critical
set of values (around 0.7–0.8). At water activities approach-



1266 A.A. Shah et al. / Journal of Power Sources 160 (2006) 1251–1268

ing to the calculations at aw = 1 in Fig. 11.

(

(

Fig. 12. Saturation profiles correspond

ing unity in both channels, the flooding becomes an issue if
the cell is operated at low voltage. However, at mid-range
voltages, above approximately 0.4 V, the performance is op-
timized at aw = 1.

4) If the cell is operated at water activities in the channel that
are close to unity, temperature can be used in some measure
to offset the effects of flooding by lowering the condensa-
tion rate and therefore the saturation levels (see Figs. 11
and 12). From Fig. 13 we see that performance at low cell
voltages can therefore be enhanced significantly, while the
corresponding deterioration in performance at higher cell
voltages is minor. The latter result is possibly due to the in-
creased vapour molar concentration at higher temperature
and the corresponding improvement in membrane conduc-
tivity.

5) Fig. 14 suggests that at high water activity significant per-
formance improvements can be made by increasing the re-
moval rate of liquid water from the cathode channel, which
although not solely controlled by, is directly linked to the

flow rate of gas down the channel. Under these conditions,
if no liquid water is removed (� = 0) flooding severely im-
pacts the current density at low cell voltage. The greater the
removal of the liquid water the higher the current density at

Fig. 13. The effect of temperature increases in the channels (both at the same
temperature) with aw = 1 in both channels. In these calculations, the oxygen
concentration was kept constant as temperature was varied.
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ig. 14. The effect of the removal constant �, defined in (59), on the maximum
aturation and the current density measured at 0.1 and 0.6 V. Both channels are
t aw = 1.

low cell voltage, which eventually plateaus as � increases.
Furthermore, the performance at higher cell voltage is not
dramatically affected as the removal increases (see Fig. 15).

Though we have concentrated on water effects in this paper
here are several other aspects to the model that can be exploited.
or example, a parametric study with respect to the microstruc-

ural properties of the CCL and conditions under which proton
igration is limiting. Our purpose has been to demonstrate the

bility of the model to capture complex phenomena. There are
everal extensions to the model that we are currently pursuing.
n order to study effects such as hydrogen and oxygen (as well

s water) crossover, the anode catalyst and gas-diffusion layers
ust be included. In addition, extension to two dimensions will

rovide details of the non-uniformities down the channels.

ig. 15. The effect on the polarization curve of changes in �, the removal rate
onstant.
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