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bstract

A two-dimensional isothermal model of an SOFC operating with a syngas fuel based on button cell geometry was developed. Momentum, mass
nd charge transport coupled with electrochemical and chemical reactions were considered. The developed model has been validated by showing
ood agreement with experimental data for various syngas compositions obtained at an operating temperature of 900 ◦C. However, the model
redictions deviate somewhat from the experimental data at 800 ◦C. Visual and SEM investigation of the anode surface after completion of each

xperiment showed that excessive amounts of carbon form on the anode surface and that the Ni catalyst delaminates from the anode during cell
peration at 800 ◦C. In contrast, no carbon formation was observed and only a small amount of Ni delaminated from the anode during operation
t 900 ◦C. The model was further applied to predict carbon formation observed experimentally, and to study the impact of operating conditions on
arbon formation and determine a suitable range of conditions that suppress its onset.

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

With the rising concern about greenhouse gas emissions,
any countries are pursuing efforts to develop more sustainable

nergy systems to replace conventional combustion heat
ngines. Solid oxide fuel cell (SOFC) power generation shows
reat promise to serve as an alternative in the near future.
ince SOFC operation relies on electrochemical reactions, its
lectrical efficiency is not limited by temperature as in the
ase of conventional heat engines. Therefore, the electrical
fficiency obtained from a SOFC is typically greater and
ore stable than that obtained from conventional heat engines

1,2]. Furthermore, additional efficiency can be gained by

ncorporating a steam/gas turbine cycle to recover heat from
he hot gas exhausted from SOFCs because they operate at high
emperatures between 800 and 1000 ◦C [1]. Fuel flexibility with
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OFCs also presents advantages over other types of fuel cells
uch as polymer electrolyte membrane fuel cells (PEMFCs).
ot only is the carbon monoxide present in the fuel gas not
armful to SOFCs, but it can also act as a fuel. Therefore, a
ariety of hydrocarbon-based fuels or their syngas derivatives,
uch as natural gas, biomass and coal, can efficiently be used in
OFCs.

Biomass and coal are gasified to form syngas, essentially con-
aining a mixture of H2, CO, CO2, H2O, N2 and eventually H2S.
his syngas can then be used as a fuel in SOFC. However, H2S
ust be scrubbed before the syngas is fed to the SOFC to prevent

apid degradation of the SOFC performance [1]. Depending on
he type of coal and biomass, the composition of syngas varies
idely and affects the SOFC performance [3–8]. Also, carbon

ormation is a problem that can limit SOFC performance when

sed with syngas. This is due to the Boudouard reaction which
onverts CO to carbon on the anode surface:

CO → C + CO2 (1)

mailto:ecroiset@cape.uwaterloo.ca
dx.doi.org/10.1016/j.jpowsour.2006.03.080
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Nomenclature

c concentration (mol m−3)
Dij binary diffusivity of species i in species j (m2 s−1)
Di−M binary diffusivity of species i in multi-component

gaseous mixture (m2 s−1)
E0 ideal half-cell cell potential (V)
F Faraday’s constant (96487 A s mol−1)
Iavg average current density (A m−2)
J current density (A m−2)
kWGSR reaction rate constant for the water gas shift reac-

tion
Keq equilibrium constant
M molecular weight (g mol−1)
p pressure (Pa)
r radial coordinate (m)
R gas constant (8.31441 J mol−1 K−1)
Rcontact contact resistance (� m−2)
RWGSR flux caused by WGSR (mol m−2 s−1)
s interface conductivity for electrochemical reac-

tion (�−1 m−2)
T operating temperature (K)
u, v velocity components in r and z directions, respec-

tively (m s−1)
Vdelivered cell potential delivered to the load (V)
z axial coordinate (m)

Greek letters
αC carbon activity for the Boudouard reaction

defined in Eq. (23)
η overpotential (V)
µ viscosity (kg m−1 s−1)
ρ gas density (kg m−3)
σe ionic conductivity (�−1 m−1)
φ potential (V)
φan, φcat half-cell potential at the anode and the cathode,

respectively (V)

Subscripts
an anode
B Boudouard reaction
cat cathode
e electrolyte
f fuel channel
i fuel gas species (H2, H2O, CO, CO2 and N2)
WGSR water-gas shift reaction
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herefore, various operating strategies to suppress carbon for-
ation must be devised. Faced with these potential problems,

t is important to develop a model to predict SOFC perfor-

ance for various operating conditions, in particular, syn-

as feed composition. Such a model could also be used to
tudy the influence of these operating conditions on carbon
ormation.

t
t
m
c
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In this paper, a mechanistic SOFC transport model coupled
ith electrochemical (H2 oxidation, CO oxidation and O2 reduc-

ion) and chemical reaction (water-gas shift) kinetics for syngas
peration (mixtures of H2, H2O, CO, CO2 and N2) based on a
utton cell geometry is developed. A unique advantage of this
odel is that it accounts for electrochemical H2 and CO oxi-

ation. The developed model is validated using experimental
ell performance data obtained for various syngas composi-
ions at 800 and 900 ◦C. Visual and SEM investigation of the
node surface after cell operation at each operating tempera-
ure is performed. The model is also applied to predict carbon
ormation observed during experiments and then employed to
tudy the influence of operating conditions on carbon deposi-
ion.

. Experimental

The electrochemical cell used in this study was an Electrolyte
upported Cell (ESC) supplied by Innovative Dutch Electro
eramics InDEC B.V. Co. Ltd. The ESC consists of a TZ3Y elec-

rolyte (3 mol% yttria-stabilized zirconia) that is approximately
50 �m thick and fabricated by tape casting. A 60 �m thick
i–CeO2-YSZ anode and a 50 �m thick La0.7Sr0.2MnO3−δ

LSM) cathode were screen printed on each side of the elec-
rolyte. The cross-sectional areas of the electrolyte and each
lectrode are 25 cm2 (5 cm × 5 cm) and 16 cm2 (4 cm × 4 cm),
espectively.

A schematic of the test rig is illustrated in Fig. 1. The anode
art of the ESC was placed on a Ni mesh current collector spot-
elded to two Ni wires acting as current and voltage probes.
oth the Ni mesh and the ESC were fixed by a high temper-
ture glass seal to the top of a quartz tube which was in turn
ttached to a stainless steel sample holder by a ceramic seal.
he diameter of the quartz tube was 45 mm i.d. with 3 mm thick-
ess. Two smaller quartz tubes (6 mm diameter) with different
engths were fixed to the sample holder using high tempera-
ure ceramic seals. The long tube was used for gas inlet while
he shorter one served as the tube for gas outlet. The gas feed
ube was located 4–5 mm away from the cell to ensure that the
eactant gas was uniformly distributed over the entire area of
he cell. On the cathode side, another quartz tube was placed
n the cell to press the glass seal when it melted. This ensured
hat the glass seal fused to the cell and no leak occurred. The
athode part was directly exposed to ambient air so that air
owed to the cell via natural convection. A platinum mesh
Alfar Aesar Co. Ltd.) was used as the current collector at the
athode. A weight of 500 g was placed on top of the platinum
esh to ensure that it was in good contact with the cathode.
his also helped reduce contact resistance between the plat-

num mesh and the ESC. A highly porous alumina layer was
laced between the weight and the platinum mesh to allow the
xidant (oxygen) to reach the cathode reaction site underneath
he weight uniformly. The cell test rig was contained inside a

emperature-controlled furnace (Carbolite Co. Ltd.) to ensure
hat it could be operated under isothermal conditions. Two ther-

ocouples were located at the vicinity of the anode and the
athode.
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much less than the electronic conductivity of the electrodes.
(d) The electrochemical reactions and the WGSR occur exclu-

sively at the electrode/electrolyte interfaces.
Fig. 1. Schematic diagram of test rig set up.

During the operation of the experimental set-up, H2, CO, CO2
nd N2 were mixed together using a set of mass flow controllers
Omega Co. Ltd.). The gas mixture was then passed through a
ame arrester and a hydrator prior to entering the anode side of

he electrochemical cell. A hydrator placed on a temperature-
ontrolled bath was used to humidify the inlet gas stream. The
xtent of gas humidification was controlled by the bath tem-
erature. The exit gas from the anode side was vented to the
tmosphere through a fume hood. The inlet and exit lines were
onnected to a gas chromatograph (GC) to measure gas compo-
itions.

The cell performance was characterized by measuring the
ell potential as a function of the current density for various gas
ompositions, gas flow rates and operating temperatures. The
ell potential and current were recorded only after the response
ad maintained a steady state for at least 3 min after the impo-
ition of each load resistance setting. The load resistance was
aried from high to low values corresponding to a range from low
o high currents drawn from the cell. In these experiments, the
nfluences of N2 and CO2 dilution, H2/CO composition ratio
nd simulated syngas composition (mixture of H2, CO, CO2

nd N2) on cell performance were investigated. The operat-
ng temperatures for these experiments were 800 and 900 ◦C.
fter each experiment, the anode surface was inspected visu-

lly and by scanning electron microscope (SEM) to observe any
wer Sources 161 (2006) 308–322

hange in the anode microstructure and any eventual carbon for-
ation.

. Mathematical modeling

.1. Model geometry and assumptions

The geometry of the test rig is based on a button cell design
ncluding an anode feed tube, air channel, fuel channel and elec-
rochemical cell. Due to symmetry conditions, only the portion
f the rig shown in Fig. 2 is considered in the model using two-
imensional cylindrical coordinates (radial and vertical direc-
ions r and z). Fuel gas is supplied through the anode feed tube.
nce it reaches the anode, it flows radially outward along the
orous anode layer where it participates in the electrochemical
nd the water-gas shift reaction (WGSR) reactions. Gas is dis-
harged from the cell by flowing from the anode layer into the
as outlet channel. Since the cathode is directly exposed to the
mbient air within the furnace, no feed tube is required.

Assumptions used in this model development are as follows:

(a) Temperature is uniform over the entire model geometry.
This assumption is reasonable because the test rig is small
and is placed in a controlled-temperature furnace. Although
heat is generated by the electrochemical reactions, tem-
perature only slightly increases since the electrode area is
relatively small and so heat generation is not significant.

b) Gas density is constant because the temperature is uniform
and the generation and consumption rates of gas species are
low.

(c) Mass transport and ohmic resistances within the anode and
the cathode are neglected since their thicknesses are very
thin. This assumption is based on the work of Chan et al. [9].
Therefore, electrode subdomains are ignored in the model.
Only the ohmic resistance through the electrolyte layer is
considered in the model because the ionic conductivity is
Fig. 2. Model geometry of the test rig (not to scale).
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Table 1
List of governing equationsa

Subdomain Transport equation

Fuel channel Variables: vf, uf, pf and ci

Overall mass
∂vf

∂z
+ 1

r

∂(ruf)

∂r
= 0 (2)

Momentum z direction
ρ∂(vfvf)

∂z
+ 1

r

ρ∂(rufvf)

∂r
= − ∂pf

∂z
+ ∂

∂z

(
µf

∂vf

∂z

)
+ 1

r

∂

∂r

(
rµf

∂vf

∂r

)
+ ∂

∂z

(
µf

∂vf

∂z

)
+ 1

r

∂

∂r

(
rµf

∂uf

∂z

)
(3)

Momentum r direction
ρ∂(vfuf)

∂z
+ 1

r

ρ∂(rufuf)

∂r
= − ∂pf

∂r
+ ∂

∂z

(
µ

∂uf

∂z

)
+ 1

r

∂

∂r

(
rµf

∂uf

∂r

)
+ ∂

∂z

(
µf

∂vf

∂r

)
+ 1

r

∂

∂r

(
rµf

∂uf

∂r

)
− 2µfuf

r2
(4)

Species
∂(civf)

∂z
+ 1

r

∂(rciuf)

∂r
= ∂

∂z

(
Di−M

∂ci

∂z

)
+ 1

r

∂

∂r

(
rDi−M

∂ci

∂r

)
(5)

Electrolyte Variable: φe

Ion
1

r

∂(r∂φe/∂r)

∂r
+ ∂2φe

∂z2
= 0 (6)

Air channel Variable: cO2

Oxygen
∂

∂z

(
DO2−N2

∂cO2

∂z

)
+ 1

r

∂

∂r

(
rDO2−N2

∂cO2

∂r

)
= 0 (7)

directions, respectively, pf the pressure field within fuel channel, ci the concentration
o ture, ϕe the potential within the electrolyte subdomain layer, cO2 the partial pressure
o

3

N
w
t

T
L

I

O

F

M

E

B

a Where i are H2, H2O, CO and CO2, uf and vf are the fuel velocities in r and z
f ith species, Di−M the binary diffusivity of ith species in multi-component mix
f O2 and DO2−N2 is the binary diffusivity of O2–N2 system.

.2. Governing equations
The governing equations are summarized in Table 1. The
avier-Stokes equations [10] and mass transport equations [11]
ithin the fuel channel are solved simultaneously to determine

he velocity of the fuel stream and concentration profile of each

able 2
ist of operating conditions and model input parameters

tem Value

perating conditions
Pressure (Pa) 1 atm (101.35 kPa)
Temperature 800 and 900 ◦C
Fuel flow rate 100–180 ml min−1

uel gas composition Vary
Cell potential (φcat − φan) 0.5–1.0 V
Oxidant Air

odel input parameters
Conductivity of the electrolyte (σe,
�−1 m−1)

2.26 at 800 ◦C, 5.12 at 900 ◦C

quilibrium and kinetic constants
Keq,H2 (atm−0.5) 1.78 × l09 at 800 ◦C,

1.66 × 108 at 900 ◦C
Keq,CO (atm−0.5) 1.63 × 109, 1.07 × 108

Keq,WGSR 1.04, 0.75
kWGSR (mol m−2 atm−2 s−1) 1.6 × 108, 4.3 × 108

inary diffusion coefficients (cm2 s−1)
DH2−H2O 7.68 at 800 ◦C, 8.94 at 900 ◦C
DH2−CO 6.45, 7.47
DH2−CO2 8.67, 10.0
DH2−N2 6.36, 7.38
DH2O−CO 2.22, 2.58
DH2O−CO2 1.71, 2.01
DH2O−N2 2.19, 2.58
DCO−CO2 1.41, 1.62
DCO−N2 1.74, 2.04
DCO2−N2 1.38, 1.62
DO2−N2 1.83, 2.07 Fig. 3. Experimental (symbols) and predicted (lines) cell performances at vari-

ous fuel flow rates at (a) 800 ◦C and (b) 900 ◦C using H2 as fuel.
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as species. Fuel gases considered in the model are H2, CO,
O2, H2O and N2. Only charge transport [12] is considered
ithin the electrolyte subdomain layer to calculate the potential
istribution and calculate the ohmic overpotential. Mass trans-
ort and ohmic resistances within the porous electrode layers are
gnored. Only mass transport of O2 is considered within the air
hannel. Electrochemical and chemical reactions considered in
his model are O2 reduction at the cathode, H2 and CO oxidation
t the anode, and the WGSR at the anode/electrolyte interface,
hich are described in detail next.

.3. Electrochemical reactions

Electrochemical reactions are coupled with the transport
quations to determine the distributions of the local current
ensity and electrode overpotentials inside the SOFC. They are
pecified here as boundary conditions at the electrode/electrolyte
nterfaces. In reality, electrochemical reactions in an SOFC take
lace at the triple phase boundaries (TPB) between the ionic
onductor, electronic conductor and gas in the vicinity of elec-
rode/electrolyte interface where O2− and electrons meet [13].
mportant aspects and the rate expressions of these reactions are
ummarized in this section.

.3.1. Oxygen reduction reaction
The rate of oxygen reduction at the cathode

2 + 4e− → 2O2− (8)

aries depending on the cathode and electrolyte materials as
ell as on the temperature. For conventional cathode material

LSM), the dissociation of adsorbed oxygen molecules is the
ate-determining step (Minh and Takahashi, 1995). Therefore,
he rate expression for oxygen reduction at an SOFC cathode is
ased on this step.

The rate of O2 reduction at the cathode is determined by the
ate of O2 adsorption as the rate-determining step [14] and is
iven by [15]

cat = 0.25 × 1010 × exp(−130000/RT )RTp0.50
O2,cat

F

×
{

exp

(−2Fηcat

RT

)
− exp

(
2Fηcat

RT

)}
(9)

here pO2,cat is the partial pressure of oxygen at the cathode.
cat is the activation overpotential for O2 reduction defined as

cat = φcat − φe(r, zc) − E0
cat (10)

here φcat and φe(r, zc) represent the cathode and electrolyte
otentials, respectively, at the cathode/electrolyte interface. E0

cat
s the reversible potential for O2 reduction:

0
cat =

(
RT

4F

)
ln pO2,cat (11)
.3.2. H2 and CO oxidation reactions
Various mathematical expressions for the rate of H2 oxidation

2 + O2− → H2O + 2e− (12)

h
s
c

wer Sources 161 (2006) 308–322

n a conventional anode (Ni-YSZ) have been proposed [13–17].
he rate expression for H2 oxidation at the anode used in this
ork is adopted from [15] and is given by

H2,an = RT

3F
sH2,an

{
exp

(
2FηH2,an

RT

)
− exp

(−FηH2,an

RT

)}

(13)

here sH2,an and ηH2,an are the anode interface conductivity
�−1 m−2) and activation overpotential (V) for H2 oxidation,
espectively. sH2,an is estimated using the following empirical
orrelation:

H2,an = 6.2 × 1011 × exp

(−120000

RT

) (
pH2O

Keq,H2pH2

)0.266

(14)

here Keq,H2 is the equilibrium constants for the reaction
2 + 1/2O2 → H2O. Substitution of Eq. (14) into Eq. (13) yields

he following rate expression for H2 oxidation:

H2,an = 2.1 × 1011 × exp(−120000/RT )p0.266
H2O RT

(Keq,H2pH2 )0.266F

×
{

exp

(
2FηH2,an

RT

)
− exp

(−FηH2,an

RT

)}
(15)

here ηH2,an is defined as

H2,an = φan − φe(r, za) − E0
H2,an (16)

nd φan and φe(r, za) represent the anode and electrolyte poten-
ials, respectively, at the anode/electrolyte interface. E0

H2,an is
he reversible potential for H2 oxidation:

0
H2,an =

(
RT

2F

)
ln

(
pH2O

Keq,H2pH2

)
(17)

lthough the reaction mechanisms and rate expression of CO
xidation

O + O2− → CO2 + 2e− (18)

ave been less studied than that of H2 oxidation, it is believed
hat the rate-determining step for CO oxidation is similar to that
or H2 oxidation [13]. Setoguchi et al. [18] found that the anodic
nterface conductivity for CO oxidation (sCO,an) is the same as
hat of H2 oxidation if the partial pressure of O2 during H2
xidation is similar to that during CO oxidation. This suggests
hat the interface conductivity of CO oxidation can be described
y a similar correlation to that of H2 oxidation, i.e.,

CO,an = 6.2 × 1011 × exp

(−120000

RT

) (
pCO2

Keq,COpCO

)0.266

(19)

here Keq,CO is the equilibrium constants for the reaction
O + 1/2O2 → CO2.
However, it was recently found that CO oxidation has a much
igher overpotential than H2 oxidation for the same current den-
ity and the difference cannot be attributed to differences in
oncentration overpotential [19]. This observation agrees with
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hat of Matzusaki et al. [20] who found the rate of CO oxida-
ion to be 2–3 times less than that of H2 oxidation over the entire
ange of overpotential and the same partial pressure of O2. Based
n this argument, the rate of CO oxidation reaction used in this
odel development is assumed to be 2.5 times less than that for
2 oxidation reaction, i.e., JCO,an = 0.4JH2,an. Accordingly, the

ate expression for CO oxidation is expressed as

CO,an = 0.84 × 1011 × exp(−120000/RT )p0.266
CO2

RT

(Keq,COpCO)0.266F

×
{

exp

(
2FηCO,an

RT

)
− exp

(−FηCO,an

RT

)}
(20)

here ηCO,an is defined as

CO,an = φan − φe(r, za) − E0
CO,an (21)

nd E0
CO,an is the ideal anode half-cell potential for CO oxidation

eaction as given by

0
CO,an =

(
RT

2F

)
ln

(
pCO2

Keq,COpCO

)
(22)

.4. Chemical reactions

.4.1. Water-gas shift reaction (WGSR)
Due to its high operating temperature, nickel can act as a

atalyst for the WGSR at the anode when syngas is used as
fuel source. The rate expression RWGSR for this reaction is
ritten as [20,21]

WGSR = kWGSR

(
pH2OpCO − pH2pCO2

Keq,WGSR

)
(23)

here kWGSR is the rate constant and Keq,WGSR the equilibrium
onstant for the WGSR. The following expression for kWGSR
an be obtained by fitting an Arrhenius curve to the experimental
ata given in [21]:

WGSR = 1.71 × 108 × exp

(
−103191

RT

)
(24)

he temperature dependence of Keq,WGSR is given by

eq,WGSR = exp(−0.2935Z3 + 0.6351T 3

+ 4.1788Z + 0.3169) (25)

here Z = 1000
T (K) − 1

Since the rate of the WGSR is quite high, the WGSR has been
ssumed be at thermodynamic equilibrium in various SOFC

odels [13,21–24]. However, Ahmed and Föger [25] reported

hat the WGSR reaches very close to equilibrium only at high
evels of fuel utilization (Uf ∼ 80–100%). The actual extent of
eaction was only about 80–90% of the equilibrium level at lower
uel utilization (Uf ∼ 0–0.80). Therefore, in this model, we do
ot assume that the WGSR has reached equilibrium and instead
onsider that its rate is given by Eq. (23).
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.4.2. Carbon formation reaction
Carbon formation is undesirable since it can impede gas flow

nd block active sites on the anode. In addition, it can result in the
rowth of carbon filaments that generate massive forces within
he electrode structure which can cause rapid catalyst break-
own [26]. Therefore, it is important to understand the kinetics
f carbon formation and determine the conditions to suppress
ts formation. For syngas-fed SOFCs, carbon formation most
ikely occurs through the Boudouard reaction, as indicated in
q. (1), since Ni is a good catalyst for this reaction. The reaction
echanism and kinetic expression for the Boudouard reaction on
i-supported YSZ have not been well established. However, it

s believed that this reaction is fast enough to attain equilibrium.
ccordingly, in previous studies, a thermodynamic analysis of

arbon formation rather than a kinetic analysis has been con-
idered to determine suitable operating conditions such as feed
omposition, temperature and pressure to suppress carbon depo-
ition [14,26–29]. We adopt a similar approach in this study and
o not incorporate carbon formation directly into the model for
ell performance.

Based on the thermodynamics of the Boudouard reaction,
arbon can form when

C = Keq,Bp2
CO/pCO2 > 1 (26)

here Keq,B is the equilibrium constant of the Boudouard reac-
ion, which decreases as the operating temperature rises. The
atio, αC, is sometimes referred to, more or less correctly, as
carbon activity”. The possibility of carbon formation can be
btained from the solution of the fuel cell model that determines
alues of pCO and pCO2 at positions along the anode. The value
f αC at each position is then assessed according to the crite-
ion given in Eq. (26) to determine whether carbon formation is
hermodynamically possible.

.5. Boundary conditions

In order to solve the system of equations, boundary
onditions are specified at all the outer interfaces of the com-
utational domains, the anode/electrolyte (0 < r < rb, z = za), the
athode/electrolyte interfaces (0 < r < rb, z = zc) and at the anode
ube wall (r = ra, 0 < z < zt). At the fuel inlet (0 < r < ra, z = 0),
he inlet velocity and fuel gas mole fractions are prescribed
hile the inlet mole fraction of O2 is specified at the air inlet

0 < r < rb, z = L). At the fuel outlet (ra < r < rb, z = 0), only
he operating pressure is prescribed, i.e., pf = 1.013 × 105 Pa;
or all other variables, the gradients in the flow direction are
ssumed to be zero, i.e., ∂vf/∂z = 0, ∂uf/∂z = 0, ∂ci/∂z = 0.
long the symmetry line at r = 0, the following conditions
old: ∂pf/∂r = 0, ∂vf/∂r = 0, ∂uf/∂r = 0 and ∂ci/∂r = 0. At the
node/electrolyte interface at z = za, the fuel velocities in the
adial and vertical directions are zero, i.e., uf = vf = 0. The
ux of each gas species is related to the rate of H2 or CO

xidation according to Faraday’s law and the WGSR kinet-
cs: �NH2 = −DH2∂cH2/∂z = RWGSR − JH2,an/2F , �NH2O =
H2,an/2F − RWGSR, �NCO = −JCO,an/2F − RWGSR, and
�CO2 = JCO,an/2F + RWGSR. The charge flux is related to the
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Fig. 4. Experimental (symbols) and predicted (lines) cell performances at various H2/N2 (a) and CO/N2 (b) compositions at 800 and 900 ◦C for a fuel flow rate of
180 ml min−1.

Fig. 5. Experimental (symbols) and predicted (lines) cell performances at various H2 + CO2 (a) and CO + CO2 (b) compositions at 800 and 900 ◦C for a fuel flow
rate of 180 ml min−1.
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otal current density produced by H2 and CO oxidation, i.e.,
= −σe∂φe/∂z = JH2,an + JCO,an. At the cathode/electrolyte

nterface at z = zc, the molar flux of O2 is given by
�O2 = −Jcat/4F and the current density �i = −Jcat.

.6. Model calibration and numerical implementation

Before the cell performance could be modeled and validated
gainst experimental data, it is necessary to account for the effect
f the contact resistance at the current collector/electrode and
lectrode/electrolyte interfaces. The following approach is used.
or each simulation, the cell potential, φcat − φan, is fixed to
n arbitrary value and the model equations solved to yield the
urrent density distribution along each electrode. The average
urrent density along each electrode is then determined from
his distribution, i.e.,

avg = 2r−2
b

∫ rb

0
r(JH2,an + JCO,an) dr (27)

ince the model does not explicitly account for the contact resis-
ances Rcontact in the cell, the actual potential, Vdelivered, delivered
o the external load is estimated as

delivered = (φcat − φan) − IavgRcontact (28)

he value of Rcontact is determined by calibrating the model to
xperimental data using the following procedure. A cell perfor-
ance curve at a given set of gas flow rates was determined

y measuring Vdelivered to an external load at different set val-
es of the load resistance. This permitted the corresponding Iavg
ver the SOFC to be obtained and a performance plot of Vdelivered
ersus Iavg to be drawn. The model was calibrated against exper-
mental data using pure H2 as the fuel at temperatures of 800
nd 900 ◦C. The value of Rcontact was obtained by fitting the
delivered − Iavg plot computed according to Eq. (28) to the exper-

mentally observed one for the same operating conditions. Since
contact varies only with temperature, the values obtained at the

wo temperatures are then used in the subsequent simulations at
he various syngas compositions.

The finite element software, FEMLAB® version 3.0 [30]
as employed to solve the system of equations. The num-
er of mesh elements in solving this model are around 4000
lements. Depending on the initial guesses, each simulation
equired between 2 and 5 min for completion on a Pentium IV
.4 GHz with 1 GB RAM.

. Results and discussion

.1. Experimental results and model validation

The cell performances obtained from the model for various
yngas compositions are compared with the experimental data

t 800 and 900 ◦C first to obtain Rcontact and then to validate the
odel for other operating conditions. The model input parame-

ers and operating conditions used in the model are summarized
n Table 2. The cell potential was varied from 0.5 to 1.0 V by
etting φcat = 0 and varying φan from −0.5 to −1.0 V.

u
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a
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.1.1. Effect of fuel flow rate
The comparison between model and experimental data using

ure H2 as fuel at various flow rates for cell operation at 800
nd 900 ◦C is presented in Fig. 3. The fitting procedure yields
contact of 1.6 and 1.2 � cm2 at 800 and 900 ◦C, respectively,
hich are in the range reported by Jiang [31].
As evident from Fig. 3, the cell potential during operation

t 900 ◦C is slightly greater than that obtained at 800 ◦C. This
ccurs because the open-circuit is higher and the overpotentials
re lower at the higher temperature. The model curves slightly
nderestimate the experimental data at 800 ◦C while they fit
uite well at 900 ◦C. They also indicate that cell performance
s independent of fuel flow rate, whereas the measured values
how a small enhancement in cell performance at higher flow
ates. This effect is more apparent at the lower temperature. For
nstance, at 800 ◦C and 0.05 A cm−2, the cell potential increases
rom ∼0.86 to ∼0.9 V when the fuel flow rate is raised from 100
o 180 ml min−1. A similar effect was reported by Cunningham
t al. [32].

.1.2. Effect of N2 dilution
Fig. 4 shows experimental and predicted cell performances

ith H2 + N2 and CO + N2 mixtures in which the H2 (or CO)
omposition was varied from ∼100% to ∼10% at both 800 and
00 ◦C. The fuel flow rate is fixed at 180 ml min−1 in all cases.
he model predictions agree well with the experimental data
articularly at 900 ◦C. The experimental results in Fig. 4a show
hat the cell potential improves as H2 concentration increases
lthough the OCPs are similar. The model simulations indicate
hat one reason for this effect is that N2 acts as an inert gas to
he diffusion of H2 from the bulk to the anode. Consequently,

2 is less evenly distributed over the electrode. In addition,
rom a thermodynamic point of view, a higher partial pressure
f H2 leads to a higher cell potential. However, the impact of
2 dilution is modest and the cell performance decreases by

bout 15% when the H2 concentration is reduced from ∼100%
o ∼10%.

When CO is diluted with N2 at 800 ◦C (Fig. 4b), the OCP
s similar to that for the H2 + N2 mixture with the same fuel
as composition, but the cell performance is lower. On the other
and, the cell performances using CO + N2 and H2 + N2 mixtures
re much closer to each other at 900 ◦C.

Considerable discrepancies between the model results and
xperimental data are observed at 800 ◦C (Fig. 4b), particularly
t high current density and low CO concentration. The overes-
imation of cell performance by the model is likely due to the
ffect of carbon formation via the Boudouard reaction that is
ot considered in the model. Carbon formation is, of course,
ossible when CO is used as fuel and most likely at low cur-
ent density when pCO remains relatively high and pCO2 is low.
ach of the experimental performance curves in this study was
btained by varying the current density from low to high values
sing the same electrodes without disassembling the apparatus.

ince carbon is not easily removed once formed [33], it is likely

hat some carbon formed at low current density remained on the
node when higher current densities were applied and continued
o reduce cell performance.
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Table 3
Fuel compositions due to the WGSR at 900 ◦C for various H2/CO2 mixtures

Inlet composition (%) Fuel composition at SOFC anode (%) E0
cell

H2 CO2 H2 CO CO2 H2O

99 0 99 0 0 1 1.15
80 20 63.3 16.7 3.3 17.7 0.98
60 40 34.4 25.6 14.4 26.6 0.93
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Fuel F1 consisting of moist H2 provides the highest perfor-
mance. However, it is interesting to note that fuel F6 which is a
mixture of 20% H2, 20% CO and 60% N2 performs slightly bet-

Table 4
Simulated syngas composition

Fuel no. Gas composition

H2 H2O CO CO2 N2

F1 97 3 – – –
F2 20 3 – – 80
0 60 14.4 24.5 34.4 26.6 0.89
0 80 3.3 16.7 63.3 17.7 0.83

.1.3. Effect of CO2 dilution
Fig. 5 shows experimental and predicted cell performances

sing H2 + CO2 and CO + CO2 mixtures at both 800 and 900 ◦C.
he composition of H2 and CO was varied over the range from
00% to 10% in each of these mixtures. The effect of CO2
ilution is more pronounced than that of N2 dilution. The cell
erformance with H2 (or CO) + CO2 is lower than that with
2 (or CO) + N2 for the same fuel concentration. The OCP
ecreases significantly as CO2 concentration is increased when
ither H2 or CO is the fuel. As shown in Fig. 5a, the OCP at 800
nd 900 ◦C decreases by 20% and 26%, respectively as H2 con-
entration is decreased from 100% to 20%. This is likely due to
he impact of the WGSR. For the H2 + CO2 mixture, the WGSR
trongly influences the equilibrium compositions by converting
ome of H2 and CO2 to H2O and CO which leads to a lower OCP,
s indicated by Eqs. (17) and (22). The effect of CO2 dilution
n the OCP at 900 ◦C is summarized in Table 3.

From Fig. 5b, it is evident that at high CO concentration
∼40% to ∼100%) the same trends of experimental and model
redicted cell performances are observed at both 800 and 900 ◦C.
nfortunately, the model slightly underestimates the experimen-

al cell performance at both temperatures. On the other hand, the
xperimental cell potentials at low CO concentrations (∼5% to
20%) show a drop at high current densities that is not predicted

y the model especially at 800 ◦C. These discrepancies are also
ikely caused by carbon formation on the anode.

.1.4. Effect of H2/CO composition
Fig. 6 shows the experimental and predicted cell perfor-

ances for H2/CO ratios diluted with 70% N2 to reduce the rate
f carbon formation that depends on the CO concentration in the
uel gas. The model only slightly underestimates the measured
erformance data at both temperatures. The OCP is essentially
ndependent of the relative proportions of H2 and CO. Moreover,
he cell performance achieved when CO is the only oxidizable
as is slightly lower than that obtained when H2 is the only fuel.
his means that even though the CO oxidation rate is less than

he H2 oxidation rate, it has only a small impact on the relative
ell performance. The main reason for this is that the cathodic
verpotential plays a larger role on the cell performance than the
nodic overpotential [33].
.1.5. Effect of simulated syngas composition
In order to evaluate the ability of the model to predict cell

erformance with syngas fuel, model predictions were compared
o experimental results obtained using various gas compositions.

F
F
F
F

ig. 6. Experimental (symbols) and predicted (lines) cell performances at vari-
us H2/CO compositions diluted with 70% N2 at (a) 800 ◦C and (b) 900 ◦C for
fuel flow rate of 180 ml min−1.

he gas compositions used in these experiments are listed in
able 4.

Experimental and predicted cell performances for various
yngas compositions at 800 and 900 ◦C are presented in Fig. 7.
he predictions agree well with the experimental data at 900 ◦C,
ut underestimate the data at 800 ◦C although there is close
greement with regard to the OCP.
3 20 3 – 14 66
4 20 3 20 14 43
5 32 3 45 15 3
6 20 3 20 0 57



R. Suwanwarangkul et al. / Journal of Po

F
u
9

t
s
C
p
r
t
i
f
b
e

o
F
c
I
p
p
T
a

4

p
c
w
o
t
A
e

d
c
a
a

a
a
a
p
b
a
p
t
a

a
c
d
e
t

ig. 7. Experimental (symbols) and predicted (lines) cell performances for sim-
lated syngases at compositions summarized in Table 4 at (a) 800 ◦C and (b)
00 ◦C for a fuel flow rate of 180 ml min−1.

er than moist H2 diluted by 80% N2 (F2). This indicates that CO
hould be a useful fuel for SOFCs. Fuel F3 is a mixture of H2,
O2 and N2, whereas F4 and F5 are examples of syngas com-
ositions typically obtained from air and oxygen gasifiers [34],
espectively. The OCPs obtained using F3, F4 and F5 are less
han those of F1, F2 and F6, likely due to the effect of the WGSR

n the presence of CO2, as previously described. The cell per-
ormance using the F5 fuel is slightly greater than that using F4
ecause of the higher fuel content and lower N2 dilution. How-
ver, when the cost of syngas production is considered, the use

t
c
t
o

Fig. 8. SEM images of anode surface obtained af
wer Sources 161 (2006) 308–322 317

f syngas composition F4 may be the most economical choice.
3 yields the poorest cell performance because of its low fuel
ontent and considerable dilution by presence of CO2 and N2.
f CO2 is removed before the syngas enters the SOFC, the cell
erformance could be further increased. On the other hand, the
resence of CO2 helps prevent carbon formation on the anode.
hus, a trade-off must be made to maximize cell performance
nd anode durability.

.1.6. Cell inspection after operation
Once an experiment was completed at each operating tem-

erature, the test rig was disassembled and the electrochemical
ell visually inspected. A significant amount of Ni and carbon
as found to have deposited on the anode current collector after
peration at 800 ◦C, as confirmed by XRD analysis. Decoloura-
ion of the anode surface indicating Ni depletion was also noted.

thick layer of carbon was also observed in the anode feed
ntrance region of the cell.

On the other hand, only a small part of the Ni anode material
elaminated and deposited on the anode current collector after
ell operation at 900 ◦C. No evidence of carbon was found at the
node current collector or the anode surface and only a small
mount was observed at the anode feed entrance region.

SEM images of anode surfaces obtained after operation at 800
nd 900 ◦C are presented in Fig. 8. The anode surface obtained
t 800 ◦C appears to be worse than that obtained at 900 ◦C. The
node surface at the lower temperature has become almost com-
letely deactivated due to the presence of many particles that
lock the pores and prevent reactant gases from reaching the
ctive sites within the pores. Those particles are should be com-
osed of Ni delaminated from the anode surface. Furthermore,
he pore size after operation at 800 ◦C appears smaller than that
t 900 ◦C likely due to Ni agglomeration.

From visual and SEM investigation, anode delamination
ppears to be related to carbon formation which deteriorates
ell performance. The actual mechanism of anode delamination
ue to carbon formation has not been clearly established. How-
ver, the role of Ni used in an SOFC anode is likely similar to
hat in Ni-supported catalysts. A mechanism for Ni disintegra-

ion from its support due to carbon formation on Ni-supported
atalysts has been proposed by Snoeck et al. [35]. According to
his explanation, the Boudouard reaction leads to the adsorption
f carbon atoms onto the catalyst which then dissolve into the

ter operation at 800 ◦C (a) and 900 ◦C (b).
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Fig. 9. Surface and arrow plots showing the veloci

ickel on the gas side and diffuse through the Ni particle to the
upport side, which eventually causes the separation of Ni from
he support leading to nucleation of carbon filaments.

.2. Simulation results for simulated syngas

The simulation results discussed here are based on simulated
yngas obtained from biomass gasification in air (fuel F4 in
revious section). The operating conditions are summarized in
able 5. It is noted here that the contact resistance is assumed to
e zero for the purposes of this simulation.

The velocity field inside the fuel channel for the base case
onditions is depicted in Fig. 9. The velocity is high at the
ntrance region and is reduced as one moves away from the
ntrance. Since the feed tube is much smaller than the fuel chan-
el, uneven flow occurs as the fuel gas is dispersed from the feed
ube to the fuel channel. Once the fuel gas reaches the anode
urface, it begins to flow in the reverse direction toward the dis-
harge from the fuel channel. It is found that the gas velocity
s almost zero near the edge of the fuel channel (rb = 0.018 m).
ccordingly, transport of the gases in this region occurs primar-

ly by diffusion and eventually local current density in this area
s illustrated in Fig. 10. Therefore, reactant concentrations (H2
nd CO) at the edge of the fuel channel are less than those in the
uel channel close to the feed tube.

The distributions of the H2, CO, CO2, H2O concentrations

nside the fuel channel are displayed in Fig. 10. The H2 concen-
ration declines sharply as the gas moves through the fuel inlet
egion and then decreases more gradually in the region further
way from the fuel inlet. This is due to its high rate of consump-

able 5
ase case operating conditions

perating condition Value

ressure 1 atm (101.35 × l05 Pa)
emperature 900 ◦C
uel flow rate 180 ml min−1

uel gas composition (fuel, F4) 20% H2, 20% CO, 14% CO2

and 3% H2O, 43% N2

athodic half-cell potential (φcat) 0 V
nodic half-cell potential (φan) −0.7 V
xidant Air
ontact resistance (Rcontact) 0 � cm−2

e
T
t
o
f
t
H
r

4
S

m
K

T
i

d inside fuel channel for the base case conditions.

ion by electrochemical oxidation and the WGSR to produce
O and H2O on the portion of the anode near the inlet. This is
onfirmed in Fig. 10c that shows the CO concentration rising at
he anode surface near the fuel inlet. Once the WGSR reaches
quilibrium, H2 is mainly consumed by electrochemical oxida-
ion which is slower than the WGSR, leading to a more uniform
oncentration. The H2O concentration increases abruptly at the
uel inlet region due to the WGSR. This also causes the concen-
ration profiles of CO and CO2 in fuel inlet region to be inverted
ith respect to one another.
As shown in Fig. 11, the oxygen concentration distribution

emains uniform throughout the air channel. This implies that
ufficient amount of O2 is being transferred to the cathode sur-
ace even if its source is ambient air. Therefore, the use of an air
eed tube is not necessary in this set-up.

The distributions of the total current density and the partial
urrent densities due to H2 and CO oxidation along the electrode
urface are shown in Fig. 12. These show that the current density
radually decreases along the length of the anode surface. The
ate of H2 oxidation remains about 2.5 times greater than that
f CO oxidations, as specified by the electrochemical kinetic
xpressions, although the diffusivity of CO is much less than
hat of H2 (Table 2). This indicates that the influence of mass
ransport along the anode surface is not significant.

The breakdown of the overpotentials along both electrodes is
hown in Fig. 13. All overpotentials are quite uniform along the
lectrode surface due to the uniform current density distribution.
he cathodic overpotential (ηcat) is about two times larger than

he other overpotentials. The ohmic overpotential (η�), anodic
verpotential for H2 oxidation (ηH2,an) and anodic overpotential
or CO oxidation (ηCO,an) are very similar in magnitude. Since
he cathodic overpotential is large and not dependent on the

2/CO ratio, the cell potential is not affected by the H2/CO
atio, as observed in Fig. 6.

.3. Thermodynamic analysis of carbon formation on an
OFC anode

As discussed previously, the possibility of carbon for-

ation is based on whether the carbon activity ratio αC =
eq,Bp2

CO/pCO2 obtained from the model exceeds 1.0 (Eq. (26)).
his calculation accounts for the influences of the electrochem-

cal oxidation of H2 and CO, operating temperature, pressure
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Fig. 10. Surface and contour plots of concentrations fo

nd inlet syngas composition. Rcontact has been set to zero for
he purposes of these calculations. The effect of the CO content
nd current density on the carbon activity ratio for cell operation
t 800 and 900 ◦C is depicted in Fig. 14. The value of the carbon
ctivity ratio shown is the average of the local values computed

long the anode surface. i.e.,

c,ang = 2r−2
b

∫ rb

0
rαc(r) dr (29)

T

a
α

(a); H2O (b); CO (c) and CO2 (d) inside fuel channel.

he CO content is defined as

O content = mole fraction of CO

mole fraction of CO + mole fraction of H2
(30)
he inlet fuel stream is assumed to contain no H2O and CO2.
Fig. 14 indicates that the CO content and current density have

significant impact on the possibility of carbon formation (i.e.,
C > 1) for cell operation at 800 ◦C. In contrast, carbon forma-
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Fig. 11. Surface and contour plots of O2 concentration inside air channel.

t
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p

Fig. 14. Effects of current density and CO content on carbon activity at 1 atm
◦

Fig. 12. Current density distributions along electrode surface.

ion can be avoided at 900 ◦C over the entire range of current
ensity and CO contents because of the lower equilibrium con-
tant for the Boudouard reaction at the higher temperature. This

ifference agrees with the experimental observations described
n Section 4.1.6. Nonetheless, operation at 800 ◦C or below is
otentially more attractive because of the wider choice of mate-

Fig. 13. Break down of overpotentials along electrode surface.

and 800 and 900 C.

Fig. 15. Effects of current density and CO content on carbon activity at 900 ◦C
and various operating pressures.
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ig. 16. Effects of current density and CO content on carbon activity at 800 ◦C,
atm and various H2O compositions.

ials that can be used for cell components. It is also observed
hat likelihood of carbon formation at 800 ◦C can be reduced
y operating at higher current density and lower CO content.
n increase in current density enhances the rate of H2 and CO
xidation and the rate of H2O and CO2 production. Thereafter,
2O reacts with CO via the WGSR to form more CO2 and H2.
hese effects tend to reduce at lower αC.

In actual SOFC operation, syngas fuel typically contains
bout 50–60% CO. Therefore, according to Fig. 14, the cell
hould be operated at a minimum of 0.1 A cm−2 to ensure that
nough CO2 and H2O are generated to prevent carbon formation
t 800 ◦C. However, it should be noted that this calculation is
ased on a syngas containing only H2 and CO. If the inlet syn-
as composition contains H2O and/or CO2, operation of a lower
urrent density than 0.1 A cm−2 might be possible because their
resence helps to prevent carbon formation, as will be described
ater.

Fig. 15 displays the effects of current density and CO content
n the carbon activity ratio at various operating pressures and
00 ◦C. An increase in operating pressure favours carbon for-
ation, especially at high CO content and low current density.
peration at 3 atm has the danger of forming carbon over the

ntire range of operating current densities and CO contents. The
pplication of such a pressure has recently received attention
ue to the proposal for the use a SOFC/micro-turbine hybrid
ycle which has a high overall efficiency, but requires a high
nlet pressure for the micro-turbine.

As previously described, an operating target of 800 ◦C and
atm would be ideal. Unfortunately, these conditions can lead

o unreliable and low cell performance due to carbon forma-
ion. One of the possible ways to reduce this likelihood is to

ncrease the amount of H2O and CO2 in the inlet stream. The
ffects of the current density and CO content on α at various
nlet H2O and CO2 compositions at 800 ◦C and 3 atm are shown t
ig. 17. Effects of current density and CO content on carbon activity at 800 ◦C
nd 3 atm and various CO2 compositions.

n Figs. 16 and 17, respectively. The likelihood of carbon for-
ation is substantially decreased by increasing H2O or CO2

oncentration in the inlet stream especially at high CO content.
syngas fuel containing 50–60% CO content requires at least

0% H2O or CO2 concentration to reduce the risk of carbon for-
ation during operation. Unfortunately, cell power will slightly

e reduced since this tends to lower the OCP.

. Conclusions

A mechanistic model based on a button cell geometry is vali-
ated against experimental performance data at 800 and 900 ◦C.
his comparison shows that the model agrees reasonably well
ith the experimental data at 900 ◦C but not as well in the case
f 800 ◦C.

The experimental data and the model simulations indicate
hat the major reason for achieving lower cell performance when
he SOFC operates with syngas fuel is carbon formation via
he Boudouard reaction that damages the anode surface. If this
roblem can be alleviated, then the analysis shows that CO is
n effective fuel. CO2 dilution has a more pronounced effect on
he cell performance than that of N2 because CO2 significantly
educes OCP. A thermodynamic analysis of carbon formation
hows that the operating pressure, temperature and inlet H2 and
O compositions are important factors. The operation of SOFCs
t intermediate temperature and high pressure with syngas is
imited by carbon formation. However, this may be overcome
y adding H2O or CO2 into the syngas fuel, although at the
xpense of some loss in the electric power delivered by the fuel
ell.
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