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bstract

In this study the performance of a polymer electrolyte membrane (PEM) fuel cell stack is analyzed with a mathematical model when the stack
perates on hydrocarbon reformate gas as the anode feed stream. It is shown that the effect of carbon dioxide dilution of the hydrogen dominated
eformate gas has a minimal impact on the stack performance. However, the CO-poisoning effect due to the in situ reverse water gas shift reaction
n the anode feed stream could have a very serious adverse impact on the stack performance, especially at high current densities. Thermodynamic
alculations indicate that the equilibrium concentrations of CO could be as high as 100 ppm, generated by the in situ reverse water gas shift reaction,
nder the typical conditions of PEM fuel cell operation; and are influenced by the stack operating temperature and water content of the reformate

node feed. This CO-poisoning of the stack performance is shown mitigated effectively by introducing about 0.5–1% oxygen to the anode feed.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Environmental concerns and diminishing fossil fuel reserves
re generating demand for new energy conversion technologies
hat can provide improved or alternative methods of energy con-
ersion and power generation. Polymer electrolyte membrane
PEM) fuel cells are widely regarded as alternative stationary
nd mobile power sources with potentially zero or minimal en-
ironmental impact. In PEM fuel cells, the chemical energy of
ydrogen and oxygen is converted directly and efficiently into
lectrical energy, with only waste heat and liquid water as by-
roducts. Although the preferred fuel for the operation of low
emperature PEM fuel cells is pure hydrogen, on-board/on-site
ydrogen generation seems to be a viable transitional solution

or the near-term introduction of fuel cells due to a lack of infras-
ructure and technical challenges to be overcome for hydrogen
roduction, storage and delivery.

∗ Corresponding author: Tel.: +1 519 888 4567; fax: +1 519 885 5862.
1 Present address: Department of Chemical Engineering, Shiraz University,
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In a fuel cell system, hydrogen is generated by the consecu-
ive reforming and cleaning of carbon-based fuels such as gaso-
ine, natural gas or methanol. This will lead to fuel cell fuels
ontaining hydrogen with concentration of only 30–75%, de-
ending on the primary fuel used and the reforming process
mployed [1–3]. The other gas components are carbon dioxide,
itrogen, water, incompletely converted fuel and carbon monox-
de [4,5], while trace amounts of ammonia, hydrogen cyanide
nd hydrogen sulfide are reported as well [6]. The detrimental
ffect of small amounts of CO (at ppm levels) on the cell per-
ormance, referred to as CO-poisoning, is well known as this
hemical hinders hydrogen oxidation in the anode and results in
severe decrease in fuel cell energy conversion efficiency. Oxy-
en bleeding is one of the most effective means of mitigation
f CO-poisoning in which the anode fuel is injected with 1–4%
xygen [7]. While CO2 itself is regarded as inert, the formation
f carbon monoxide by a reverse water gas shift reaction leads
o a negative impact of carbon dioxide on the performance of
uel cell anodes. As the concentration of carbon dioxide is of

he order of up to 25%, a very small reverse water gas shift can
ead to carbon monoxide concentrations which are comparable
o the concentration directly emitted by the fuel cell processor,
p to a concentration level of 10–100 ppm [8,9].

mailto:x6li@uwaterloo.ca
dx.doi.org/10.1016/j.jpowsour.2005.11.104
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Nomenclature

A cell area (m2)
C molar concentration (mol l−1)
D diffusion coefficient (m2 s−1)
Dh manifold hydraulic diameter (m)
E cell or stack voltage (V)
fPT mass ratio of platinum to carbon support
F Faraday constant (96485 C mole−1)
H bipolar plate effective height (m)
J cell current density (A cm−2)
KE electrokinetic permeability of proton exchange

membrane (m2)
Kp hydraulic permeability of proton exchange mem-

brane (m2)
l flow channel length (m)
lm fraction of catalyst layer void space occupied by

liquid water
mpt platinum mass loading per unit electrode area

(kg m−2)
N number of cells/flow channels/turns
Ṅ molar flow rate (mol s−1)
Ṅr rate of reactant consumption/production in the

catalyst layer (mol s−1)
P pressure (atm)
S stoichiometry
T stack temperature (K)
W bipolar plate effective width (m)
y mole fraction

Greek letters
η overpotential (V)
κs conductivity of catalyst layer solid phase (S m−1)
ρbulk

e resistivity of electrode backing (� m)
φ porosity

Subscripts
a anode
bp bipolar plate
c cathode/flow channel/catalyst layer
cell fuel cell
CO carbon monoxide
CO2 carbon dioxide
cp cooling plate
e electrode backing
eq equilibrium condition
H2 hydrogen
i component
in inlet
m membrane
out out/outlet value
O2 oxygen
r reacting
rev reversible
stack stack
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The aim of this paper is to investigate further the damaging
ffect of the CO poisoning induced by the reverse water gas
hift reaction in the anode fuel stream, as well as the interplay
ith O2-bleeding. In particular, model studies are carried out

or a PEM fuel cell stack operating under conditions relevant
o stationary and mobile applications. The concentration of CO
s determined as a function of cell temperature and the anode
uel composition. To this end, we have combined a recently
eveloped single cell model [10] which describes the kinetics
f H2 electro-oxidation in the presence of CO and O2 with a
ecently developed stack flow network model [11], to analyze
he stack performance over a wide range of operating conditions
ith hydrocarbon reformate gas as fuel.

. Model formulations

A cross-section of a typical fuel cell stack is shown in Fig.
. The individual cells, referred to as membrane electrode as-
emblies (MEA), are composed of a membrane electrolyte sand-
iched between two porous electrodes. The MEAs produce di-

ect current electricity. Bipolar plates which are electrically con-
ucting, separate the MEAs as well as providing a means for de-
ivery of the fuel and oxidant to the catalyst layer at the electrode–

embrane interface. The basic unit is repeated to build up a
tack. A complete multi-cell stack may include cooling plates
o remove heat from the stack and provide a uniform stack tem-
erature.

The fuel and oxidant for each PEM fuel cell are supplied
y the main inlets through the stack manifold, with the anode
anifold supplying fuel and the cathode manifold supplying ox-

dant. For a PEM fuel cell stack operating with reformate fuel,
he main anode components are H2 and CO2. Traces of CO may
lso be present due to an incomplete cleaning process. The ox-
dant used in a PEM fuel cell is O2 accompanied with N2 if
ir is used for the oxygen supply. The inlet streams are usually

umidified. The gas flow channels distribute the reactants to the
uel cells, remove the water produced by the electrochemical
eactions within the membrane electrode assembly and supply
he humidity required to avoid proton exchange membrane from

Fig. 1. Schematic of a portion of a PEM fuel cell stack.
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reversible reaction in accordance with the following reaction
equation:

H2O(g) + CO(g) � H2(g) + CO2(g) (3)
G. Karimi, X. Li / Journal of P

ehydration. In addition to fuel and oxidant, water is circulated
hrough cooling plates in order to remove the heat produced by
he PEM fuel cells and hence in this study a constant temperature
ithin the stack is considered. In practice, a uniform tempera-

ure throughout the stack is hardly ever achieved, and typical
ariations of a few degrees from cell to cell and within a cell are
ikely. As a result, stack performance suffers. The effect of non-
niform temperature distribution and the related cooling issue
ill be investigated in a future study, building upon the present
ork. It is known that thermal management is one of the two

ritical issues for PEM fuel cells.
The stack performance, often measured in terms of the stack

oltage, Estack, can be determined by

stack =
Ncell∑

1

Ecell −
Ncell∑

1

ηcp (1)

here Ncell is the total number of fuel cells in the stack, Ecell the
oltage of each cell, and ηcp is the ohmic loss due to a cooling
late.

The stack model presented here consists of two parts: the
tack flow network model and the single cell model. The distri-
ution of the reactants and products molar flow rates, pressure,
nd compositions in the flow channels are determined using the
tack flow model as a function of the anode and cathode stoi-
hiometries, current density and stack design parameters. The
ingle cell model determines the voltage of each cell in the stack
ased on these distributions.

.1. Stack flow network model

A novel flow network model was developed recently by the
uthors to optimize the performance of a H2/air PEM fuel cell
tack with various inlet–outlet configurations and over a wide
ange of design and operating conditions [11]. In the stack
odel, several independent loops are considered for the fuel and

xidant streams, with each loop comprising a number of control
olumes to characterize the manifolds and gas flow channels.
he pressure and compositions are considered to be uniform in
ach control volume. Mass transfers due to electrochemical reac-
ions are calculated at average operating conditions (logarithmic

ean) which prevails in the flow channels. In this study, the same
ow network model is further improved for the anode side of

he stack to handle reformate fuel and to account for the reverse
ater gas shift reaction and possible O2-bleeding for mitigation
f CO-poisoning. Since it is described in detail elsewhere, this
ection only highlights the major assumptions, methodologies
nd new features of the stack flow network model.

The inlet hydrogen and oxygen molar flow rates required for
he stack operation are determined by

˙ stack
H2

= SaNcellJAcell

2F
, Ṅstack

O2
= ScNcellJAcell

4F

here Sa and Sc are the stack anode and cathode stoichiometries,

espectively, J is the cell current density, Acell is the active cell
rea and F is the Faraday’s constant. Total inlet molar flow rates
re calculated by adding the carbon dioxide, water vapor and
itrogen to the inlet streams. Oxygen will also be accounted for

F
s
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f oxygen bleeding is performed for mitigation of CO-poisoning
n the anode side of the stack. The maximum amount of water
apor coming into the stack with the reactants corresponds to
00% relative humidity in the incoming gas streams.

The distribution of incoming components into the individual
ells is governed by conservation laws. Conservation of mass
equires that the molar flow rates into and out of each control
olume be balanced with the reactant consumptions and reaction
roducts. As illustrated in Fig. 2, fuel and oxidant streams enter
he gas flow channels at location 1 with a molar flow rate of Ṅi,in
nd concentration of Ci,in. In the anode side, reactants enter
he electrode backing at a molar flow rate Ṅr, calculated by
araday’s law [12].

JAcell

2F
= ṄH2,r + ṄCO,r − 2ṄO2,r (2)

here ṄCO,r and ṄO2,r are the molar flow rates of CO and O2
ccessible to the anodic catalyst layer. Carbon monoxide may
e present in the inlet fuel stream and can be produced through
he reverse water gas shift reaction. For a PEM fuel cell stack
perating with CO-free reformate fuel, the main components are
2 and CO2, normally fully humidified. The coexistence of H2,
O2 and water vapor in the gas flow channels can induce water
as shift reaction and results in trace concentrations of CO in
he anode. The water gas shift reaction is a weakly exothermic,
ig. 2. Schematic of flow channels surrounding a single PEM fuel cell in the
tack.
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The equilibrium concentration of CO resulting from the re-
ction of CO2 and H2 can be calculated from the equilibrium
onstant of the water gas shift reaction [13]:

ln(Keq) = 5693.5

T
+ 1.077 ln T + 5.44 × 10−4T

−1.125 × 10−7T 2 − 49170

T 2 − 13.148 (4)

here T is the operating temperature (in K). The equilibrium
onstant, Keq, can be related to the mole fractions of compo-
ents, y:

eq = yH2yCO2

yH2OyCO
(5)

lthough the equilibrium constant represented by Eq. (4) is a
ensitive function of temperature, the CO concentration from
he reverse water gas shift reaction varies with the molar com-
osition of the components present in the reformate fuel. The
quilibrium constant decreases with temperature from 8800 at
0 ◦C to 4136 at 100 ◦C. For a fuel containing 75% H2 and 25%
O2 (dry basis), representative for a methanol-based reformate,

he equilibrium conversion of the water gas shift reaction can
e calculated. Fig. 3 shows the exiting CO concentration under
quilibrium conversion as a function of stack operating pressure
nd level of humidification at a temperature of 80 ◦C. According
o this figure, lower pressure and higher fuel humidification will
esult in a lower CO concentration. This is reasonable because at
ower pressure, reformate fuel can hold a larger amount of wa-
er vapor and a larger level of humidification (relative humidity)

eans a larger water mole fraction (yH2O), both of which tend to
hift the equilibrium towards the CO elimination (to the right di-
ection in Eq. (3)). The most important conclusion which can be
rawn from Fig. 3 is that, based on thermodynamics, the CO be-
ng produced by the reverse water gas shift reaction taking place
n the fuel cell itself, could be in the range of up to 100 ppm,
igher than the CO outlet from the fuel processor system with
elective oxidation unit which can lower the CO concentration
o/within 10 ppm range. This is in complete agreement with the
stimated CO concentrations reported recently by de Bruijn et
l. [9].

The H2 fuel along with the CO produced by the homogeneous
everse water gas shift reaction and O2 (if supplied for bleeding)
iffuse through the electrode backing and brought into contact
ith the anode catalyst layer where adsorption, desorption and

lectro-oxidation of H2 and CO, as well as the heterogeneous
xidation of CO and H2 by O2 take place [10], and the produced
rotons migrate through the electrolyte membrane towards the
athode side.

In the cathode side, the species present are O2, N2 and H2O.
itrogen does not react in the cathode catalyst layer. The amount
f O2 consumed and H2O produced can be determined by Fara-
ay’s law:
˙ O2,r = JAcell

4F
and ṄH2O,r = 2ṄO2,r (6)

urther, the net water transport through the membrane elec-
rolyte is taken into account [11]. As with the anode catalyst

c
c
a
l

ig. 3. Equilibrium CO mole fraction (in terms of ppm) as functions of fuel hu-
idification level and operating pressure (based on a reformate fuel comprising

f 75% H2 and 25% CO2—dry basis, at 80 ◦C).

ayer, conservation of species, diffusion and Ohm’s laws, and
eaction kinetics are applied to generate the governing equa-
ions of the cathode catalyst layer. The details of fuel cell mass
ransfer and reaction kinetics can be found in [10,14].

The conservation of energy equation dictates that the sum of
he pressure losses in each loop of the stack be zero. The pressure
osses are related to the molar flow rates. The set of non-linear
elationship between the pressure losses and mass flow rates
n the stack manifolds and gas flow channels are solved using
n iterative technique. The solution of the stack flow network
odel provides the molar flow rate distributions, composition

nd pressure in the flow channels. These values are used by the
ingle cell model to calculate the voltage of each cell in the stack
s follows.

.2. Single cell model

The voltage of each cell in the stack is calculated using the
ingle cell model developed by Baschuk and Li [10]. According
o this model, the output voltage of a single cell can be deter-

ined as follows:

cell = Erev − ηa − |ηc| − 2ηbp − 2ηe − ηm (7)

here Erev is the reversible cell voltage, ηa and ηc are the over-
otentials attributed to the anode and cathode catalyst layers.
he voltage losses caused by the bipolar plate, electrode back-

ng and proton exchange membrane are denoted by ηbp, ηe, and
m, respectively.

The reversible cell voltage is the cell potential obtained at
hermodynamic equilibrium. It is a function of temperature and
eactant concentration through a modified version of the Nernst
quation. The actual cell voltage is determined from the re-
ersible cell voltage minus the overpotentials occurred in the
arious components of the PEM fuel cell. The anode and cathode

atalyst layer overpotentials are found by considering species
onservation, and proton and electron migration within the cat-
lyst layers. Proton and electron migration through the catalyst
ayers are related to the protonic and electrical current using



G. Karimi, X. Li / Journal of Power Sources 159 (2006) 943–950 947

F nlets one-outlet configuration and (b) a bipolar plate with serpentine flow channel
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Symmetric two-inlet one-outlet configurations are used for both
anode and cathode sides since it will maximize the fuel cell stack
performance [11]. The numerical technique used in the present
model study has been described in [11].

The logarithmic average of reactant concentrations along
with the pressure distributions in the stack flow channels are
calculated and used in the single cell model to calculate stack
voltage distributions. Stack temperature is considered to be con-
stant at 80 ◦C. Fig. 5 shows the variations of cell-to-cell voltage
distributions as a function of current density for a fuel cell stack
operating with pure H2 and air. As indicated in this figure, the
cell voltage is maximum near the stack inlets due to the larger
concentrations of the fuel and oxidant there and decreases as

Table 1
Parameters and properties used in the present PEM fuel cell stack simulations

Component Parameter Value

Bipolar plate W 0.12 m
H 0.12 m
l 0.3 m
dh 2 × 10−3 m
Dh 0.01 m
Nc 10

Electrode backinga ρbulk
e 6 × 10−5 �m

δe 2.5 × 10−4 m
φe 0.4

Catalyst layera δc 2.0465 × 10−5 m
mpt 0.004 kg m2

fpt 0.2
lm 0.9
κs 72700 S m−1

Polymer electrolyte membranea δm 1.64 × 10−4 m
KE 7.18 × 10−20 m2

Kp 1.8 × 10−18 m2

CH+ 1200 mol m−3

DH+ 4.5 × 10−9 m2 s−2

Stack Ncells 51
Ninlets 2
T 353 K
ig. 4. Schematics of (a) a typical PEM fuel cell stack with symmetric two-i
onfiguration and three flow channels per plate.

hm’s law. Species conservation requires modeling of reaction
inetics and mass transport. Oxygen reduction is modeled with
he Butler–Volmer equation in the cathode catalyst layer, while
n the anode catalyst layer the adsorption and desorption of H2,
O, and O2, the electro-oxidation of the adsorbed hydrogen
nd carbon monoxide, and the heterogeneous oxidation of H2
nd CO by O2 are included in the reaction kinetics. The volt-
ge losses attributed to the bipolar plate and electrode backing
re the result of electron migration and calculated using Ohm’s
aw. The overpotential associated with the proton migration in
he proton exchange membrane is determined by the Nernst–
lanck equation assuming a constant conductivity for the fully
ydrated proton exchange membrane.

Determination of the reversible cell voltage and overpoten-
ials requires several operating and design parameters such as
onductivity, porosity and geometric dimensions. The operat-
ng parameters include current density, temperature, pressure,
eactant composition and stoichiometry.

Due to the series connection, the current density in each cell
ill be equal. As explained early, the circulation of cooling water

s considered to maintain a uniform temperature for each cell in
he stack, leaving the effect of non-uniform temperature to a
uture study. However, the pressure, reactant composition and
toichiometry can vary from cell to cell if the mass flow rate and
ressure distributions within the stack are unequal; this variation
s analyzed with the stack flow model described earlier.

. Results and discussion

The input parameters for the fuel cell stack are classified as
perating and design parameters. The design parameters are the
uel cell size, stack manifold and flow channel dimensions and
onfiguration. Operating parameters include the stack current
ensity, temperature, pressure, stoichiometry and the reactant
omposition at the stack inlet(s). Table 1 lists a summary of the
perating and relevant design parameters for various cell and

tack components such as the bipolar plate, electrode backing,
atalyst layer and polymer electrolyte membrane. The schematic
f a typical PEM fuel cell stack containing 51 cells and the
ipolar plates used in the present study are illustrated in Fig. 4.

Pout 1 atm
J 0–1 A cm−2

Sa 1.2
Sc 2.0

a Parameters associated with the single cell model [10].
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Fig. 6. Variations of cell-to-cell voltage distributions as a function of current
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p
in Fig. 9(a) and (b), respectively, as a function of current density.
The corresponding average distributions in terms of ppm for CO
and O2 are shown in Fig. 10.(a) and (b). From these figures,
ig. 5. Variations of cell-to-cell voltage distributions as a function of current
ensity for a fuel cell stack operating with pure H2/air at the current density of
.1 (◦), 0.2 (�), 0.4 (�), 0.7 (∗) and 1.0 A cm−2 (×).

he distance from the inlet increases. However, the cell-to-cell
oltage distribution is very small due to the large flow channels-
o-manifolds flow resistance in both anode and cathode sides of
he fuel cell stack as pointed out recently [11]. The stack voltage
s a strong function of the current density J. The stack voltage is
educed by 52% when J is increased from 0.1 to 1 A cm−2 due
ainly to the ohmic and concentration overpotentials.
The effects of the CO2 dilution on the stack voltage is shown

n Fig. 6. A fully humidified reformate fuel with 75% H2 and
5% CO2 (dry basis) and air were utilized in the absence of the
ater gas shift reaction. It is seen that the presence of the CO2

n the anode side of the stack will hinder the transport of H2 to
he anodic catalyst layer and degrades the stack performance, an
ffect often referred to as the dilution effect. The stack voltage
s reduced by 0.5% at 0.1 A cm−2 to 12% at 1 A cm−2. Clearly,
he cell voltage distribution becomes more non-uniform for the
eformate fuel as compared to the pure hydrogen case shown in
ig. 5, particularly at higher current densities. This is because
or the reformate fuel, the total fuel stream flow rate is increased
ignificantly for the given hydrogen stoichiometry; and this in-
reased total flow causes significantly non-uniform flow of the
uel stream among the cells in the stack, as shown by Baschuk
nd Li [16].

The effect of CO-poisoning due to the reverse water gas shift
eaction on the stack voltage is very critical. Fig. 7 shows the
ariations of cell-to-cell voltage distributions as a function of
urrent density for a fuel cell stack operating with reformate fuel
75% H2, 25% CO2—dry basis) with traces of CO produced
y the reverse water gas shift reaction and air. Although the
O-poisoning at low current densities does not influence the

tack operation considerably, the stack will stop working at high
urrent densities. Several reasons exists. As the stack current
ensity is increased, the reactant flow rate as well as the stack
ressure increases. The higher stack pressure will results in a
igher CO concentration as previously pointed out. In addition,

ith the higher current density, the mass transfer resistances are

ncreased which in turn influences the stack performance.
The CO-poisoning can be efficiently mitigated by introducing

2 into the fuel gas stream. Only a few percent of O2-bleeding

F
d
d
a

ensity for a fuel cell stack operating with reformate fuel (75% H2, 25% CO2—
ry basis)/air at the current density of 0.1 (◦), 0.2 (�), 0.4 (�), 0.7 (∗) and
.0 A cm−2 (×).

an convert the CO into the CO2 in the catalyst layer and free the
eaction sites for H2 reduction [15]. The PEM fuel cell model
sed in this study simulates the effect of oxygen bleeding in
he fuel cell stack by incorporating the heterogeneous oxidation
f carbon monoxide and hydrogen by O2 [10]. Comparison of
ig. 7 with Fig. 8 clearly shows how the stack performance is
pgraded when 4% O2 is introduced with the reformate fuel.
he effect is particularly significant at high current densities

e.g. J > 0.4 A cm−2). It is noticed during the present analysis
hat a mere 0.5% of O2 in the fuel stream is sufficient to recover
he stack performance.

Variations of cell-to-cell averaged H2 and CO2 concentration
istributions for a fuel cell stack operating with reformate fuel
74.6% H2, 24.9% CO2, 0.5% O2-dry basis) with traces of CO
roduced by the reverse water gas shift reaction and air are shown
ig. 7. Variations of cell-to-cell voltage distributions as a function of current
ensity for a fuel cell stack operating with reformate fuel (75% H2, 25% CO2—
ry basis) with traces of CO produced by the reverse water gas shift reaction/air
t the current density of 0.1 (◦), 0.2 (�), 0.4 (�), 0.7 (∗) and 1.0 A cm−2 (×).
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Fig. 8. Variations of cell-to-cell voltage distributions as a function of current
density for a fuel cell stack operating with reformate fuel (72% H2, 24% CO2,
4% O2—dry basis) with traces of CO produced by the reverse water gas shift re-
action/air at the current density of 0.1 (◦), 0.2 (�), 0.4 (�), 0.7 (∗) and 1.0 A cm−2

(×).

Fig. 9. Variations of cell-to-cell average concentration distributions as a function
of current density for a fuel cell stack operating with reformate fuel (74.6% H2

, 24.9% CO2 , 0.5% O2—dry basis) with traces of CO produced by the reverse
water gas shift reaction/air. (a) H2 and (b) CO2.

Fig. 10. Variations of cell-to-cell average mole fraction distributions (in terms
o
r
p

t
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d
Z

o
c
c

f ppm) as a function of current density for a fuel cell stack operating with
eformate fuel (74.6% H2, 24.9% CO2, 0.5% O2—dry basis) with traces of CO
roduced by the reverse water gas shift reaction/air. (a) CO and (b) O2.

he O2-to-CO concentration ratio varies from about 200 in flow
hannels near the inlet to about 230 in those located close to
he middle of the fuel cell stack. This means that an O2-to-CO
oncentration ratio of about 200 is sufficient to mitigate CO-
oisoning and recover fully the stack performance. Average O2
oncentration distribution for the cells in the stack is shown in
ig. 11 for the cathode side when air is used as oxidant. The O2
istribution is very similar to the H2 in the anode side as shown
n Fig. 9(a) earlier.

It should be noted that in Figs. 9–11 the singular peaks that
re present at cell number 26 (i.e., the middle cell in the stack
onsidered in this study) are not physical, rather it is a result
f the present model with the flow network approach. Another
nteresting observation is that the present stack configuration
hown in Fig. 4 might be considered as two Z configuration
tacks being assembled together: one is for the cell numbers from
to 26, and the other from 26 to 51. Clearly, the concentration

istribution shown in Figs. 9–11 resembles the distribution for
configuration stacks described in earlier studies [11,16].
Fig. 12 displays the polarization curves for a fuel cell stack
perating with different fuel compositions over a wide range of
urrent densities. The initial drop in the stack voltage at low
urrent densities is due to activation overpotential. The stack
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Fig. 11. Variations of cell-to-cell O2 average concentration distribution as a
function of current density in the cathode side of the stack operating with air.
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ig. 12. Polarization curves for a fuel cell stack operating with different fuel
ompositions.

oltage is reduced linearly for higher current density due to
hmic resistances. Although a PEM fuel cell stack operating
ith pure hydrogen (fully humidified) and air provides the best
erformance, modeling results show that the dilution effect due
o the presence of the CO2 in the reformate fuel (up to 75%)
oes not degrade the stack voltage appreciably. The maximum
eduction in the stack voltage is about 12% at 1 A cm−2. This is
n agreement with the result of Chinchen et al. [13]. The pres-
nce of CO in the reformate fuel due to the reverse water gas
hift would bring the stack operation to a halt at current den-

ities above 0.7–1 A cm−2. However, a 0.5% O2-bleeding will
esult in a full stack performance recovery. The present mod-
ling results indicate negligible difference between 0.5 and 4%
2-bleeding.
Sources 159 (2006) 943–950

. Concluding remarks

The presence of CO2 in the anode feed of PEM fuel cell stack
an lead to a significant loss in performance. The negative effect
s caused by the formation of CO via the in situ reverse water
as shift reaction in the bipolar flow channels and the anode
lectrode structures. Thermodynamic calculations show that the
everse water gas shift reaction can lead to equilibrium concen-
rations of CO in the range of 20–100 ppm, both temperature and
ater content of the anode feed are important parameters. This

tudy presented a mathematical model of a PEM fuel cell stack
hat simulates CO-poisoning and O2-bleeding. The adsorption,
esorption and electro-oxidation of CO and H2 are modeled
y the reactant-pair and Tafel–Volmer mechanism, respectively.
xygen bleeding is modeled by the heterogeneous oxidation of
O and H2. It is concluded that CO2 dilution effect has a min-

mal impact on the stack performance, a complete removal of
O from reformate fuel cannot guarantee PEM fuel cell stack
erformance unless about 0.5–1% of O2 is introduced into the
eed. The modeling results show that further addition of oxygen
o the reformed fuel does not improve the stack performance and
ould result in unwanted oxidation of H2.
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