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Abstract

A one-dimensional non-isothermal model of a proton exchange membrane (PEM) fuel cell has been developed to investigate the effect of
various design and operating conditions on the cell performance, thermal response and water management, and to understand the underlying
mechanism. The model includes variable membrane hydration, ternary gas mixtures for both reactant streams, phase change of water in the
electrodes with unsaturated reactant gas streams, and the energy equation for the temperature distribution across the cell. It is found that
temperature distribution within the PEM fuel cell is affected by water phase change in the electrodes, especially for unsaturated reactant
streams. Larger peak temperatures occur within the cell at lower cell operating temperatures and for partially humidifed reactants as a result
of increased membrane resistance arising from reduced membrane hydration. The non-uniform temperature rise can be significant for fuel
cell stacks. Operation on reformed fuels results in a decrease in cell performance largely due to reduced membrane hydration, which is also
responsible for reduced performance at high current densities for high cell operating pressures. Model predictions compare well with known

experimental results. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Proton exchange membrane (PEM); Electrodes; Catalyst layers; Fuel cells; Modelling

1. Introduction

There is an increasing interest in the use of proton
exchange membrane (PEM) fuel cells for both mobile
and stationary applications as an environmentally friendly
power source. Emphasis is placed on high power density
with adequate energy conversion efficiency for mobile
applications, and on high energy efficiency with adequate
power density for stationary applications. Two key issues
limiting the widespread commercialization of fuel cell
technology are better performance and lower cost. PEM
fuel cell performance is limited by polarizations. A good
understanding of the effect of design and operating condi-
tions on the cell potential is required in order to reduce
polarization. Major operating parameters include cell tem-
perature, pressure, reactant stoichiometry, and gas stream
composition. Cell structure and materials are also of impor-
tance. Some problems particular to PEM fuel cells result
from the use of an ionomer as electrolyte. For example, the
solubility of a reactant gas in, and the ionic resistivity of, the
electrolyte depend on the membrane moisture content and
temperature. As a result, the membranes require adequate
humidification for proper performance. Humidification is
often achieved via water vapor in the reactant gas streams;
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however, excessive water presence, especially water produc-
tion at high power density from cell reactions, can lead to the
flooding of the electrode pores, thereby limiting gas-trans-
port to the reaction sites. Increasing the operating tempera-
ture can decrease mass-transport limitations and increase the
electrochemical reaction rates; but increased temperature
also has an adverse effect on the maximum cell potential due
to thermodynamic considerations and the increase in water
vapor partial pressure. Thus, both thermal and water man-
agement are critical to the performance of PEM fuel cells.

In the last decade a number of fundamental studies have
been directed towards increasing our understanding of PEM
fuel cells and their performance. One of the earlier studies by
Bernardi [1] focused on the humidification requirements of
inlet gases in order to mainatain water balance in a PEM cell.
Bernardi and coworkers continued to investigate the perfor-
mance of a gas-fed porous cathode bonded to an ion-
exchange membrane [2], and developed a one-dimensional
isothermal cell model [3]. On the other hand, Wang and
Savinell [4] studied the hydrogen electrode bonded to a
membrane, and examined the effect of carbon monoxide
poisoning of the platinum catalyst. Humidified hydrogen is
the anode gas. Springer and his colleagues have made
significant contributions to the understanding of the pro-
cesses occurring in a PEM fuel cell. An early study devel-
oped an isothermal, one-dimensional, steady-state model of
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a complete PEM fuel cell [5], including variable membrane
hydration. The anode catalyst layer was neglected and the
cathode catalyst layer was taken to be a thin reactive plane.

Fuller and Newman [6] investigated the water and thermal
management in PEM fuel cells, and Nguyen and White
studied the effects of various forms of gas humidification on
cell performance and water management [7]. Further work
by Wilson et al. fit a number of cell performance curves
using experimentally determined parameters [8]. This model
included interfacial kinetics at the Pt/ionomer interface, gas-
transport and ionic-conductivity limitations in the catalyst
layer, and gas-transport limitations in the cathode backing.
From the comparison of their model predictions with the
experimental data, they concluded that the permeability of
reactant gas in their thin-film catalyst structures was
approximately three orders of magnitude higher than in
neat ionomer. Yong et al. [9] conducted both experimental
and modeling studies, and found that with an oxygen mole
fraction greater than 0.4 (dry gas), mass transport effects
were considerably reduced; very low diffusion coefficients
of oxygen in the substrate layer were necessary to explain
the rapid reduction in cell potential at high current densities.

Amphlett et al. [10,11] developed a parametric model of
a single PEM cell by using a mechanistic approach, and a
number of grouped parameters were identified and fit to
the empirical data measured from a Ballard Mark IV single
cell. Similarly, Kim et al. used an empirical equation to
describe the performance data of a PEM fuel cell over the
complete operating range [12]. The inclusion of an expo-
nential term with an adjustable parametric coefficient was
found to accurately model the performance curves up to
and including the mass transport limited region at high
current densities.

Grot et al. [13] modelled an isothermal, steady, one-
dimensional PEM cell incorporating the membrane water
model from [5]. For the catalyst layer, it was assumed that
the catalyst particles were covered by a thin film of ionomer
and that diffusion through this film could be neglected. Marr
and Li [14] extended Grot et al.’s model, and investigated the
catalyst utilization as well as the optimal composition and
structure for the cathode catalyst layer, such as the catalyst
loading, catalyst type (e.g. platinum black or supported on
carbon), catalyst layer thickness, void fraction, and ionomer
content. Most of these modeling results agreed surprisingly
well with the experimental data obtained in an indenpendent
study by a team of Ballard researchers [15]. Marr and Li [16]
further developed a cell model with engineering correlations
for transport phenomena in the reactant flow channels. A
recent study by Baschuk and Li [17] included the variable
degree of liquid water flooding in the catalyst layer and
electrode backing regions as well as their effect on the cell
performance. Baschuk and Li [18] also examined the issue
of carbon monoxide poisoning in PEM fuel cells. A recent
model by Wohr and Bolwin [19] has particular relevance to
the present study as their results described the temperature
profile across a number of PEM cells.

Clearly most of the previous studies either deal with the
cell performance or water and thermal issues separately,
even though they are closely related and cell performance is
significantly influenced by the water and thermal manage-
ment. Therefore, the objective of the present study is to
develop a detailed cell performance and thermal model
incorporating water and temperature distribution in the cell,
and to investigate the operating conditions on the cell
performance as well as temperature and water distribution.
Such a study will be useful for the design and operation
of practical fuel cells and stacks where appropriate cell
cooling system affects output power density and contributes
significantly to the cost of PEM fuel cells.

2. Model formulation

Consider a typical PEM fuel cell, as shown in Fig. 1. It
consists of a cathode and anode electrode with a proton-
conducting membrane as the electrolyte sandwiched in
between. Between each of the electrodes and the membrane
there exists a catalyst layer, referred to as the cathode and
anode catalyst layer, respectively. Therefore, a total of five
distinct regions need to be modelled, and the typical thick-
ness for each region is also shown in Fig. 1.

It is assumed that the cell is steady and all the parameters
change in the x-direction only, as shown in Fig. 1. This one-
dimensional approach is reasonable as a first approxima-
tion considering the fact that the other dimensions of the
cell are typically orders of magnitude larger than the cell
thickness. The reactant gas mixtures are approximated as
ideal gases, and reactant cross-over and electrode corrosion
are insignificant at practical operating conditions with
negligible viscous, Soret, Dufour, gravity and radiation
effects as well as negligible pressure changes in an elec-
trode. Thermophysical properties are evaluated at the
average cell temperature because of small temperature
variations across the cell as shown later in this study.
The cathode catalyst layer is regarded to be fully hydrated
as product water is produced there and the reactant streams
are usually fully humidified. This assumption is reasonable
as Baschuk and Li [18] indicated. The anode catalyst layer
hydration is taken as a function of water vapor activity,
similar to Springer and coworkers [8,20]. The catalyst is
uniformly distributed in both the cathode and anode cat-
alyst layers, and the dissolution of reactant gases in liquid
water follows Henry’s law. Also for simplicity, a linear
variation across the electrolyte membrane is assumed for
both the hydration of the electrolyte membrane and the
pressure difference between the anode and the cathode.
With these assumptions the cell model is formulated with
transport phenomena for the electrodes, catalyst layers
and membrane electrolyte as described in the following
sections. Details of the model formulation, derivations of
the governing equations, solution method and numerical
procedures can be found in [21].
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Fig. 1. A schematic of a PEM fuel cell.

2.1. Electrodes

The electrode, as defined here, consists of a gas-transport
substrate only which serves the purposes of current collec-
tion and gas-transport to reaction sites. The electrode cor-
responds to regions a—b and e—f shown in Fig. 1.

The mathematical model of the various transport pro-
cesses occurring in the electrode is formulated by applying
the conservation equations for an ideal gas in a porous
media. Specifically, the conservation of species and energy
are applied along with the Stefan—-Maxwell equation for
multi-component gas diffusion and Fourier’s law for heat
conduction. It is assumed that there is negligible pressure
gradient and the primary means of gas-transport is diffusion.
The governing equations are

species : V- (p + p, Vi) = w; (1)

energy : pV-Vu=-V-4—pV - -V+g, 2)

where ¢ = —kYT + thiYiVi 3)
i

where p; is the partial density of species i, v the mass-
averaged velocity and V; the species diffusion velocity, u the
internal energy, g the diffusive heat flux, k" the effective
thermal conductivity, &; the specific enthalpy, p the pressure,
T the temperature and Y; the mass fraction of species i. The
mass and energy source w; and g, account for the addition of
mass and energy to the gas mixture due to the vaporization of
liquid water and Joule heating due to electrical current flow,
respectively.

The sum of the individual species equations gives the
overall continuity equation for the gas mixture

continuity : V- (p¥) = Zwi “4)

and the diffusion velocity, \7i, can be determined from
the Stefan—-Maxwell equation for multi-component gas
diffusion

V=Y (%) (V, — V) 5)
J y

where D?jff is the effective binary diffusion coefficient for

species i in j, and x; is the mole fraction for species i. The

binary diffusion coefficients are calculated with the empe-

rical correlation of Fuller, Schettler, and Giddings as found

in [34].

The oxidant used in terrestrial applications of PEM fuel
cells is almost invariably humidified air. Hence, the species i
are defined as 1 =0,, 2=N,, 3 =H,0 (g) (here the
symbol “g” represents water vapor) for the cathodic elec-
trode; and 1 = H,, 2 = CO,, and 3 = H,O (g) for anodic
electrode. Such a designation takes into account the possi-
bility of using both pure hydrogen and hydrocarbon
reformed gases as fuel. It should be noted that for a reaction
rate set by cell current density /, the mole flux of hydrogen is
twice that of oxygen due to stoichiometric requirement,
which is denoted by the parameter n. Hence, n represents
the moles of electrons transferred per mole of reactant
(H; or O,) consumed.

The above governing equations can be simplified for the
present one-dimensional transport processes as follows:

. 1 dx1 RT |:X1N3 — X3N1 XZNl] (6)
species 1 @ — = — —
«~p [ of T Df
. d)C3 RT X3N1 — X1N3 )C2N3
pecies 3 : & =— — = 7
p D3 D53

species2: x;=1—x; —x3 ®)
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d’T

energy : — k°f o2

I dTr
+ [<n_F> Wicp1 + N3Wscp3 +N/W3Cp-/] dx

2

I
+ hvapw3 - F =0 (9)
d
flux: (M) :;”V—z (10)
Deff w
source : wz = Sh 2 fe% (1%—)@) (11)
. do, 1
potential : I = oo (12)

where the subscript “/”’ denotes liquid water, R is the
universal gas constant, N the molar flux, F the Faraday
constant, W the molecular weight, ¢, the specific heat at
constant pressure, h,, the enthalpy of vaporization for
water, ¢t the effective electrical conductivity, Dgff the
effective diffusion coefficient for water vapor in the gas
mixture, psy the saturation pressure of water, and @g the
electrical potential in the solid matrix of the electrode. The
mass source, ws, which is the rate of water vaporization
or condensation, depends on the Sherwood number, Sh,
surface area of liquid water per unit volume, f., and the
characteristic length scale L involved. Eq. (12) is just the
Ohm’s law. Clearly, for each of the electrode regions there
are seven equations for seven unknowns: xy, x2, x3, T, N3, w3
and @.

2.2. Catalyst layers

Although the catalyst layers are relatively small, they are
the heart of the fuel cell. Here fuel and oxidant react
electrochemically to produce electrical energy. In this region
of the cell, the transfer of mass and energy is coupled with
reaction kinetics and results in a potential difference
between electrodes. How this potential difference varies
as a function of mass transfer, electrode kinetics, and energy
flux determines the cell performance.

In this study the catalyst layers are assumed to be a
mixture of membrane, catalyst and void space. The
volume fractions of these components can be varied as
can the effective surface area of catalyst that is charac-
terized by different loadings and catalyst types. The
overall reactions in the cathode and anode catalyst layers
are taken as

cathode : 0,(aq) + 4H" (aq) + 4e~ (Pt) — 2H,0(¢)
(13)
anode : Hy(aq) — 2H" + 2e~ (14)

Using the subscript notation of 1= 0,, 2=H", and
3 =H,0(¢) for the cathode catalyst layer, and 1 = Hp,
2 =HT, and 3 = H,0(/) for the anode catalyst layer,

respectively, a set of governing equations can be derived,
similar to the electrode regions described earlier, by an
application of the conservation laws for the species and
energy along with the Butler—Volmer equation for the
electrochemical reactions, the Nernst—Planck equation for
the flux of aqueous species in the membrane, electroneu-
trality, and Fourier’s law for heat conduction. The energy
equation includes heat production due to both reversible
and irreversible mechanisms. Species diffusion and Ohm’s
law for electron transfer in the solid matrix complete the
formulation, which is

flux 1 : % = _‘:;ﬁx) 15)
flux 2 : % =j(x) (16)
flux 3 : % = _‘:{F(x) (17
energy -~ keffji—z + (N1cp 1 Wi 4 N3cp3W3) %

i im
+ F (T A3) = j(x)(Ps — Pry) + P (18)
d2C1 N3 dC] C1 dN3 le
. Deff______— —:O 19
“ P o dr o dr (1%
do, im F
(Dm . —dx = —E‘FWENB (20)
. eit AP,
&by: iy=—0 tfag 21
where
. et €I n o F
it = a5’ ()" |ewn (- (0= 00 )
o F
~exp(~%E (00| 22)

the Butler—Volmer equation, here v; the stoichiometric
coefficient for species i in the cathodic and anodic reactions
as given in Egs. (13) and (14), AS the entropy change
for these two reactions, @ the electrical potential, D the
diffusion coefficient, ¢ the concentration, x the electrical
conductivity of the membrane, iy, and i are the current
density in the proton-conducting membrane and the
electron-conducting solid, respectively, i{ff the reference
exchange current density at the reference concentration
¢, and a the catalyst reactive surface area per unit volume.
Because no water is produced by the anodic reaction,
Eq. (14), v3 = 0 for the anode catalyst layer. The transfer
coefficient o, and o, in the Butler—Volmer equation are
taken as unity. This gives an approximate Tafel slope of
70 mV/decade, which is similar to that used by Springer,
et al. [20]. Hence, for each of the catalyst layers, there are
seven equations for seven unknowns: Ny, iy, N3, T, ¢, P
and &,.
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2.3. Membrane electrolyte

For PEM fuel cells, a perfluorosulfonate polymer mem-
brane acts as the hydrogen ion conductor. The transport
processes in the membrane are described by the conservation
of species and energy. The net flux of water across the
membrane is determined by the net effect of electro-osmotic
drag, diffusion due to concentration gradient, and convec-
tion due to a pressure gradient. The flux of protons
is described by the Nernst-Planck equation. Hence, the
governing equations are

&’7T d i2
energy : — keff@ + P (N/hyWy) = ;m (23)
. do,, im RT 3 di F (1
tential : —— = — " 4 5= —+=(=]N
potentia o K-i— F<1+5/l>dx+lc()v> ¢
(24)
d;&
hydration : /= 1, + (a) (x — ) (25)

WaterFlux : N, = —D, (—C’ i t_ il ’a>
kp (pc — Da ndl
_ ¢mem, 7T (fc A dd- 26
€, C¢ 'u( . + F (26)

where the subscript “a” and‘“‘c” are for quantities at the
anode and cathode side of the membrane; ¢ is the membrane
expansion coefficient with hydration; kp and p are the
hydraulic permeability of the membrane and liquid water
viscosity, respectively; #,, the thickness of the membrane,
€,°™ the volume fraction of water in the membrane, and #4
the electro-osmotic drag coefficient. Zawodzinski et al. [5]
determined 6 to be 0.0126 for Nafion 117; it is assumed that
this value applies to all membranes and is independent of
temperature and pressure. In the above equations, the mem-
brane hydration A, concentration and pressure have been
assumed to vary linearly. These are deemed to be suitable
first assumptions. Although a linear variation in hydration
does not imply a corresponding variation for water concen-
tration, this approximation has been employed for numerical
simplicity.

The hydration at the anode side of the membrane is
determined by the activity of water vapor, a, there. An
empirical correlation based on the adsorption isotherm of
Nafion 117 is used with an allowance for the activity to
exceed unity. A maximum hydration of 16.8 is assumed in
the presence of liquid water as measured by Zawodzinski for
Nafion 117 immersed in water at 80°C [5]. The hydration is
assumed to vary linearly from 14 to 16.8 when the mole
fraction of water vapor exceeds saturation up to 3xg in a
manner similar to that used in [5, 30].

4 =0.043 + 17.81a — 39.854% + 36.04°,

BP 27)
Dsat

O<a=

z:14+1.4(;ip—1>, l<a="P<3 (28)
sat Psat

The osmotic drag is quantified by #,, the electro-osmotic
drag coefficient which is defined as the ratio of moles of
water transported per mole of protons where there is no
concentration or pressure gradient. Zawodzinski et al. have
measured drag coefficients as high as 4.0 in fully hydrated
samples of membrane C, while Nafion 117 exhibited
ng = 2.5 for A =22, and 4 = 0.9 for A = 11 [32]. For this
work, the osmostic drag coefficient is assumed to be a linear
function of hydration [5] with a maximum value of 1.0 for
full hydration (4 = 16.8). Similarly, the diffusion coefficient
of water in the membrane D,, the membrane expansion
coefficient § and the membrane hydraulic permeability kp
are taken from [5].

Both the membrane proton conductivity and the diffusion
coefficient for liquid water in the membrane are determined
as a function of membrane hydration and temperature T (in
K) [5].

1 1

x (0.0051394 — 0.00326) (Qcm) ™! (29)
Dy =1 x 10-exp|2416( — — +
37 P 303 T
x (2.563 — 0.337 + 0.02644> — 0.0006712°)
x (ecm?/s) (30)

The diffusion coefficient for oxygen is determined by a
similar function [29]:

- 1 1
Do, = 2.88 x 10 % exp [2933 (m - T)] (cm?/s)
3D
And, the diffusion coefficient for hydrogen is determined by

[3]
Dy, = 4.1 x 102 exp [2602 (71")} (cm?/s) (32)

Finally, it should be mentioned that liquid water flux was
only determined explicity in the membrane region. Liquid
water flux in the other regions of the cell are calculated based
upon mass conservation, assuming steady-state and known
flooding.

2.4. Boundary conditions

Before the governing equations formulated earlier can
be solved uniquely, appropriate boundary conditions must
be specified. The temperature, pressure, relative humidity,
flow rate in terms of stoichiometry and composition of the
reactant gas in both anode and cathode flow channels (i.e. at
the point a and f shown in Fig. 1) are specified according to
the cell operating conditions. Because the gas composition
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changes along the flow channels due to cell reactions, the
mole fractions of gas species at the boundaries a and f are
determined based upon the set stoichiometric flow rate of
gas and the humidification of the streams. The average
composition between inlet and outlet is determined using
an integral material balance on the gas chambers in a similar
manner to [2]. For example, the effective mole fraction of
species 1 is determined by taking the average of the inlet and
outlet conditions as follows:

. l—)C3
Sl (e /2)(A+/(E- 1)

where x,; is the molar ratio of species 2 to 1 in the dry
gas, and { the stoichiometric flow rate. The electrical
potential in the membrane at the interface b is set to O
for convenience.

By assuming that liquid water and water vapor are in local
thermodynamic equilibrium, the water vapor flux, N3, could
be calculated iteratively. However, due to difficulty in
determining the liquid water motion through the porous
electrodes, for convenience N3 at the electrode/catalyst
layer interface is set to 0.1 at b, and —0.1 at e, when
normalized by the reactant gas flux at b and e, respectively,
although the flux of water vapor at these boundaries will,
in general, vary with operating conditions.

x| (33)

3. Model validation

The governing equations were non-dimensionalized and
solved using an algorithm developed by Fan and White [22].
The thermophysical properties, kinetic data and details of
the numerical procedures are available elsewhere [2]. It is

Table 1
Parameters used for the model validation

worth emphasizing that different values have been used for
the gas diffusion coefficient in the catalyst layer (aqueous
phase) and in the electrode (gaseous phase); and for the
proton conductivity of Nafion 117 in the catalyst layer and in
the membrane, as previously described.

The present model predictions are compared to experi-
mentally determined cell performance data for model vali-
dation. Derouin, et al. [23] and Beery, et al. [24] have
explored experimentally the effects of varying catalyst
loading and catalyst type. The experimental results of these
works are well documented, and therefore, selected for
comparison. The membrane material is assumed to have
the properties of Nafion 117. Typical results are presented
below.

Using the parameter values listed in Table 1, the predicted
polarization curve is compared to the experimental data [23]
in Fig. 2 for 20 wt.% Pt/C catalyst and air or pure oxygen at
5 atm as oxidant. It is seen that the present model predictions
agree well with the experimental results for both cases. It
might be pointed out that no adjustment to the reactive
surface area, a, or the exchange current density, i{)ef, is
required to achieve the good agreement between the present
model predictions and the experimental data shown in Fig. 2.
The roughness factor employed (i.e. the surface area of
catalyst per unit area of cell) is the average of the two values
reported for 20 wt.% Pt/C catalyst, determined by cyclic
voltammetry and transmission electron microscopy [24].
The electrode thickness used is lower than many values
used in other modeling studies; a value of 260-300 pum is
often used, which corresponds to the width of electrode
material as received. Springer et al. have reported a com-
pressed value for E-Tek electrodes of approximately 180 um
[20]; while prototech electrodes were used in [23,24]. It is

Cell temperature, 7 (K)

Anode pressure, p (atm)

Cathode pressure, p (atm)

Anode stoichiometry, {

Cathode stoichiometry, {

Anode relative humidity (%)

Cathode relative humidity (%)

Electrode thickness, 7, (m)

Catalyst layer thickness, ¢ (um)

Membrane thickness, #,, (um)

Volume fraction of membrane in catalyst layer, €l
Volume fraction of solid in catalyst layer, cgl
Catalyst layer flooding (%)

Anode dry gas mole fraction (CO,/H;) (pure Hy)
Cathode dry gas mole fraction (N,/O;) (air)
Reversible potential, V. (V)

Reactive area per unit volume, a (cm?/cm?)
Anode catalyst layer H, permeability, D?ffc‘ff (mol/cm s)
Cathode catalyst layer O, permeability, D¢ (mol/cm s)
Anode: ui{,er (Alem?)

Cathode: i’ (A/cm?)

(Sh x fo) /L (em™2)

353.0
3.0
5.0
1.5
3.0
100
100
180
10
180
0.17
0.4
98
0.0
3.76
1.21
68 x 10°
2x 1078
7 % 10710

4000

0.0013

20000
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Fig. 2. Comparison between the model predictions and experimental
results of Derouin et al. [23] for 20 wt.% Pt/C catalyst and air (a) or O, (b)
at 5 atm using validation parameters in Table 1.

assumed here that these two types of electrodes have similar
thickness after compression in the experiments.

The composition of the catalyst layer requires some
justification. The values for the volume fraction of mem-
brane and solid are similar to those used by Grot et al. [13]
but are significantly different from those of Bernardi et al.
[2,3]. The permeability of the catalyst layer has a significant
impact on catalyst utilization and overall cell polarization.
Work at Los Alamos National Laboratory provides evidence
suggesting that permeabilites in the catalyst layer are much
higher than the reported values for oxygen and hydrogen in
neat ionomer [8,20]. Moreover, the work of Derouin et al.
[23] suggests catalyst layer permeabilities that are higher
than those used by Bernardi [3].

The effective transport parameters for thermal conductiv-
ity, electrical conductivity and mass diffusion in each of the
layers are approximated by using the sum of the volume
weighted parameters for each component that makes up
the layer (except for the mass diffusion coefficients in the
electrodes; these are discussed in [21]). In the case of the
effective thermal conductivity for the catalyst layer a parallel
resistance analogy is used:

K = ek + €sks + ewky, (34)

where the conductivity is determined by the volume frac-
tions, €, of the components making up the layer: membrane,
solid (catalyst) and water. The thermal conductivity of
the solid electrodes is assumed to be approximately
0.026 W/cm K.

The bulk diffusion coefficient for oxygen in the cathode
catalyst layer is determined by the volume fractions of
membrane, water and void space and by using a parallel
resistance analogy. A parallel analogy seems to well approx-
imate the empirical permeabilities reported for Nafion
impregnated, hot-pressed, layer structures [33]:

D, = 6mDrlnem + €WD‘1N + évoidDij 35)

where, Dj; is taken as the diffusion coefficient of oxygen in
nitrogen for air operation and oxygen in water vapor for
neat-O, operation. In the case of the anode, a similar
approximation is made; however, for reformed fuel, D;; is
the diffusion coefficient of hydrogen in carbon dioxide.
The effective diffusion coefficient for the catalyst layer is
then determined by modifying the porosity of the layer.

D" = (1 - ¢)Dy (36)

A tortuosity correction is not employed here as there is no
information available regarding the value of this parameter
in a typical catalyst layer structure. The effective electrical
conductivity of the membrane phase in the catalyst layers is
modified for porosity in a similar manner. Coefficient values
for diffusion, concentration, and conductivity are tempera-
ture dependent and are not constant throughout the MEA.
Property values are calculated for each node position
depending on the temperature at the particular node. The
permeabilty values listed in Tables 1 and 2 are calculated
values at near zero current density (10 mA/cm?) and are
shown for reference only, not as constant values.

4. Result and discussion

The PEM fuel cell model developed in the preceding
sections makes it possible to explore the effect that oper-
ating conditions, physical morphology, and kinetics have
on cell performance. The model base conditions given in
Table 2 are derived from data available in the literature and
from the physical and kinetic data given elsewhere [21].
The most significant difference between the parameter
values given here and those in Table 1 for the model
validation is the volume composition of the catalyst layers.
These values, similar to Bernardi and Verbrugge [2,3],
provide a realistic value for the thermal conductivity of
the layer.

The cell polarization curve resulting from the base case
parameters is shown in Fig. 3. As expected, the most
significant contributor to potential loss for the cell is the
cathode catalyst layer. A low permeability and exchange
current density combine to demand a significant portion
of the reaction free energy. The membrane layer shows a
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Table 2
Base case model parameters

Cell temperature, 7 (K)
Anode pressure, p (atm)
Cathode pressure, p (atm)
Anode stoichiometry, {
Cathode stoichiometry, {
Relative humidity (%)
Electrode thickness, . (1m)
Catalyst layer thickness, 7. (um)
Membrane thickness, f;, (Lm)
Volume fraction of membrane in catalyst layer, €
Volume fraction of solid in catalyst layer, ¢!
Catalyst layer flooding (%)
Anode dry gas mole fraction (CO,/H;) (pure Hy)
Cathode dry gas mole fraction (N,/O;) (air)
Reversible potential, Vi (V)
Reactive area per unit volume, a (cm?/cm?)
Anode catalyst layer Hy permeability, D$Tci (mol/cm s)
Cathode catalyst layer O, permeability, D¢t (mol/cm s)
Anode: ai¥® (A/cm?)
Cathode: aiff' (A/cm?)
Thermal conductivity k°f
Electrodes (W/cm k)
Catalyst layers (W/cm k)
Membrane (W/cm k)
(Sh x f2)/L (cm™2)

cl
m

353.0
3.0
3.0
L5
3.0

100

200

180
045
0.5
99
0.0
3.76
1.199
1 x10°
8.9 x 10710
5.4 % 10710

30000

0.0095

0.016
0.015
0.0034

20000

sizable potential loss due to low ionic conductivity. The loss
in the anode catalyst layer is insignificant due to the rela-
tively high permeability of H, and, more importantly,
because the anode reaction is orders of magnitude faster
than the cathode for a given activation overpotential.

The morphology and physical composition of the catalyst
layer has a significant impact on cell polarization and a
substantial amount of research is being conducted in hopes
of optimizing the structure [23-27]. Essentially, the two
main areas of focus are (1) decreasing the amount of
precious metal catalyst while ensuring a large reactive sur-
face area, and (2) increasing gas permeability in the layer for
better reactant access to the reactive sites. The latter can be
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Fig. 3. Base case polarization curve using parameters in Table 2.

achieved by a number of techniques, such as wet-proofing,
void space inclusion, and catalyst composition. One effec-
tive method of reducing the activation polarization for a
given current density is by increasing the reactive surface
area. The active surface area per unit volume, a, depends on
catalyst loading, layer thickness and catalyst morphology,
and ranges from 1 x 10*to 1 x 10% cm~! [9,24], as found in
literature. The effect of increasing a for the cathode catalyst
layer from 1 x 10° to 1 x 10® cm~! is shown in Fig. 4a. A
decrease in the cathode activation polarization across the
entire current range is evident when compared to Fig. 3.

Fig. 4b shows the effect of increased oxygen permeability
in the cathode catalyst layer on cell polarization. With low
permeability, oxygen concentration is limited to a narrow
region at the electrode interface [3]. In order to simulate a
“high-performance” MEA, the permeability in the oxygen
catalyst layer was increased by a factor of 10 as compared to
the base case conditions and a high catalyst active surface
area was maintained. For practical fuel cells operating at
higher current densities oxygen will be confined to a thin
region next to the electrode interface, and all the oxygen
arriving there will be almost completely consumed by the
electrochemical reactions. The polarization curve for a
“high-performance” MEA at 353 K is shown in Fig. 4b
and it is clear that high permeabilty catalyst layers can
have a large impact on performance especially at high
current densities.

Excessive low or high operating temperatures tend to
affect cell performance adversely. Fig. 5 shows the predicted
cell polarization curves at two different cell temperatures
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T, for high permeability (10 x base case), and a cathode
reactive area of 1 x 10® cm?/cm® — the so-called “high-
performance” MEAs. At T, = 333 K (or 60°C) shown in
Fig. 5a, a noticeable decrease in cell potential is evident
when compared with Fig. 4b which is calculated for the
same conditions except for a cell temperature of 80°C. This
lower performance is primarily due to increased resistive
losses in the membrane at lower cell temperatures.
Although increasing the cell operating temperature can
reduce transport losses and favourably affect reaction
kinetics, it can result in decreased cell potential mainly
due to an increased water vapor partial pressure, leading
to enhanced mass transport related losses. Fig. 5b presents
the cell performance at 7, = 368 K (i.e. 95°C). It is seen that
the cell potential is again significantly lower than that given
in Fig. 4b and decreases faster for higher current densities.
At approximately 1.0 A/cm? the concentration polarization
becomes dominant due to the limitation of mass transport.
The partial pressure of oxygen at the catalyst layer/cathode
electrode interface becomes so small that a limiting current
density is reached at about 1.1 A/cm?. This limiting current
density is estimated from the oxygen concentration distri-
bution in the cathode electrode, as shown in Fig. 6. The
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Fig. 5. Cell polarization curve for high permeability, @ = 1 x 10° cm™!

and 7, = 333 K (a); and 368 K (b) showing the effects of lower and higher
operating temperature.

horizontal coordinate is the distance within the cathode
electrode normalized by the cathode electrode thickness,
so that the normalized distance of “0” represents the inter-
face between the cathode electrode and the cathode catalyst
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Fig. 6. Distribution of O, mole fraction in the cathode electrode for the
same conditions as for Fig. 5b. The right-hand side (x = 1) is the oxidant
gas channel and the left-hand side (x = 0) is the interface with the catalyst
layer.
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Fig. 7. Temperature distribution over the entire cell for base case
conditions.

layer. It is clear that the oxygen concentration distribution
within the cathode electrode, and at the electrode/catalyst
layer interface, decreases as current density is increased. At
the cell current density of 7 = 0.8 A/cm? the oxygen mole
fraction at the interface reduces to about 0.03. Extrapolation
indicates that the oxygen mole fraction at the interface
almost vanishes at 7 ~ 1.1 A/em?, which is taken as the
limiting current density.

The temperature profile across the entire cell is shown in
Fig. 7 for the base case condition given in Table 2. It is seen
that at low current density of 0.1 A/cm? the temperature
across the cell is nearly uniform. For higher current density
of 0.6 and 1.1 A/cm?, the temperature profile is almost linear
in the anode and cathode electrode, indicating heat conduc-
tion is predominant there and the heat generation due to
Joule heating is not significant. However, the temperature
distribution within the membrane is highly non-linear
because of the significant heat generation due to Joule
heating. Although the reactant gas streams are fully humi-
dified before entering the cell, higher temperatures within
the cell will result in the vaporization of liquid water, which,
coupled with the electro-osmotic drag of water from the
anode side to the cathode side of the membrane, will cause
dehydration of the membrane on the anode side. Membrane
dehydration will increase the resistance to proton migration,
resulting in even more heat generation. This self-accelerat-
ing mechanism makes membrane hydration a critical
parameter governing the cell performance [28]. At present,
gas stream humidification is the most common means of
maintaining membrane hydration [1,6,7,28], and this tech-
nique may not be adequate for high-performance PEM
fuel cells which typically operate at high current densities.
The non-uniform temperature distribution may become even
more pronounced for fuel cell stacks. Further, temperature
affects the reaction kinetics and transport properties such
as resistivities, diffusivities and membrane solubilities--
seemingly all related to the amount of water absorption
in the membrane [29]. Thus, appropriate thermal and water
management are critical for PEM fuel cell performance.

The temperature rise within a PEM fuel cell results from
the heat generation due to the exothermic nature of the
overall reaction, Joule heating and the phase change of
water. For the results shown in Fig. 7, the contribution from
the condensation of water vapor is small because the relative
humidity of the reactant gas streams is set at 100%. In some
working cells the gas streams are introduced into the cell at
temperatures above the cell operating temperature in order to
provide a larger quantitity of water vapor for membrane
hydration. This technique will result in the condensation of
excessive water vapor present, accompanied with heat release
in the cell, thus, potentially increasing the temperature.
Fig. 8a shows the temperature profile for the reactant gas
humidity of 110% to simulate saturated, higher temperature
feed streams. It is seen that the effect of water condensation in
the cell is the most prominent at low current density of 0.1
A/cm? where the peak temperature is about twice of what
is shown in Fig. 7. This is because at low current densities
Joule heating and heat of reaction is small and the heat of
condensation dominates. However, Joule heating increases
significantly with the current density and becomes dominant
at high current densities. As shown in Fig. 8a, the peak
temperature decreases slightly at 1.1 A/cm?> because of
reduced membrane resistivity due to better hydration.
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Similarly, the effect of water vaporization in the cell can
be simulated by the use of unsaturated reactant streams, as
shown in Fig. 8b for the relative humidity of 50% in the
cathode gas stream. The effect of liquid vaporization is
clearly evident at 0.1 A/cm? driving the temperature down.
This can be seen at higher current density of 0.6 and 1.1
A/cm? as well, as the slight depression in the temperature
profile across the cathode electrode.

Fig. 9 shows the temperature distribution across the cell
for the cell operating temperature of 7, = 60°C and 95°C.
It is seen that the peak temperatures within the cell for
T. = 60°C (Fig. 9a) are larger than those shown in Fig. 7
obtained for 7, = 80°C, whereas the maximum tempera-
tures at the high current density of 0.6 and 0.8 A/cm? given
in Fig. 9b are less than the corresponding peaks in Fig. 7. It,
therefore, suggests that the temperature distribution tends to
be more uniform as cell operating temperature is increased.
Although the predicted temperature difference through the
cell is small (on the order of 1 K), the effects in a complete
fuel cell stack could be significant where cooling plates
are distributed periodically throughout the stack. Obviously,
thermal conductivities of the cooling plates, flow channel
plates (i.e. bipolar plates) and electrodes impact heat trans-
fer through the cell. To simulate the effects of cooling and
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Fig. 10. Temperature profile over the entire cell for electrode thermal
conductivity of 0.004 W/cm K and a cell temperature of 353 K.

bipolar plates which are typically at least one order of
magnitude thicker than the electrodes, the electrode thermal
conductivities are set to one-fourth of their base case values,
and the resulting temperature profile is shown in Fig. 10.
Clearly, the temperature within the cell is much higher with
these reduced thermal conductivities, and the peak tempera-
ture difference becomes nearly 5 K at 1.1 A/cm?. Therefore,
as it is well known, the thermal and water management for a
stack are much more demanding than for a single cell.

Fig. 11 shows the distribution of liquid water flux and
relative humidity within the cathode electrode for the oxi-
dant stream relative humidity of 50%. It is seen in Fig. 11b
that the relative humidity increases from the oxidant gas flow
channel of 50 to about 78% at the electrode/catalyst layer
interface, and it increases only slightly with the current
density. This increase of the relative humidity in the cathode
is a direct result of liquid water vaporization. Fig. 11a shows
that at high current density of 0.6 A/cm?, the liquid water
flux remains positive throughout the cathode, implying that
liquid water from the cathode catalyst layer is used to satisfy
the vaporization requirement. However, at the low current
density of 0.1 and 0.2 A/cm?, water flux is positive near the
region close to the catalyst layer, while it becomes negative
near the region next to the oxidant flow channel. Thus, it
indicates that the liquid water from the catalyst layer is
insufficient to meet the need of vaporization; and liquid
water flowing in from the cathode flow channels (negative
flux) is needed to maintain the steady-state operation
assumed. With a stream inlet humidity of 50%, however,
there will be no liquid water available from the flow chan-
nels. Therefore, dehydration of membrane will occur.

The results for 75% relative humidity in the anode gas
stream are given in Fig. 12 . It is seen in Fig. 12a that the
relative humidity in the anode electrode increases from the
anode flow channels to the anode catalyst layer. This is due
to the decreasing hydrogen concentration profile set up in
the anode for hydrogen transport to the catalyst layer for
electrochemical reactions there. Since the total pressure
(hence, the total gas species concentration) is assumed to
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be constant in the anode, decreasing hydrogen concentration
is reflected as the increase in the water vapor concentration,
thus, the relative humidity increases. When the current
density is increased from 0.1 to 0.6 A/cm?, the relative
humidity increases slightly as well. This phenomenon
may be attributed to the fact that the increasing rate of
hydrogen consumption with the higher current density sets
up steeper hydrogen concentration profile in the anode,
leading to the slight increase in the relative humidity.
Temperature effect may also contribute to the phenomenon.
Fig. 12b shows the net water flux per proton across the
membrane for both 75 and 100% (base case condition)
relative humidity in the anode gas stream. It is seen that
at low current densities, the net water flux is negative,
indicating that water is transported from the cathode to
the anode due to back diffusion arising from the water
concentration gradient. However, at high current densities,
the net water flux becomes positive, signifying the dominant
effect of electro-osmotic drag on water transport. The low
humidity at the anode results in local drying of the mem-
brane at the anode side, leading to increased membrane
resistance to proton transport. As a result, Ohmic losses in
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Fig. 12. Distribution of relative humidity within the anode electrode (a);
net water flux across the membrane (b); and cell polarization curve (c) for
75% relative humidity in the anode gas stream.

the membrane becomes larger than for a fully humidified
fuel stream, and the overall cell performance is greatly
reduced. This is evident for the cell polarization curve shown
in Fig. 12¢ and when it is compared with the corresponding
results in Fig. 3 for the fully humidified base case condition.

For PEM fuel cells to become a viable alternative to
internal combusiton engines in transportation applications in
the near term, the hydrogen used will have to be derived
from an energy carrier with high volumetric energy density,
typically hydrocarbon fuels, through an onboard reformer. In
the case of steam reforming of methanol, the resulting mole
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fraction of CO, relative to H; is approximately 0.25 in dry
gas. The performance with such a methanol-reformed fuel
stream is shown in Fig. 13. It is seen that the cell perfor-
mance is reduced over the entire operating current density
range when compared to the operation with pure hydrogen
as fuel. This may, at first, be easily attributed to the
decreased partial pressure of hydrogen in the reformed fuel
stream. In reality, however, another loss mechanism is
present as well. As shown earlier, a reduction of relative
humidity in the anode causes increased losses due to
decreased membrane hydration. A similar effect occurs with
reformed fuel. This is because the presence of carbon
dioxide reduces the diffusion coefficient of water vapor,
limiting the amount of water diffusion from the anode gas
stream to the anode catalyst layer, as shown in Fig. 14a
for the pressure of 3 atm. It is clear that the reduction of
relative humidity in the anode becomes significant at high
current densities.

Similarly, a higher anode gas pressure decreases the
diffusion coefficient of water vapor, because the diffusion
coefficient is inversely proportional to the total pressure.
Therefore, higher operating pressures will result in steeper
gradient for the water vapor, as shown in Fig. 14b for the
total pressure of 10 atm. A comparison with Fig. 14a shows
a significant decrease in relative humidity at the anode
catalyst layer interface when the pressure is increased from
3 to 10 atm. This effect continues to increase with pressure.
Fig. 15 presents the cell performance with methanol-
reformed fuel stream at the pressure of 15 atm, along with
a breakdown of the cell potential losses. Clearly, Ohmic
losses in the membrane are considerable and increase
with current density, as expected. These results suggest
that water management in the anode is as important as in
the cathode for operations at high pressures and with
reformed fuels.

Cell performance for methanol-reformed fuel at various
pressures is shown in Fig. 16. It is interesting to note from
Fig. 16a that the cell potential increases with pressure at low
current densities; but decreases with pressure at high current
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Fig. 14. Distribution of the relative humidity within the anode electrode
with methanol-reformed fuel stream at 3 atm (a); and 10 atm (b).

densities primarily due to membrane dehydration near the
anode side arising from the decreased water vapor flux in the
anode. The corresponding power density in Fig. 16b indi-
cates that the power density increases with pressure at low
current densities, but the increment becomes smaller at
higher pressures shown. The peak power density ocurrs at
smaller current density as pressure is increased; and the
maximum peak power occurs at the pressure of 10 atm.

—_

o
[

Cell Potential (V)
o
D

o
~
7

— Total Polarization )
b e Less Anode Catalyst Layer:Polarization
— - - Less Membrane Polarization

0 i i I i

0 0.2 04 0.6 0.8 1 12
Current Density (Alcm*2)

o

Fig. 15. Cell performance with methanol-reformed fuel stream at 15 atm.



A. Rowe, X. Li/Journal of Power Sources 102 (2001) 82-96 95

—_

>
T 0.8
5
506
c @
304
Losm=sPEtBatm. v\ N
022 P=10atm : ‘ :
- -P=5atm . l
0 0.2 04 0.6 08 1 1.2
Current Density (Alcm*2)
05 T T T T T
—P=20atm
S ----P=15atm
<E0.4 - - P=10atm
0 --P=5am \
50.3-
2
2 i
80_2 I ‘\\ ..... (b)
= 24 \
0 4 \
|/ |
g 01r
0 1 I

0 0.2 0.4 0.6 08 1 1.2
Current Density (A/cm*2)

Fig. 16. Cell performance for methanol-reformed fuel at various pressures
and T, = 353 K. (a) polarization; (b) power density.

The power density for the pressure of p = 20 atm peaks at
the current density of 0.6 A/cm? which corresponds to the
cell potential of 0.6 V; this power density is about the same
as that at p = 5 atm, and is smaller than that at p = 10 and
15 atm. Therefore, an optimal operating pressure exists even
without considering other complexities associated with high
pressure operations such as reactant compression, sealing
and additional mechanical strength requirement. It should be
noted that the results shown in Fig. 16 are obtained at the cell
temperature of 80°C. Further calculations show that mem-
brane dehydration at high pressures can be alleviated some-
what by increasing the cell operating temperature.

5. Conclusions

A one-dimensional non-isothermal model of a PEM fuel
cell has been developed, and the effect of design and
operating conditions on the cell performance, thermal
response and water management have been investigated.
It is found that water phase change in the electrodes affect
the temperature profile, especially for unsaturated reactants
and at low operating temperatures. The peak temperature
rise in a single cell becomes larger at lower cell operating

temperatures or for partially humidified reactant streams,
and it could be significant for fuel cell stacks. It is observed
that it may be possible to reduce the humidification of the
cathode gas stream at high current densities if there is
sufficient humidification in the anode to satisfy the water
flux demands across the membrane. Cell performance suf-
fers if suitable membrane hydration on the anode side is not
maintained. Maintaining adequate membrane hydration at
the anode side becomes significantly difficult for reformed
fuels and for operations at high pressures, even when the
anode gas stream is fully humidifed, because of reduced
water vapor diffusion coefficient. As operating pressures are
increased, water vapor concentration decreases in the anode
electrode, resulting in decreased performance due to reduced
membrane hydration. The results of the present study
indicate that operating temperature and pressure can be
optimized, based on cell performance, for given design
and other operating conditions.
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