
Mathematical model for a direct propane phosphoric acid fuel cell

G. PSOFOGIANNAKIS1,4, Y. BOURGAULT2, B. E. CONWAY3,4 and M. TERNAN4,5,*
1Department of Chemical Engineering, The University of Ottawa, Ottawa, Ont., K1N 6N5, Canada
2Department of Mathematics and Statistics, The University of Ottawa, Ottawa, Ont., K1N 6N5, Canada
3Department of Chemistry, The University of Ottawa, Ottawa, Ont., K1N 6N5, Canada
4Centre for Catalysis Research and Innovation, The University of Ottawa, Ottawa, Ont., K1N 6N5, Canada
5EnPross Inc., 147 Banning Road, Ottawa, Ont., K2L 1C5, Canada
(*author for correspondence, e-mail: ternan@sympatico.ca)

Received 21 October 2004; accepted in revised form 27 July 2005

Key words: electrochemical oxidation, fuel-cell, hydrocarbon, hydrocarbon oxidation, modeling, PAFC,
phosphoric acid, propane

Abstract

A mathematical model was developed and used to predict the performance of direct propane phosphoric acid
(PPAFC) fuel cells, utilizing both Pt/C state-of the-art electrodes and older Pt black electrodes. It was found that the
overpotential caused by surface processes on the platinum catalyst in the anode is much greater than the potential
losses caused by either ohmic resistance or propane diffusion in gas-filled and liquid-filled pores. In one comparison,
the anode overpotential (0.5 V) was larger than the cathode overpotential (0.3 V) at a current density of 0.4 A cm)2

for Pt loadings 4 mg Pt cm)2. The need for sufficient water concentration at the anode, where water is a reactant,
was indicated by the large effect of H3PO4 concentration. In another comparison, the model predicted that at
0.2 A cm)2, modern carbon supported Pt catalysts would produce 0.35 V compared to 0.1 V for unsupported Pt
black catalysts that were used several decades ago, when the majority of the research on direct hydrocarbon fuel
cells was performed. The propane anode and oxygen cathode catalyst layers were modeled as agglomerates of
spherical catalyst particles having their interior spaces filled with liquid electrolyte and being surrounded by gas-
filled pores. The Tafel equation was used to describe the electrochemical reactions. The model incorporated gas and
liquid-phase diffusion equations for the reactants in the anode and cathode and ionic transport in the electrolyte.
Experimental data were used for propane and oxygen diffusivities, and for their solubilities in the electrolyte. The
accuracy of the predicted electrical potentials and polarization curves were normally within ±0.02 V of values
reported in experimental investigations of temperature and electrolyte concentration. Polarization curves were
predicted as a function of temperature, pressure, electrolyte concentration, and Pt loading. A performance of 0.45 V
at 0.5 A cm)2 was predicted at some conditions.

List of symbols

a: anodic transfer coefficient for propane oxida-
tion or cathodic transfer coefficient for oxygen
reduction

aA: anodic transfer coefficient for the propane
oxidation reaction

aC: cathodic transfer coefficient for the oxygen
reduction reaction

aW: activity of water in the electrolyte
c*: solubility of propane or oxygen in H3PO4

(mol cm)3 Pa)1)
c��P : solubility of propane in H3PO4 at 101.3 kPa

reactant partial pressure (mol cm)3)
cG: concentration of reactant in the gas phase

(mol cm)3)
cGP ; cP: concentration of propane in the gas phase

(mol cm)3)

cDP : concentration of propane dissolved in the
electrolyte (mol cm)3)

cW: concentration of water vapor in the gas phase
(mol cm)3)

cCO2
: concentration of carbon dioxide in the gas

phase (mol cm)3)
cT: total gas concentration (mol cm)3)
D: diffusivity of propane or oxygen in the elec-

trolyte (cm2 s)1)
DE: effective diffusivity of reactant gas within

agglomerates (cm2 s)1)
DE

P=W: effective binary diffusion coefficient for pro-
pane and water vapor (cm2 s)1)

DE
P=CO2

: effective binary diffusion coefficient between
propane and carbon dioxide (cm2 s)1)

EEQ: equilibrium potential (V)
ECELL: cell potential (V)
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ECAT: cathode potential (V)
EAN: anode potential (V)
F: Faraday constant, (96487 C mol)1)
iR: (Eq 23) electrical potential loss in the electro-

lyte layer (V)
j: cell current density (A cm)2)
jo: exchange current density on platinum (A [cm2

Pt])1)
j�o: reference exchange current density (A

[cm2 Pt])1)
j+: net ionic current density (A cm)2)
K: Henry’s law constant for oxygen or propane in

phosphoric acid
kE: effective specific conductivity of electrolyte in

catalyst layer (S cm)1)
LCL: thickness of catalyst layer (cm)
LELL: thickness of the electrolyte layer (cm)
LF: thickness of liquid film (cm)
MPt: platinum loading per unit electrode surface

area (g Pt [cm2 electrode])1)
m: molality of the electrolyte solution (mol H3PO4

[kg H2O])1)
n: number of moles of electrons transferred per

mole of reactant consumed
NP: propane molar flux (mol cm)2 s)1)
NCO2

: carbon dioxide molar flux (mol cm)2 s)1)
R: ideal gas constant 8.3145 J mol)1 K)1

rAG: the agglomerates radii (cm)

RV: volumetric reaction rate in the catalyst layer
[moles reactant consumed per unit volume
catalyst layer per unit time] (mol cm)3 s)1)

SPt: the surface area per unit mass of platinum that
is available for reaction (cm2 Pt [g Pt])1)

SA: surface area of platinum per unit volume in
agglomerate (cm2 Pt [cm3 agglomerate])1)

T: temperature (K)
T*: reference temperature for the exchange current

density (K)
V: (Equation 20) molar volume (cm3 mol)1)
W: the nominal weight percentage of phosphoric

acid solution (100*gH3PO4 [gH3PO4+H2O])1)
WF/Pt: weight fraction of platinum in catalyst (mass of

Pt [mass of Pt+C])1)
x: (Equation 5) reaction order with respect to

water activity
g: local overpotential (V)
DG�: activation energy for the exchange current

density (J mol)1)
z: coordinate along catalyst layer or gas diffusion

layer (increasing towards the electrolyte layer)
quAG: utilized agglomerates’ density (number of uti-

lized agglomerates per unit volume catalyst
layer)

FL: electrical potential in the liquid electrolyte (V)
FS: electrical potential in the solid (V)
w: parameter defined in Equation 6

1. Introduction

This work describes a mathematical model of a direct
hydrocarbon fuel cell (DHFC) operating at moderate-
temperatures (T<250 �C). In a DHFC a gaseous or
liquid hydrocarbon fuel is directly oxidized at the anode
of the fuel cell without first being converted into another
fuel, such as hydrogen, prior to the electrochemical
reaction. Although DHFCs have been greatly overshad-
owed by hydrogen and methanol fuel cells a substantial
amount of research on the electrochemical oxidation of
hydrocarbons was published during the period from
1959 to 1968. Comprehensive reviews have been pub-
lished by Liebhafsky and Cairns [1], Bockris and
Srinivasan [2] and Cairns [3]. Some of that work is
highlighted briefly here.
The acid–base characteristics of the electrolyte have a

major influence on the performance of DHFCs. Basic
electrolytes such as KOH react with the CO2 that results
from the oxidation of hydrocarbons and thereby cause
K2CO3 to precipitate. This was avoided by using
Rb2CO3–RbHCO3 and Cs2CO3–CsHCO3 electrolytes
[4]. Nevertheless, the best aqueous electrolytes (both
chemically inert and not adsorbed on the platinum
electrode) for DHFCs are strong acids with high
temperature boiling points [1, 3]. A comparison of

several acids at the same conditions [5] found that the
best performance was obtained with an aqueous HF
electrolyte. Unfortunately HF–H2O mixtures form an
azeotrope with a maximum boiling point of 120 �C
compared to a 200 �C boiling point for aqueous H3PO4

mixtures. The increase in operating temperature that is
possible with H3PO4 fuel cells increases kinetics and
current densities. A binary CsF–HF electrolyte that
operated at elevated temperatures was also promising
but it had water management problems [6]. Therefore,
H3PO4 was considered to be the most practical electro-
lyte [1] and was chosen as the electrolyte for this study.
Furthermore, the commercial scale operation of hydro-
gen phosphoric acid fuel cells (PAFC) confirms H3PO4

as a practical electrolyte.
At certain conditions DHFCs exhibit a cycling phe-

nomenon that has been attributed to carbonaceous
oligomers and electrolyte anions that may be adsorbed
on the anode [3]. During each cycle, the adsorbed species
block reaction sites on the electrode, decrease the useful
electrode surface area, and thereby decrease the rate of
the electrode reaction. Eventually the electrode potential
attains a value that is sufficient to oxidize and remove
the oligomers. With H3PO4 electrolyte, cycling is absent
when the fuel is methane and is tolerable when it is
propane [1].
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Several other factors influence the performance of
DHFCs. An investigation of various fuels [6], concluded
that the largest oxidation rates were obtained with
propane. In sufficiently concentrated electrolytes, the
small water content may cause the rate of water
diffusion to be rate-limiting [3]. Hydrocarbon solubility
in electrolytes as well as both adsorption and reaction
on metal catalysts have also been reviewed [2]. It was
reported [3] that the performance of platinum was
superior to the other catalysts, and that an activation
energy of 58–84 kJ mol)1 was obtained for the overall
rate of hydrocarbon oxidation in acid electrolytes. The
choice of the catalyst is virtually limited to platinum or
platinum alloys because the hot acidic environment of
the electrolyte is corrosive [1].
Various mechanisms for the hydrocarbon reaction at

the anode of a DHFC have been suggested. It was
proposed [7] that the hydrocarbon is dissociatively
chemisorbed to form an adsorbed hydrogen atom and
a carbonaceous species that subsequently dehydroge-
nates forming additional hydrogen atoms and other
surface species that ultimately either convert to CO2 or
oligomerize to form a carbonaceous residue on the
electrode surface. An alternative mechanism [8] sug-
gested that the rate determining step was the chemical
reaction between an adsorbed hydrocarbon (acetylene)
and an adsorbed OH species that resulted from water
dissociation. Later [9] it was suggested that alkanes react
by dissociative chemisorption followed by surface dis-
sociation to form lower molecular weight species.
Results with methane [10] were explained by (a) disso-
ciative chemisorption, (b) partial oxidation of the
adsorbed species and (c) reaction with an adsorbed
OH species to form CO2.
Only a few investigations on DHFCs have been

performed since 1968. The kinetic parameters for the
ethylene reaction on gold electrodes have been deter-
mined [8, 11]. It was proposed [12] that CH4 chemisorbs
dissociatively to CH3(ads), H

+, and e) followed by the
rate determining step through which CH3(ads) formed
intermediates. Bagotzky et al. [13] proposed a mecha-
nism in which a chemisorbed hydrocarbon reacts in
combinations of (a) dehydrogenation reactions and (b)
reactions with adsorbed hydroxyl groups. Electro-
adsorption studies of methane have been explained
using the Bagotzky mechanism [14]. In situ infrared
spectroscopy experiments [15] on electrodes immersed in
HClO4 electrolyte, identified the following species, H
AC* @O, HO AC* @O, and @C @O. No evidence for
CHX species was found. An investigation of DHFCs
using Nafion and polybenzimidazole membranes [16]
obtained performances at 95 �C that were comparable
to those in aqueous H3PO4 at 175 �C [17].
Propane was the hydrocarbon chosen in this study for

three reasons. First, it is used as a heating fuel that is
commonly available in rural areas, so that both delivery
and storage infrastructure already exist. The cost of
supplying conventional electricity in rural areas is much
greater than in urban areas. Consequently fuel cells are

likely to become cost competitive with electricity from the
grid for niche applications such as this, prior to their use
in large volume applications such as the automotive
market. Second, the performance of propane fuel in
direct hydrocarbon fuel cells has been found to be slightly
better than other low molecular weight alkanes. A third
reason is that experimental data for well-characterized
PPAFCs with propane as fuel were found in the literature
for several operating conditions so that the results of this
model could be compared to experiment.
The structure of gas diffusion electrodes used in

hydrogen phosphoric acid fuel cells (PAFC’s) has
improved since the time that most of the performance
data on DHFCs in aqueous electrolytes were obtained.
Current hydrogen fuel cell catalysts using platinum
dispersed on carbon [18] have amounts of platinum
surface area per unit mass of catalyst m2 (g Pt))1 that are
nearly 10-fold greater than those in the older DHFCs
reported for platinum black electrodes [19]. Modern gas
diffusion and catalyst layers have been designed to
improve gas permeability and wettability by a liquid
electrolyte. Furthermore, the thickness of the electrolyte
compartment between the electrodes has been decreased
to nearly 1/10th of the previous thickness by utilizing
silicon carbide matrices. The smaller ohmic losses also
improve the DHFC’s performance.
The present work describes what we believe is the first

application of mathematical modeling techniques for
predicting the performance of any moderate temperature
(100–250 �C) direct hydrocarbon fuel cell. This study
used propane as the fuel and phosphoric acid as the
electrolyte. The model was used: (1) to simulate
experimental results that have been published in the
literature, (2) to predict the performance of DHFCs with
state-of-the-art PAFC electrodes, (3) to describe the
influence of operating variables (temperature, gas
pressure, acid concentration) and electrode design
parameters (catalyst loading, electrode thickness, frac-
tion of Pt in Pt/C catalyst) and (4) to determine the
electrical potential losses that are caused by electrocat-
alyst surface processes, gas diffusion, and ionic
transport.

2. Mathematical model description

The model presented here for a DHFC describes a
propane anode, a phosphoric acid electrolyte and an air
(or oxygen) cathode. Our numerical simulation of the
cathode electrode and phosphoric acid electrolyte is
conceptually similar to those of hydrogen fuel cells [20]
and has already been validated [21] against experimental
half-cell cathode data. Since there is a reasonable degree
of confidence in our simulation of the cathode and
electrolyte, a favorable comparison of our DHFC model
with data for DHFC’s should validate our description of
the anode.
In a direct propane fuel cell with aqueous electrolyte,

the overall reaction is:

117



C3H8 þ 5 O2 ! 3 CO2 þ 4 H2O ð1Þ
The reaction on the anode catalyst surface is:

C3H8 þ 6 H2O! 3CO2 þ 20 Hþ þ 20 e� ð2Þ
The reaction on the cathode catalyst surface is:

5O2 þ 20 Hþ þ 20 e� ! 10 H2O ð3Þ

A steady-state, isothermal model was developed for
the direction normal to the fuel cell external surface,
through the various fuel cell layers; a gas channel (GC), a
gas diffusion layer (GDL), and a catalyst layer (CL) for
both the anode and the cathode, as well as an electrolyte
layer (ELL). It also describes the physicochemical
phenomena that occur in those layers: gas diffusion in
gas-filled pores, gas dissolution, dissolved gas diffusion
in liquid-filled pores, ohmic conduction, and electro-
chemical reaction. We used a variation of the standard
flooded agglomerate model [20–30] that has successfully
described the diffusion, adsorption, and reaction phe-
nomena in cathode and anode electrodes of hydrogen
phosphoric acid fuel cells (PAFC) and polymer electro-
lyte fuel cells (PEMFC). The agglomerate model
describes the electrode’s catalyst layer as a collection of
homogeneously distributed spherical agglomerates that
are composed of carbon particles on which the electro-
catalyst platinum particles are dispersed. The spaces
between the agglomerates form pores that are flooded
with H3PO4 electrolyte. The flooded agglomerates are
surrounded by a thin liquid electrolyte film. Polytetra-
fluoroethylene (PTFE) particles are on the exterior of the
C/Pt agglomerates. They are hydrophobic so that the
spaces between the agglomerates and the PTFE particles
consist of gas-filled pores used for transport of reactant
and product gases through the electrode catalyst layer.
The reactants, oxygen gas at the cathode and propane

gas at the anode, are transported by molecular diffusion
from the gas channels through the gas diffusion layer
and then through the gas-filled macropores of the
catalyst layer. The reactant gases dissolve in the elec-
trolyte at the outer surface of the liquid film surrounding
the agglomerates, diffuse through the liquid film, diffuse
through the liquid filled pores within the agglomerate,
and react electrochemically on the platinum surface. The
product carbon dioxide in the anode follows the reverse
route. The water vapor pressure inside the electrode
pores is the equilibrium vapor pressure at the specified
temperature and concentration of H3PO4 electrolyte.
Ionic transport occurs in the liquid within the catalyst
layers and in the electrolyte layer. The electrical
potential gradient required for ionic conductivity in
the electrolyte in the catalyst layers and the gas (oxygen,
carbon dioxide, and propane) concentration distribu-
tions within the catalyst layer affect the electrode
potential and current density distributions throughout
the catalyst layer. Most of the equations shown below
are for the propane anode. Analogous equations have
been used for the cathode.

The electrochemical reactions were described using
the Tafel equation. For both the oxygen reduction
reaction and the propane oxidation reaction, the
reaction rates have been reported [2, 31] to exhibit
first order dependence on the concentration of
dissolved reactant. In addition, it was assumed that
the propane oxidation reaction exhibits first-order
dependence on the activity of water in the phosphoric
acid solution, because water is also a reactant in the
anodic reaction. For the propane oxidation reaction at
the anode, the Tafel equation is:

j ¼ jo
cDP aW
c��P

� �
exp

aAnFg
RT

� �� �
ð4Þ

An equation similar to Equation 4 can be written for the
cathode reaction in which the exponential term has a
negative sign, and the symbols for quantities at the
propane anode are replaced by their analogs at the
oxygen cathode.
The reaction rate equations were derived by

considering equations for simultaneous radial diffusion
and reaction in the agglomerates, as well as radial-
diffusion equations for the liquid film surrounding the
agglomerates. Derivation of the equations [21] for the
reaction rate requires satisfying the boundary conditions
of (a) zero net reactant flux at the center of the
agglomerate, (b) equal reactant concentration at the
two sides of the boundary between the agglomerate and
the liquid film, and (c) Henry’s law relationship between
the dissolved gas concentration of the reactant at the
outside surface of the liquid film and the reactant partial
pressure in the gas-filled pores. Moreover, different
effective reactant diffusivities are used for the liquid film
and the agglomerate, since only the latter requires
correction for porosity and tortuosity. Our equations
differ from those used previously [20] in that the present
equations include a liquid film with the geometry of a
spherical shell. The following equation, for either the
cathode or the anode, was derived for the volumetric
reaction rate per unit volume of catalyst layer, where the
variables refer to the respective reactant, reaction, or
electrode:

RV¼quAG

�4pD
EDðrAGþLFÞKcGaxwrAG½r

ffiffiffiffi
w

p
cothðrAG

ffiffiffiffi
w

p
Þ�1�

DðrAGþLFÞþLFD
E½rAG

ffiffiffiffi
w

p
cothðrAG

ffiffiffiffi
w

p
Þ�1�
ð5Þ

The exponent x on the water activity aw was taken as
unity for propane oxidation, where water is a reactant,
and zero for oxygen reduction, where water is a reaction
product. The parameter w [21] is given by

w ¼ SAjo
zEFc��DE

� �
exp

anFg
RT

� �� �
ð6Þ

where a is either the anodic transfer coefficient for
propane oxidation, aA, or the cathodic transfer coeffi-
cient for oxygen reduction, aC, depending on the
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electrode for which the equation is applied. Equation 6
is valid for the anode. For the cathode, the exponential
term will have a negative sign. SA is related to the
surface area per unit mass of platinum SPt through the
following relationship:

SA ¼
ðMPtÞðSPtÞ
ðLCLÞðVFAGÞ

ð7Þ

The platinum surface area SPt [cm2 Pt (g Pt))1] is a
function of the catalyst composition WF/Pt [g Pt (g
Pt+C))1]. As the Pt content of the catalyst increases, the
size of the platinum crystallites increases and this causes
the effective surface area of platinum to decrease. A
correlation [21] based on commercial catalyst data (from
E-TEK) was used to describe this effect. All the
correlations (including exponential and polynomial
correlations) used in this study were obtained by linear
least squares fitting.

SPt ¼ 104ð131W2
F=Pt � 302:2WF=Pt þ 168:3Þ ð8Þ

Values for the electrochemical parameters, j0, aA, and
aC, in Equation 4 and 6 were taken from the literature.
For the oxygen reduction reaction on Pt metal in
concentrated acid electrolyte, at conditions sufficiently
far away from equilibrium, the cathodic transfer coef-
ficient was reported [25] to be aC=1, while for propane
oxidation the anodic transfer coefficient was reported [2]
to be aA=1. The values used here, in combination with
the exchange current densities determined from exper-
imental Tafel plots, result in a phenomenological
description of the reaction rate that is consistent with
experimental data. An Arrhenius-type expression was
used to account for the variation in exchange current
density with temperature:

jo ¼ j�o exp ðDGz=RÞ
1

T�
� 1

T

� �� �
ð9Þ

The exchange current density for oxygen reduction on
platinum in phosphoric acid was calculated [32] from
experimental Tafel slopes to be j�o=3.8�10)13 A
(cm2 Pt))1 at T*=298 K, and the activation energy for
the exchange current density for oxygen reduction on Pt
was reported to be DG�=92 kJ mol)1 [32, 33]. For
propane oxidation on platinum catalyst in acid electro-
lyte, the following values were found to be consistent with
experimental data[17]: j�o=10)8 A (cm2 Pt))1 at
T*=150 �C and DG�=90 kJ mol)1 for the temperature
range 120–250 �C. The model electrochemical parame-
ters are summarized in Table 1.
The overpotential at any position in the catalyst layer

of each electrode is given by

g ¼ /S � /L � EEQ ð10Þ
where the overpotential g is positive for the anode and
negative for the cathode. The electrical potential in the
electrolyte within the catalyst layer, /L, varies with the
thickness of the catalyst layer. An electrical potential
gradient in the electrolyte is required for ionic conduc-

tion and is determined by the rate of proton production
(anode) or consumption (cathode) and therefore by the
reaction rate. The electrical potential in the solid is
assumed to be constant in this model, because the solid
has been taken as infinitely conductive to electrons.
Thus, the overpotential will also be variable with
position through the catalyst layer. The net ionic current
density j+[A cm)2], which can also vary with position in
the catalyst layer, is related to the electrical potential in
the liquid electrolyte within the catalyst layer of the
anode or the cathode, /L, by Ohm’s law, shown in
Equation 11:

jþ ¼ �kE
d/L

dz
ð11Þ

The effective acid conductivity, kE, is a function of
temperature, electrolyte concentration and the volume
fraction of liquid in the catalyst layer.
The physical parameters contained in Equation 5 and

6 were determined by developing correlations from
existing experimental data. Henry’s law constant, K is
related to the solubility:

K ¼ RTc� ð12Þ
where c*, the solubility of propane in the liquid
electrolyte, is linearly related to the partial pressure of
propane in the gas filled pores. Experimental data [34]
were used to obtain the following correlation for the
variation of the oxygen solubility in phosphoric acid, c*
([mol cm)3]LIQ [PaGAS]

)1), with weight percent phos-
phoric acid concentration, W (%), for temperatures
greater than 100 �C, which is normally the operating
temperature range of PAFC’s:

c� ¼ 10�7ð6:87� 0:062WÞ ð13Þ

A correlation relating the diffusivity of dissolved
oxygen, DO2

, in the electrolyte to the temperature, T,
and the phosphoric acid concentration (weight percent-
age), W (%), was developed. Experimental data [35] for
the diffusivity of oxygen in 98% phosphoric acid as a
function of temperature were first fitted to an exponen-
tial correlation. The variation of oxygen diffusivity with
phosphoric acid concentration was accounted for, using
the Stokes–Einstein relation, which states that at the
same temperature the diffusivity is inversely propor-
tional to the solution viscosity. Data [36] for the
viscosity of phosphoric acid solutions of different
concentrations were used to obtain another correlation.
The three relationships were then combined to obtain:

DO2
¼ 0:048 exp � 25770

RT
þ 0:034ð98�WÞ

� �
ð14Þ

Table 1. Summary of the model electrochemical parameters

Anode Cathode

Exchange current density/A cm)2 10)8 at 150 �C 10)13 at 25 �C
Activation energy/kJ mol)1 90 92

Transfer coefficient 1 1
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The solubility of propane in concentrated phosphoric
acid is practically independent [2] of temperature and
electrolyte concentration for temperatures greater than
100 �C in the concentration range 70–110 wt% H3PO4

used in this study. The solubility [2] is approximately
1.73 lmol cm)3 MPa)1. The diffusivity of propane in
the electrolyte has not been determined experimentally
and so was estimated by means of the Wilke–Chang
correlation [37]. According to the correlation, the
diffusion coefficients for two different dissolved gases,
D1 and D2, in the same solvent at a given temperature,
are related to the molar volumes of the gases as:

D1

D2
¼ V2

V1

� �0:6

ð15Þ

On the basis of molar volumes of propane and oxygen
(VO2

=14.8 cm3 mol)1 ; VC3H8
=74.5 cm3 mol)1 [37]),

their diffusivities in the same electrolyte are related by
Dp[0.38 DO2

, which was used to estimate the diffusivity
of propane for different concentrations and tempera-
tures using the value of DO2

from Equation 14.
The effect of temperature on the equilibrium potential

for the oxygen reduction reaction [37] is:

EEQ ¼
�4:184ð�70650� 8T lnðTÞ þ 92:84TÞ

2F
ð16Þ

The equilibrium potential for the overall reaction at
different temperatures has also been reported [2]. The
equilibrium potential for the anodic reaction can be
obtained by

EEQ ¼ EEQ;CAT � EEQ;AN: ð17Þ
At 25 �C, the equilibrium potential for the propane
oxidation reaction is 0.139 V, and that for oxygen
reduction is 1.229 V [2]. The effect of pressure on the
equilibrium potential for the overall reaction is negligi-
ble and is not considered in the model. It was estimated
[2] that for the range of temperatures considered in this
model the equilibrium potential changes by 4 mV per
10-fold increase in pressure.
Values for the electrolyte properties were obtained

from different sources. A correlation was developed to
relate the conductivity of phosphoric acid electrolyte to
the operating temperature and phosphoric acid concen-
tration. It accounted for the effects of both porosity and
tortuosity of the CL or ELL to which it was applied.
Data for the water vapor pressure at different temper-
atures and electrolyte concentrations have been previ-
ously reported [36] and were used in this model. The
activity of water for different molalities and for the
concentration range of 50–85 wt% phosphoric acid, was
obtained from a compilation [38]. The data have been
fitted to the following correlations:

m ¼ 0:371� e0:059W ð18Þ

aw ¼ 0:870� e�0:039m ð19Þ

The Stefan–Maxwell equations were used to describe
gas diffusion in the gas diffusion layer and catalyst gas
filled layer pores [39, 40]. As an example, the propane
concentration profile in the catalyst layer is given by the
following:

� dcGP
dz
¼ cCO2

NP � cGPNCO2

cTD
E
P;CO2

þ cwNP

cTD
E
P;W

ð20Þ

where the molar fluxes are related by the reaction
stoichiometry:

NCO2
¼ �3NP ð21Þ

The gas-phase propane flux in the catalyst layer varies
according to the volumetric reaction rate:

dNP

dz
¼ RV ð22Þ

where RV was obtained from Equation 5. Equations
analogous to Equation 20–22 have been used for the
cathode electrode for the ternary system O2/N2/H2O.

3. Computational method

The numerical methodology used to solve the above
systems of equations and to obtain the fuel cell
polarization curves is described here. The iR-drop from
ionic transport through the electrolyte compartment of
the fuel cell was computed at each selected current
density j, using the integrated form of Equation 11 for
constant current density.

D/ELL ¼ ðj=kEÞLELL ð23Þ
At any current density, the cell potential is related to the
anode and cathode electrode potentials (EAN and ECAT)
by

ECELL ¼ ECAT � EAN � D/ELL ð24Þ
The distributed iR-drop associated with ionic transport
inside the electrodes was included in the ECAT and EAN

terms in Equation 24.
The differential-algebraic system of equations for the

anode electrode is summarized in Table 2. An analo-
gous system of equations is valid for the cathode with
C3H8, CO2 and H2O replaced by O2, H2O and N2. The
two systems were solved separately to obtain the anode
and cathode potentials (EAN and ECAT) at each current
density j. The procedure is similar for both the anode
and the cathode. A diagram of the equations that were
solved and the boundary conditions is shown in
Figure 1. The functional relationship between the
variables in the differential equations is shown inside
each box. At the boundary between the gas diffusion
layer and the catalyst layer, the concentrations and
fluxes of the gases are required to be continuous. The
output fluxes and concentrations at the right end of the
gas diffusion layer (Figure 1) resulting from the solu-
tion of the gas-diffusion layer differential equations, are
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used as the input left-end boundary conditions for the
catalyst layer equations. Two boundary conditions are
specified at opposite ends of the electrode’s CL: (a) the
reactant gas molar flux is zero at the electrolyte-side of
the CL because gas-filled pores terminate there, and (b)
the ionic current in the electrolyte is zero at the
boundary between the catalyst and the gas-diffusion
layer, because liquid-filled pores terminate there. All
other boundary conditions are satisfied naturally in the
direction that the problem was solved, from left to
right in Figure 1. Specifying two boundary conditions

at the opposite sides of the catalyst layer caused a
difficulty that was overcome using Newton’s method.
The boundary condition NP2=0 at the right end of the
catalyst layer was satisfied as the target condition in an
iterative routine. The input NP1, at the left end of the
gas diffusion layer, was used as the control variable
that was adjusted by Newton’s method to satisfy the
target condition.
The solution procedure, for the anode electrode, can

be described as follows: The partial pressure of the
reactant gases was specified at the external surface of the

Table 2. Summary of equations pertaining to the propane anode model

dNP

dz
¼ RV (Equation 22) dNP

dz
¼ 0 Equation 22 Aa (same in GDL)

�dcG
P

dz
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Equation 20 (same in GDL)

�dcCO2
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¼ cPNCO2

�cCO2
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cTDE
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þ cwNCO2
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CO2=W

Equation 20 Ab (same in GDL)

cT ¼ cP þ cCO2
þ cW Balance equation

NCO2
¼ �3NP Equation 21
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Equation 5

w ¼ SAjo
nFc��DE

� �
exp anF g

RT

� �
Equation 6

g ¼ /S � /L � EEQ;AN Equation 10
d/L

dz
¼ jþ

kE
Equation 11

djþ
dz
¼ 20FRV Equation 22 Bc

aEquation 22A is equivalent to Equation 22, except it is written for the GDL.
bEquation 20 A is equivalent to Equation 20, except it is written for the GDL.
cEquation 22B is Faraday’s Law applied to Equation 22.

NEWTON’S  METHOD  (ITERATION) 

GAS  DIFFUSION  LAYER   CATALYST  LAYER 

                  = f (cP, )
             =  0                  [Eq 22A] 

         [Eq 5, 6, 10, 22] 

                = f (NP, cP, cCO2)   [Eq 20]                   = f (NP, cP, cCO2)    [Eq 20] 

                = f (NP, cP, cCO2)   [Eq 20A]                  = f (NP, cP, cCO2)   [Eq 20A] 

=  0
                         = f (j+ )                  [Eq 11] 

                         = f (cP, )  [Eq 5, 6, 11] 
=  0

dNP

 dz 

dcP

dz

dcCO2

 dz 

dNP

dz

dcP

dz

dcCO2

 dz 

dfL
fL

fL,

fs

fs

fL,fs
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dz

dj+

  dz 

  =  0

j+ =  0

NP2 = 0 TARGETNP2NP1

Fig. 1. Input/output diagram for both gas diffusion layer and catalyst layer domain equations indicating functional dependencies between

variables and boundary conditions. Equations in parentheses appear in Table 2.
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gas diffusion layer at the anode gas channel. This value
was calculated from the total gas pressure and gas
composition (corresponding to the local conversion) for
the anode gas channel that was specified at the begin-
ning of the simulation. The equations were solved by
proceeding from the gas channel towards the electrolyte.
Initially, the electrical potential in the anode solid phase
FS was specified starting from a small value near
the anode equilibrium potential. Then the system of
equations in the anode GDL and CL was solved
iteratively and Newton’s method was used to satisfy
the boundary condition. In the beginning of the itera-
tions, an initial guess for the propane molar flux from
the anode GC at the external gas-supplying surface of
the electrode (designated as NP1) was specified and the
program proceeded by solving the differential equations
successively, Equation 20 for the GDL, and Equa-
tion 11, 20, and 22 for the catalyst layer. The volumetric
reaction rate equation, Equation 22, gives rise to a
variation in the propane molar flux through the CL. The
required boundary condition at the electrode-electrolyte
interface was NP2=0, where NP2 denotes the computed
propane flux at the electrolyte side of the electrode. A
minute perturbation, dNP1, in flux (dNP1=10)9NP1) was
made to the above guessed value of NP1 to obtain a new
perturbed value of NP1. The perturbed value of
NP1=(NP1+dNP1) was used to calculate a perturbed
value for NP2=(NP2 +dNP2). By numerically computing
the derivative dNP2/dNP1 a new estimate for NP1 was
obtained using Newton’s iterative formula and used as
an initial guess for the next iteration. The solution
proceeded by determining such a subsequent estimate
for NP1 after each iteration. This method resulted in
satisfying the boundary condition NP2=0 to within the
specified tolerance, that was taken to be NP2<10�7NP1.
Within each iteration, the differential equations of the
differential-algebraic equation system (Equations 11, 20

and 22) were solved by a standard Runge–Kutta
routine. The code was written in MATLAB.
After convergence was achieved, the overall reaction

rate was calculated, by numerically integrating the
volumetric reaction rate over the thickness of the
catalyst layer. It was converted to the current density
using Faraday’s law. The anode potential was calcu-
lated as the difference EAN ¼ /S � /L at the electrolyte
side of the electrode in order to correspond to the
electrode potential that is experimentally measured. In
this way, each point of the polarization curve was
computed without specifying either the local current
density or the overpotential as a starting point because
both vary across the thickness of the catalyst layer.
The calculation flow diagram is shown in Figure 2,
which contains the solution procedure for the two
electrodes as single boxes that correspond to Figure 1.
The program then proceeded by increasing /S to a
larger value and repeating the above calculation for a
different point on the polarization curve. Increments of
0.01 V were used for the electrical potential, /S , in
order to provide a sufficiently large number of points
to simulate the polarization curve for the whole range
of potentials. The same procedure was used for the
cathode. Using the procedure described above, several
closely-spaced points on the polarization curves (EAN

and ECAT as a function of current density) were
computed. In order to use Equation 24 to obtain the
fuel cell polarization curve, it was necessary to
compute EAN and ECAT at the same current densities
j. This was done by interpolating the anode and
cathode electrode potential curves to the same selected
values of current densities j. Equation 24 was then
used to obtain the cell potential as a function of
produced current density. This is equivalent to sub-
tracting the anode half-cell polarization curve from
the cathode half-cell polarization curve and then

EAN

Eq 24

EAN = f( j ) 
       ANODE 
POLARIZATION
      CURVE

    ECAT =  f( j ) 
    CATHODE 
POLARIZATION
      CURVE 

ECELL = f( j ) 
        CELL 
POLARIZATION
     CURVE

DIAGRAM
FIGURE  1

  ANODE 

   DIAGRAM 
ANALOGOUS
TO  FIGURE 1
  CATHODE 

STEP  INCREASE fS, AN

fS, CAT

j

ECAT

jfS,AN

STEP DECREASE S, CAT

Fig. 2. Flow diagram of computational steps required to obtain the complete cell polarization curve.

122



subtracting the iR-drop in the electrolyte layer to
obtain the cell potential curve.

4. Results and discussion

In order to validate the numerical model, its predictions
were compared to experimental data [17] that was
obtained with platinum black electrodes. These partic-
ular experimental data were selected for two reasons.
First, several experimental variables were investigated so
that it was possible to make comparisons at a variety of
temperatures, reactant gas pressures, and phosphoric
acid concentrations and thereby evaluate the capabilities
of this numerical model. Second, the accompanying data
[17, 18] included descriptions of the properties of the fuel

cell materials (structure and geometrical properties; such
as electrodes’ thickness, electrolyte layer (spacer) thick-
ness, catalyst layer thickness, gas diffusion layer thick-
ness, Pt loading in the anode and the cathode, surface
area of Pt per unit mass).
The particular electrodes used in the above studies

[17, 18] were tested as cathodes and anodes for both H2/
O2 fuel cells and C3H8/O2 fuel cells. A comparison of
their H2/O2 fuel cell experimental data (iR-included
‘‘solid circles’’ and the iR-free ‘‘open circles’’) and the
polarization curve predictions of the numerical model in
Figure 3 suggests that these electrodes are limited by the
iR-drop caused by the relatively large thickness
(0.32 cm) of the electrolyte layer (electrode thickness
�210 lm). Limiting current densities less than
600 mA cm)2 were observed. The agreement between
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the reported data (both the iR-included and the iR-free)
and the polarization curves predicted by the mathemat-
ical model validate the model of a cathode (in H2/O2 fuel
cells) having Pt black electrodes.
The propane/oxygen experimental fuel cell data [17] at

150 �C, obtained with the same unsupported Pt black
electrodes at both anode and cathode, are compared
with the corresponding model predictions in Figure 4, as
a function of phosphoric acid concentration. The
agreement is within 10% of the terminal fuel cell
electrical potential for the entire range of current
densities. There is a substantial decrease in performance
as the concentration of H3PO4 increased. That decrease
was predicted because the rate of the propane oxidation
reaction in the model is proportional to the activity of
water in solution. As the phosphoric acid concentration
increases the corresponding decrease in concentration of
free water molecules causes the reaction rate to decrease,
since water is a reactant. The decrease was not related to
other effects such as increased adsorption of a phos-
phoric acid species on Pt at large concentrations. This
result is also consistent with the propane oxidation rate
being first-order in water activity.
Experimental results at different combinations of

temperature and electrolyte concentration, that together
created a 80 kPa water vapor pressure above the electro-
lyte solution, are compared with model predictions in
Figure 5. The effects of temperature and concentration in
Figure 5 can be separated by referring to Figure 4, where
performance decreased with increasing H3PO4 concen-
tration at constant temperature. Figure 5 shows that the
beneficial effect of increasing temperature more than
offsets the negative effect of increasing H3PO4 concen-
tration. The effect of iR-loss in Figure 5, seen by
comparing lines (1) and (2), is consistent with its effect
in Figure 3. The correspondence between the model

predictions and the experimental data at the various
combinations of temperature and phosphoric acid con-
centration, shown in Figure 5, is a further indication of
the model’s validity. Because the combination of 200 �C
and 95 wt% H3PO4 was better than the other combina-
tions shown in Figure 5, that combination was main-
tained while other variables were altered to determine
their effect on fuel cell performance in Figures 6 to 8.
The agreement between the predictions made by the

model and the experimental data demonstrated in
Figures 3–5 suggests that the combination of equations
and parameter values used in this model can accurately
represent propane oxidation and oxygen reduction
reactions on platinum catalysts in H3PO4 electrolytes,
for the range of temperatures and acid concentrations
included in this study. This success suggests that the
model might be useful in predicting fuel cell perfor-
mance at other conditions. The rest of this work
concentrated on predicting the performance of C3H8/
O2 fuel cells, in which parameter values for supported
Pt/C electrodes in modern hydrogen/oxygen PAFCs
were used, instead of those for small surface-area,
unsupported Pt black electrodes.
Further validation [21] of our model was obtained by

comparing the predictions of our cathode-only model
with experimental half-cell polarization curves obtained
from two different cathode gas-diffusion electrodes
representative of modern PAFCs that contain Pt cata-
lyst supported on carbon. The comparison showed that
the model can predict the cathode polarization curves
for the whole range of current densities, including mass-
transport limited conditions. Our cathode model con-
tains a description of the following phenomena: surface
processes on the catalyst (oxygen reduction), gas phase
transport in gas-filled pores, dissolved gas transport in
liquid-filled pores, and ionic transport. Both gas phase

Fig. 5. Experimental data [17] and model predictions for C3H8/O2 cells for different phosphoric acid concentration and temperature. The

numbered solid lines denote model predictions. Platinum loading is 45 mg Pt cm)2 on each electrode. h, (1) 95% H3PO4, 200 �C, IR free; d,

(2) 95% H3PO4, 200 �C; s, (3) 91% H3PO4, 175 �C; D, (4) 85% H3PO4, 150 �C.
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transport and dissolved gas transport processes in the
propane anode are similar to those in the oxygen
cathode. The difference is that the diffusing species are
different. The ionic transport process also occurs in the
catalysts layers of the cathode and the anode. Therefore,
it can be argued that these processes have been described
adequately, based on the validation of the cathode
model with experimental cathode data. However, the
processes for which we are less confident are the surface
processes (adsorption, reaction, and surface diffusion
rates) on the catalyst of the anode electrode. These
processes should be very similar for both the supported
Pt catalyst of modern PAFCs and the unsupported Pt
catalyst of the electrodes described in Figures 3–5, since
both have pure Pt as the electrocatalyst. Therefore, the
same propane oxidation kinetic parameters were used
for both the supported Pt on carbon electrocatalysts and

the unsupported Pt electrocatalysts described in
Figures 4 and 5.
On the basis of identical kinetic parameters, a

comparison of the physical properties of unsupported
platinum black electrodes with those of supported Pt
electrodes suggests that the modern supported Pt
electrodes may produce a substantially better perfor-
mance. For example, it was reported [17, 18] that the
platinum loading of the unsupported Pt black electrodes
described in Figures 3–5 was 45 mg Pt cm)2, the surface
area per unit mass of Pt was 20 m2 (g Pt))1, and the
space between the electrodes had a thickness of
�0.32 cm. A smaller amount of platinum would be
required if it was dispersed on a high surface area
carbon support, >120 m2 (g Pt))1, which would require
much less catalyst for analogous performance. Perfor-
mance benefits should also be expected if a thinner

, 3 4; ( ) , 3 4; ( ) , 3 4; ( ) , 3 4

Fig. 6. Predicted performance curves for C3H8/O2 cells for Pt/C electrodes, 200 �C, 95% H3PO4, 101.3 kPa, 20% utilization: (1–4) Electrode

parameters given in Table 3; (5) Pt black electrodes [17] of 45 mg Pt cm)2 loading.

Fig. 7. Predicted effect of reactant gas pressure on performance of C3H8/O2 cells, 200 �C, 95% H3PO4, 20% utilization: (1) 101.3 kPa,

5 mg Pt cm)2; (2) 304 kPa, 5 mg Pt cm)2; (3) 1013 kPa, 5 mg Pt cm)2; (4) 1013 kPa, 2.5 mg Pt cm)2.
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electrolyte layer were used, thus decreasing the ohmic
conduction losses.
Although the observation that supported catalysts are

superior to unsupported ones for the oxidation of
propane is valid for the particular electrodes used in
Figures 4 and 5, it should not be generalized to all types
of fuel cells. Recently Pt–Ru electrocatalysts were
compared [41] in direct methanol fuel cells (DMFC),
and it was found that unsupported Pt–Ru performed
better than carbon-supported Pt–Ru. It was suggested
that this might be caused by larger mass-transport losses
for the supported catalysts because the supported
catalysts contain catalyst sites in micropores that are
not easily accessible. In addition, it was shown [41] that
the Ru in the unsupported catalysts consisted of 50%
RuO2 and 50% Pt–Ru alloy, whereas the supported
catalyst consisted entirely of the Pt–Ru alloy. A later
study [42] concluded that the surface composition of Pt–
Ru alloy nanoparticles has an important effect on
electocatalyst performance. In our study of pure Pt
catalysts, the surface chemical composition is the same
for both supported and unsupported catalysts. Our
model was based on the identical electrode surface
composition and the same intrinsic kinetic parameters
applying to both the pure Pt supported and the pure Pt
unsupported catalysts. Finally, because both the micro-
scopic structure of electrodes and operating conditions
could differ in any two fuel cells, our conclusion about

supported and unsupported catalysts is strictly valid
only for the combination of electrodes and conditions
examined here.
Figure 6 shows five predicted C3H8/O2 polarization

curves: one unsupported Pt black electrocatalyst and the
four carbon supported platinum electrocatalysts, as listed
in Table 3; for 95% H3PO4, atmospheric pressure,
200 �C, and 20%utilization of both propane and oxygen.
For current densities greater than �150 mA cm)2, the
predicted performance for the supported electrocatalyst
with a total fuel cell loading of 2.5 mg Pt cm)2

(2 mg Pt cm)2 in the anode and 0.5 mg Pt cm)2 in the
cathode) (line 1) is better than that for unsupported Pt
black electrodes [17], that contained 90 mg Pt cm)2 total
platinum loading (line 5). There are three explanations for
the improved performance. The supported Pt/C elec-
trodes: (1) have greater surface area per unit mass of Pt,
(2) require less Pt when it is dispersed on a carbon
support, and (3) have a lower iR-drop in the thinner SiC
electrolyte matrix (250 lm thickness was assumed
although they can be thinner [43]).
Doubling the amount of total Pt loading (lines 2, 3

and 4 compared to line 1 in Figure 6/Table 3) shows
improved performance, as expected. However, there are
at least two different ways to increase platinum loading.
One way is to increase the electrode thickness and use
the same Pt catalyst concentration (for example 10% Pt
on C). In this case the larger ohmic and diffusion

) g g p p ( ) g

Fig. 8. Predicted effect of reactant gas local conversion on performance of C3H8/O2 cells, 200 �C, 95% H3PO4, 101.3 kPa, 5 mg Pt cm)2.

Conversion with (1) 20%O2, 20%C3H8; (2) 80%O2, 20%C3H8; (3) 50%O2, 50%C3H8; (4) 20%O2, 80%C3H8; (5) 80%O2, 80%C3H8.

Table 3. Electrode parameters corresponding to Figure 6 polarization curves

Line Pt loading (mg Pt cm)2) Catalyst layer thickness

(lm)

Catalyst concentration

(wt% Pt on C)

Cathode Anode Total Cathode Anode Cathode Anode

1 0.5 2 2.5 150 150 10% 40%

2 1 4 5 300 300 10% 40%

3 1 4 5 150 150 20% 80%

4 1 4 5 300 450 10% 26.7%
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potential losses in the thicker electrode will offset part of
the performance benefit that results from the increased
amount of catalyst. The second way is to use the same
electrode thickness and to increase the Pt catalyst
concentration, i.e. to have a greater wt% of Pt metal
in the Pt/C electrode. In the second case, increasing the
amount of Pt on the same amount of carbon surface
area, causes a decrease in the Pt surface area per unit
mass of Pt available for reaction, and therefore
decreases the dispersion of Pt particles, a phenomenon
that becomes more pronounced as the catalyst concen-
tration increases. A smaller dispersion of Pt offsets part
of the performance benefit that results from the
increased amount of catalyst. The predicted perfor-
mance is much better when the Pt loading is increased
by using thicker electrode catalyst layers (lines 2, 4) than
by using greater concentrations of Pt on the carbon (line
3). This suggests that the increased ohmic and diffusion
losses caused by thicker electrodes is not as detrimental
as the smaller Pt dispersion. The model indicated that
the combination shown in line 4, corresponding to the
smallest weight % of Pt in the Pt/C electrode, had the
best performance among the electrodes that contained
5 mg Pt cm)2.
The effect of reactant gas pressure is predicted in

Figure 7, for equal gas pressures in the anode and
cathode gas channels of the fuel cell. For lines 1–3, the
other parameters were fixed to those of Figure 6, line 2.
For 1013 kPa pressure (line 3) and a current density of
�1 A cm)2, a cell potential of 0.3 V was predicted with
a 5 mg Pt cm)2 total platinum loading. The perfor-
mance predicted for 2.5 mg Pt cm)2 (line 4) is only
slightly worse. These predictions suggest that operation
at high pressure may be particularly beneficial for direct
hydrocarbon fuel cells.
The effects of propane and oxygen conversions were

predicted in Figure 8. The results correspond to a local
conversion at a specific location along the anode and

cathode gas channels. For example, 5% propane con-
version would correspond to a location in the anode gas
channel that is close to the gas channel inlet, while larger
values of propane conversion would correspond to
locations further from the inlet. The relative local
conversion of oxygen and propane can be independently
controlled by adjusting the gas flowrates in the gas-
supplying channels or by changing the relative positions
of inlet gas manifolds (co-current or counter-current
flow). Thus, it is possible to have high oxygen conver-
sion locations corresponding to small fuel conversion
locations in counter-current flow of the fuel and oxidant
in the gas channels, or the reverse, so that several cases
were considered. The results show that the performance
deteriorates at large propane and oxygen conversions
and the effect of propane conversion is more significant
than oxygen conversion.
The effect of the operating temperature, for operation

at high pressure (1013 kPa), is shown in Figure 9.
Operation at high pressure allows larger vapor pressures
and therefore greater temperatures. It is predicted that
increasing the temperature to 215 �C (line 3) causes an
improved performance. A further increase in tempera-
ture, allowed by using a more concentrated electrolyte,
will not necessarily improve performance (line 4). This is
because the opposing effect of increasing the acid
concentration becomes controlling when very little
water is available for reaction.
The predicted performances of two propane fuel cells,

one operating with an air cathode and one operating
with an oxygen cathode, are shown in Figure 10. The
additional potential loss, that is observed when the
cathode feed is air rather than oxygen, is caused by the
lower oxygen reactant concentration in the cathode
electrode pores. This decreases the driving force for the
oxygen reduction reaction because the reaction rate
depends on the oxygen concentration. This difference in
performance is strictly associated with the cathode

Fig. 9. Predicted effect of operating temperature on the performance of C3H8/O2 cells for Pt/C electrodes, 1013 kPa, 5 mg Pt cm)2: (1)

185 �C, 95%H3PO4; (2) 200 �C, 95% H3PO4; (3) 215 �C, 95% H3PO4; (4) 230 �C, 100% H3PO4.
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electrode. Compared to air, the improved performance
of operation with pure oxygen is offset by its greater
cost. Figure 10 would be useful in quantifying the
differences in performance when selecting a cathode
feedstock. The line corresponding to the previously
examined Pt – black electrodes is also shown for
comparison.
In summary, polarization curves were predicted for

direct propane fuel cells with Pt/C electrodes of varying
Pt loading and operating conditions. This model pre-
dicts a maximum power density of 100 mW cm)2, for a
propane/oxygen cell utilizing Pt/C electrodes and 95%
phosphoric acid electrolyte at 200 �C, 101.3 kPa pro-
pane gas pressure, 101.3 kPa oxygen gas pressure,
4 mg Pt cm)2 loading of platinum in the anode and

1 mg Pt cm)2 loading of platinum in the cathode. It is
interesting to note that the maximum power density
obtained [16] for a direct propane fuel cell utilizing a
membrane electrolyte, with Pt–CrO3 anode catalyst
supported on carbon and total platinum loading of
2.4 mg Pt cm)2, operating at 95 �C, showed a maximum
power density of 46 mW cm)2. Although different
systems (membrane electrolyte vs H3PO4 electrolyte)
and temperatures (95 vs 200 �C) were used, this
comparison suggests that results predicted by the model
are of the same order of magnitude as recent experi-
mental results obtained with modern electrodes.
Figure 11 indicates the predicted polarization (elec-

trical potential loss) for three different electrodes: a
propane anode containing 4 mg Pt cm)2 an oxygen

Fig. 10. Predicted performance curves for C3H8 cells with Pt/C electrodes for oxygen cathode (line 1) and air cathode (line 2); 200 �C, 95%
H3PO4, 101.3 kPa, 20% utilization, 5 mg Pt cm)2. Pt black (line 3) polarization curve [17] (90 mg Pt cm)2) is shown for comparison.

Fig. 11. Predicted electrode potential loss at 200 �C, 101.3 kPa for an oxygen cathode (line 1) containing 1 mg Pt cm)2, an air cathode (line

2) containing 1 mg Pt cm)2 and a propane anode (line 3) with 4 mg Pt cm)2.

128



cathode containing 1 mg Pt cm)2 and an air cathode
containing 1 mg Pt cm)2 . The electrical potential loss
for the propane electrode is much greater than that for
the oxygen or air cathodes. This also suggests that in
order to achieve better performance in a DHFC, the
greatest proportion of the total Pt loading should be
allocated to the anode.
The various resistances that cause potential losses in a

propane anode electrode were also examined. They are
activation polarization (caused by surface processes),
concentration polarization (caused by the various diffu-
sion processes), and ohmic polarization (caused by ionic
transport). Figure 12 shows the electrode polarization
(electrical potential loss) vs the current-density curves
after subsequently eliminating each resistance. The
elimination of each resistance was done by forcing the
relevant parameters to extremely high values (1010). For
example, to eliminate the ohmic overpotential, the
electrolyte ionic conductivity was given an extremely
large number. Figure 12 shows that for all current
densities considered the process that overwhelmingly
determines the anode polarization is the electrochemical
reaction on the surface of the anode catalyst. This result
is very important because it suggests that any significant
improvement of the direct propane fuel cell anode can
only be achieved if the rate of the catalyst surface
processes (adsorption, desorption, charge transfer
reaction) is increased. The curves in Figure 12 show that
gas diffusion and ionic transport processes have only a
minor effect. The results also suggest that the effect of
uncertainties in physicochemical variables not directly
related to the surface reaction (such as propane diffusion
coefficient in the gas and liquid phase and the electrolyte
conductivity) can be considered to be insignificant.

5. Conclusions

Five conclusions can be drawn from the work described
here. First, the numerical model was shown to accurately
represent (predicted potentials normally within ±0.02 V
at any current density) existing experimental data
(polarization curves) for direct propane fuel cells having
phosphoric acid electrolytes and unsupported platinum
black electrodes. Second, the inclusion of the activity of
water in the description of the propane oxidation
reaction explained the strong dependence of fuel cell
performance on electrolyte concentration. Third, the
anode over-potential was shown to be larger than that of
the cathode, regardless of whether air or oxygen was
used at the cathode. A significant improvement in
DHFC performance would be achieved by decreasing
the electrical potential losses caused by surface phenom-
ena on the anode catalyst. Fourth, for a constant amount
of platinum, [mg Pt per cm2 of electrode face area], the
numerical predictions indicated that thicker electrodes
with smaller Pt/C ratios are superior to thinner elec-
trodes with larger Pt/C ratios for the ranges of platinum
loading and catalyst layer thicknesses evaluated here.
Fifth, the model compared DHFC performance of
unsupported platinum black electrodes to modern elec-
trodes having the platinum dispersed on a carbon
support and showed that for equal kinetic parameters
the modern electrodes were substantially superior.
Finally, in our opinion future research leading to
improved electrocatalyst performance will lead to a
substantial overall improvement in DHFC performance.
Some of our current modeling efforts are focused on a
detailed mathematical description of the reaction steps
that occur on the surfaces of anode electrocatalysts.

Fig. 12. Predicted polarization curve for a propane anode (200 �C, 101.3 kPa, 4 mg Pt cm)2) after successive elimination of various resis-

tances at 80% local propane conversion: (1) all resistances included; (2) no ionic conduction loss; (3) no diffusion loss in agglomerates, liquid

film or gas phase.
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