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bstract

This paper presents a performance analysis of a planar solid oxide fuel cell (SOFC) with different support structures, i.e., electrode (anode and
athode) and electrolyte supports. An electrochemical model, taking into account structural and operational parameters and gas diffusion at the
lectrodes, is used to analyze the characteristics of the planar SOFC. Simulation results demonstrate that under cell operation at an intermediate
emperature (1073 K), an anode-supported SOFC is superior to an electrolyte- and cathode-supported SOFC. Analysis of individual cell voltage
oss indicates that ohmic loss dominates the performance of an electrolyte-supported SOFC whereas activation and ohmic overpotentials constitute
he major loss in an electrode-supported counterpart. Sensitivity analyses of the anode-supported SOFC show that decreasing the electrolyte and

node thickness can improve cell performance. A decrease in operating temperature causes the cell to operate at a lower range of current density
ue to an increase in ohmic and activation overpotentials. Further, increasing the operating pressure and degree of pre-reforming reduces the
oncentration overpotential and thereby enhances cell performance.

2007 Elsevier B.V. All rights reserved.
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. Introduction

A fuel cell is an energy-conversion device that produces elec-
ricity and heat directly from chemical conversion of a fuel gas
nd an oxidant via an electrochemical reaction. Among the var-
ous types of fuel cell, the solid oxide fuel cell (SOFC) has
ttracted considerable interest for distributed power sources due
o its high efficiency and low emission of pollutants to the envi-
onment [1,2]. The high-temperature operation of SOFCs offers
any advantages that include a high electrochemical reaction

ate, the flexibility of using various fuel types (i.e., methane,
ethanol, ethanol, etc.), a tolerance to impurities, the prospect

or combined heat and power systems [3,4].
In general, a SOFC can have either a planar or tubular config-

ration. The planar design has recently received much attention

ince it is simpler to fabricate and more flexible in terms of
ell geometry (i.e., circular or prismatic) and gas manifolding
i.e., co-, counter- and cross-flow direction) [5]. In addition,
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rformance analysis; Overpotential

ue to the fact that its short current path results in low-internal
lectrical resistances, a planar SOFC provides higher power den-
ity, compared with a tubular design [6]. Currently, two basic
pproaches are proposed in the development of the planar SOFC.
n an electrolyte-supported SOFC, the electrolyte is the thickest
omponent (>150 �m) while the anode and cathode are very
hin (about 50 �m) [7,8], which results in high ohmic resis-
ance. Thus, most current research efforts have been focused
n the application of the electrolyte-supported SOFCs at a high
perating temperature. In an electrode-supported SOFC, one
f the two electrodes, either the cathode or the anode, is the
hickest component (around 2 mm) and support structure [7].
his decreases the ohmic resistance and makes the design bet-

er suited for operation at lower temperatures (873–1073 K);
he system is referred to as an ‘intermediate-temperature solid
xide fuel cell’ (IT-SOFC). The development and performance
mprovement of the IT-SOFC have received much attention
ue to several potential benefits, e.g., the possibility of using

wider range of materials and the promise of low-cost fabrica-

ion.
Considering the characteristics of the electrode-supported

OFC, it has been reported that activation and concentration

mailto:Amornchai.A@chula.ac.th
dx.doi.org/10.1016/j.jpowsour.2007.11.079
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Nomenclature

Deff electrode effective diffusion coefficient (m2 s−1)
E operating voltage (V)
Eelectrode activation energy of the exchange current density

(kJ mol−1)
EOCV open-circuit voltage (OCV) (V)
E0 OCV at standard temperature and pressure and

pure reactants for the H2 oxidation reaction (V)
F Faraday’s constant (C mol−1)
i current density (A m−2)
i0,electrode exchange current density (A m−2)
n number of electrons participating in the electro-

chemical reaction
pi partial pressure of gas (kPa)
P pressure (kPa)
Rohm internal resistance (� m2)
� gas constant (kJ mol−1 K−1)
T temperature (K)

Greek symbols
α transfer coefficient
ηact activation overpotential (V)
ηcon concentration overpotential (V)
ηohm ohmic overpotential (V)
σ electronic conductivity of electrode or ionic con-

ductivity of electrolyte (�−1 m−1)
τanode anode thickness (m)
τ cathode thickness (m)
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is a function of the operating temperature that can be expressed
by the following equation [11]:

E0 = 1.253 − 2.4516 × 10−4T (2)
cathode
τelectrolyte electrolyte thickness (m)

verpotentials can often outweigh the benefit of reduced ohmic
oss due to smaller electrolyte thickness so that the specific
esistance of the electrode-supported SOFC at an intermedi-
te temperature may be larger than that of the high-temperature
OFC. Further, it is well known that the performance charac-

eristics of SOFCs are strongly affected not only by operating
onditions such as temperature and pressure, and fuel and oxi-
ant composition but also by structural parameters such as the
hickness of electrodes and electrolyte and the porosity of elec-
rodes. Therefore, the performance analysis of fuel cells should
ake these parameters into account as it will lead to an optimum
esign and operation of SOFCs.

In this study, the role of the support structure and the influence
f operating parameters on the performance of a planar SOFC are
nvestigated by considering its electrical characteristics obtained
rom a detailed electrochemical model. Most previous studies
n the performance analysis of a fuel cell have been carried out
ased on a simple model to characterize the SOFC overpotentials
9,10]. Here, the non-linear Butler–Volmer equation is employed
o describe the activation overpotential instead of using the

implified Tafel equation and the exchange-current density is
ependent on the operating temperature. The ohmic overpoten-
ial is related to cell structural parameters, i.e., the thickness
f cell components, and ionic and electronic conductivities that
wer Sources 177 (2008) 254–261 255

re changed by the operating temperature. Gas diffusion through
he porous electrodes is considered in the determination of the
oncentration overpotential.

. Electrochemical model

A single planar SOFC consists of a dense ceramic electrolyte
andwiched between two porous electrodes (anode and cath-
de) as illustrated in Fig. 1. The most common materials used
or the SOFC cell components are oxide ion conducting yttria-
tabilized zirconia (YSZ) for the electrolyte, strontium-doped
anthanum manganite (LSM) for the cathode, and nickel/YSZ
or the anode. During fuel cell operation, oxidant gas (oxygen
r air) at the cathode side receives electrons to form oxygen
ons that migrate through the electrolyte to the electrolyte|anode
nterface. Fuel gas (possibly pure H2 or H2-rich gas) simulta-
eously fed at the anode side reacts with the oxygen ions to
enerate steam and electrons. The electron flow in the external
ircuit from the anode to the cathode produces direct-current
lectricity.

.1. Reversible fuel cell voltage

In general, the difference between the thermodynamic poten-
ials of the electrode reactions determines the reversible cell
oltage, which is also known as the ‘electromotive force (emf)’
r ‘reversible open-circuit voltage (EOCV)’. EOCV is a theoreti-
al voltage that drives charges around the circuit. For the SOFC
ystem, it can be expressed by the Nernst equation, i.e.,

OCV = E0 − �T

2F
ln

(
pH2O

pH2p
0.5
O2

)
(1)

here E0 is the open-circuit voltage at the standard pressure and
Fig. 1. Schematic diagram of solid oxide fuel cell.
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.2. Actual fuel cell voltage

When a current is drawn from a fuel cell, the operating cell
oltage or actual fuel cell voltage, E, is less than the open-circuit
oltage, as shown in Eq. (3). This is due to internal resistance and
verpotential losses associated with the electrochemical reac-
ions at the electrode|electrolyte interface. These various losses
ill be described as follows:

= EOCV − (ηact + ηohm + ηconc) (3)

Ohmic loss (ηohm) occurs because of the electrical resistance
f the electrodes and the resistance to the flow of ions in the
lectrolyte. This loss is important in all types of fuel cell and is
roportional to the current density (i) as given by:

ohm = iRohm (4)

here Rohm is the internal resistance of the cell that can be esti-
ated from the effective distance between the cell components

oupled with conductivity data, as given by [12]:

ohm = τanode

σanode
+ τelectrolyte

σelectrolyte
+ τcathode

σcathode
(5)

here τ and σ are the thickness and the conductivity of each cell
omponent, respectively.

Activation overpotential (ηact) is the loss caused by elec-
rochemical reactions at the electrode surfaces. Although the
ctivation overpotential tends to be small at high temperatures
wing to high reaction rates, it can become the most important
ause of a cell voltage drop when the operating temperature
s reduced. In this study, the non-linear Butler–Volmer equa-
ion (Eq. (6)) is used to describe the activation overpotential,
amely:

= i0,electrode

[
exp

(
αnF

�T
ηact,electrode

)

− exp

(
− (1 − α)nF

�T
ηact,electrode

)]
(6)

here α is the transfer coefficient (=0.5), n the number of elec-
rons transferred in the rate-limiting reaction step, and i0,electrode
s the electrode exchange-current density which depends on the
perating temperature as shown in Eq. (7). Table 1 gives the val-
es of the pre-exponential factor and the activation energy used
or computing i0,electrode [12]: ( )

i0,electrode = �T

nF
kelectrode exp −Eelectrode

�T

electrode ∈ {anode, cathode} (7)

able 1
alues of pre-exponential factor and activation energy for computing exchange-
urrent density

cathode 2.35 × 1011 �−1 m−2

anode 6.54 × 1011 �−1 m−2

cathode 137 kJ mol−1

anode 140 kJ mol−1
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a
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o
o
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During operation of a fuel cell, concentration gradients
evelop across the electrodes, resulting in a lower concentration
f reactants at the electrode|electrolyte interface and concentra-
ion overpotential (ηconc). This loss is more pronounced when
uel or oxidant gases with low purities are fed to a fuel-cell
tack. The concentration overpotential can be evaluated by the
ollowing expression:

conc = �T

2F
ln

(
pH2O,TPB

pH2O

pH2

pH2,TPB

)
+ �T

4F
ln

(
pO2

pO2,TPB

)
(8)

here the first term on the right-hand side refers to the anode con-
entration overpotential (ηconc,anode) and the second term refers
o the cathode concentration overpotential (ηconc,cathode). The
artial pressures of H2, H2O, and O2 at the interface calculated
sing a gas transport model in porous media can be expressed
s [12]:

H2,TPB = pH2 − �Tτanode

2FDeff,anode
i (9)

H2O,TPB = pH2O + �Tτanode

2FDeff,anode
i (10)

O2,TPB = P − (P − pO2 )exp

( �Tτcathode

4FDeff,cathodeP
i

)
(11)

It is noted that in this study, the effect of the variation of the
as-diffusion coefficient with a temperature is not included in
qs. (9)–(11) for computing the concentration overpotentials.
lthough the gas-diffusion coefficient increases with increasing

emperature, the effect of increased diffusion rate on the con-
entration overpotential is less pronounced [11]. Therefore, the
as-diffusion coefficient is assumed to be constant.

. Results and discussion

An analysis of the effects of design and operating param-
ters on the performance characteristics of a fuel cell provides
mportant information for producing a cell with optimum invest-

ent and operating costs. In this section, the influence of support
tructures and key operating parameters on SOFC performance
nder isothermal conditions is presented. Table 2 shows the val-
es of the cell geometry and material properties used in the study
hereas the operating conditions are listed in Table 3 [12,13].
he fuel composition given in Table 3 is based on the gas mixture
btained from an external reformer fed by steam and methane
t a ratio of 2. The methane steam reforming and water gas shift
eactions are assumed to be at equilibrium. It is noted that an
xternal reformer is usually installed before the SOFC system in
rder to produce hydrogen-rich feed and to reduce the possibility
f carbon formation on the anode. The ionic conductivity of the
lectrolyte and the anode and cathode electronic conductivities
re considered to be temperature dependent [13]. The effective

iffusivity coefficients are calculated assuming electrodes with
0% porosity (εp = 0.30), a tortuosity of τtortuosity = 6, and an
verage pore radius (used to calculate the Knudsen diffusivity)
f 0.5 �m [12].
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Table 2
Values of structural and material property parameters for planar SOFC

Parameters Anode Electrolyte Cathode

A-S structurea (�m) 500 40 40
C-S structureb (�m) 40 40 500
E-S structurec (�m) 40 500 40

σd (�−1 m−1) 4.2×107

T
exp
(
− 1200

T

)
33.4 × 103exp

(
− 10300

T

)
9.5×107

T
exp
(
− 1150

T

)
Deff (m2 s−1) 3.66 × 10−5 – 1.37 × 10−5

a A-S structure: anode-supported SOFC.
b C-S structure: cathode-supported SOFC.
c E-S structure: electrolyte-supported SOFC.
d Ionic conductivity for electrolyte and electronic conductivity for electrode.

Table 3
Operating conditions for SOFC under standard condition

Parameter Value

Operating temperature, T (K) 1073
Operating pressure, P (atm) 1
Fuel compositiona 30% H2, 42.3% H2O, 19.7% CH4, 3%

CO and 5% CO2

Air composition 21% O2 and 79% N2
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overpotenials. It is noted that the approximate expression (Eq.
(7)) proposed by Aguiar et al. [12] was used to determine the
value of the exchange-current density, which depends only on
the operating temperature. In previous studies of the electrode
a Fuel composition is based on a fully reformed steam and methane mixture
ith a steam:carbon ratio = 2.

.1. Role of support structures

The performance characteristics of an anode-supported
OFC under isothermal operation (T = 1073 K) at different oper-
ting current densities (i) are presented in Fig. 2. The cell voltage
ecreases with increase in operating current density due to the
ncreased voltage losses from the irreversible SOFC cell resis-
ance. The power density increases initially to a maximum value
f 0.69 W cm−2 at a current density of 1.5 A cm−2 and then
lightly decreases to zero at 3.17 A cm−2. This indicates that
he cell performance is not controlled by the concentration loss

nder these operating conditions. It should be noted that in this
tudy, the fuel and oxidant are assumed to be undepleted. Since,
owever, the fuel and air compositions vary along the length

ig. 2. Performance of anode-supported SOFC at different current densities.
F
m

f the cell under real operation, due to fuel and oxygen utiliza-
ion by electrochemical reactions, the actual cell performance is
ower than the predicted value.

The ohmic and cathode activation overpotentials represent
major loss in cell voltage, followed by the anode activation

verpotential (Fig. 2). The activation overpotential at the cath-
de side is generally higher than that at the anode side due to
he lower exchange-current density. From this result, although
he anode-supported SOFC is considered, the anode concentra-
ion overpotential is relatively small, compared with the other
ig. 3. Comparison of SOFC with different support structures: (a) cell perfor-
ance and (b) individual overpotentials in cell.



2 l of Po

r
d
g
T
a
w
s
a

s
g
e
s
a
i
S
s
t
F
f
a
s
l

F
v

s
N
f
a
o
t
t
c
p
a
F
p
r
n
o
i

3

58 Y. Patcharavorachot et al. / Journa

eactions, however, it was reported that the exchange-current
ensity depends on the partial pressures of hydrogen and oxy-
en [14,15,4] in addition to the operating temperature [16,17].
herefore, if the effect of the gas partial pressure is taken into
ccount, the calculated value of the exchange-current density
ill be reduced as it is directly proportional to the partial pres-

ure of gas at the electrode|electrolyte interface. This results in
higher activation potential.

A comparison of SOFC performance with different support
tructures (i.e., anode-, cathode- and electrolyte-supported) is
iven in Fig. 3a. It is clearly shown that the performance of the
lectrode-supported SOFC is superior to that of the electrolyte-
upported SOFC. The electrode-supported SOFC can operate at
higher power density and a wider range of current density, thus

mplying that a smaller cell area would be required to operate the
OFC system. In order to explain the influence of the support
tructure design on the cell performance, the relative magni-
ude of all the various losses in each type of SOFC is given in
ig. 3b. The data show that the ohmic loss dominates the per-

ormance of the electrolyte-supported SOFC whereas activation
nd ohmic overpotentials are the major loss in the electrode-
upported counterpart. By comparing the various cell voltage
osses, it is observed that the concentration loss is relatively

ig. 4. Effect of electrolyte thickness at different current densities on (a) cell
oltage and power density and (b) ohmic overpotential.

t
e
a

F
a

wer Sources 177 (2008) 254–261

mall, even though the SOFC is supported by the electrode.
evertheless, the concentration loss becomes more significant

or the cathode-supported cell as a rapid drop of the cell volt-
ge is observed at a current density of 2.8 A cm−2. Under this
perating condition, a large amount of oxidant is consumed at
he cathode|electrolyte interface and, therefore, the concentra-
ion loss is increasingly developed. From simulation results, it
an be concluded that the anode-supported SOFC exhibits better
erformance in comparison with the others; it can be operated
t high current density and a greater power density is achieved.
urther, Fig. 3a shows that there is a possibility to improve the
erformance of the anode-supported SOFC as the limiting cur-
ent density at the anode is still not reached. Therefore, in the
ext section, the effect of structural and operating parameters
n the performance of an anode-supported SOFC are further
nvestigated.

.2. Effect of electrolyte thickness
In this section, the impact of the electrolyte thickness on
he performance of an anode-supported SOFC is analyzed. The
lectrolyte thickness varies from 10 to 40 �m while the anode
nd cathode thicknesses are fixed at 500 and 40 �m, as in the

ig. 5. Effect of anode thickness at different current densities on (a) cell voltage
nd power density and (b) concentration overpotential.
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tandard specification, respectively. The cell voltage and power
ensity as a function of current density at different electrolyte
hicknesses are given in Fig. 4a. For each value of electrolyte
hickness, there is an optimum current density and hence a max-
mum power density; the current density corresponding to the

aximum power density is moved to higher values with decrease
n the electrolyte thickness. Thus, as expected, the cell perfor-

ance increases when the electrolyte thickness decreases. This
s because the decrease of the electrolyte thickness causes a sig-
ificant decrease in the ohmic overpotential as shown in Fig. 4b.
y contrast, the anode concentration overpotential becomes a
ore significant loss when a thinner electrolyte is used. As can

e seen in Fig. 4a, the voltage of the anode-supported SOFC
ith an electrolyte thickness of 10 �m rapidly decreases at a

urrent density of 4.7 A cm−2 due to a high anode concentration
verpotential; a concave curvature is observed.

.3. Effect of anode thickness

Fig. 5a presents the characterization curve of an anode-
upported SOFC at different anode thicknesses (500, 750, 1000
nd 1250 �m). It is noted that the electrolyte and cathode thick-
esses are fixed at 20 and 40 �m, respectively. The results show
hat the cell performance is significantly hindered when the
node thickness increases (Fig. 5a). The latter causes a higher

esistance to the gaseous species being transported in the porous
node, and this results in an exponential increase in the concen-
ration overpotential (Fig. 5b). It can be further observed that
he concentration overpotential in an anode-supported SOFC

w
v
s
h

ig. 6. Effect of operating temperature at different current densities on (a) cell voltag
d) concentration overpotential.
wer Sources 177 (2008) 254–261 259

ith a larger anode thickness has a significant effect on cell per-
ormance; the maximum operating current density appears to
pproach the limiting current density of the anode.

.4. Effect of cathode thickness

The effect of cathode thickness (25, 40, 100 and 150 �m) on
he performance of an anode-supported planar SOFC at different
urrent densities has been investigated. The simulation results
emonstrate that the thickness of the cathode has less influence
n the characteristic curve of the fuel cell; the concentration and
hmic overpotentials decrease slightly with reduction in cathode
hickness.

.5. Effect of operating temperature

The characteristic curve of cell voltage and power density for
n anode-supported SOFC at different operating temperatures is
resented in Fig. 6a. The individual overpotentials are shown in
ig. 6b–d. As expected, the cell performance decreases dras-

ically with decreasing operating temperature. This is mainly
aused by an increase in both the ohmic overpotential (Fig. 6b)
nd the activation overpotential (Fig. 6c). The effect of operat-
ng temperature on the concentration overpotential is shown in
ig. 6d. The concentration overpotential exhibits a large increase

hen the fuel cell is operated at 1273 K and this causes the cell
oltage to drop to zero at a the current density of 4.0 A cm−2. It
hould be noted that although the anode-supported SOFC, which
as thinner electrolyte and is suitable for low temperature opera-

e and power density, (b) ohmic overpotential, (c) activation overpotential and
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ion, is used with the aim to decrease an ohmic overpotential, the
oss is still relatively major in the fuel cell. In order to improve
OFC performance, an electrolyte with high ionic conductivity

s required.

.6. Effect of operating pressure

The effect of operating pressure on the characteristic curve
f a SOFC is shown in Fig. 7a, in which the operating pressure
s varied from 0.5 to 3 atm. Cell performance increases with
ncrease in operating pressure. At high pressure operation, fuel
nd oxidant gases can easily diffuse to the electrode|electrolyte
nterface and therefore, the concentration overpotential is
educed as can be seen in Fig. 7b

.7. Effect of fuel composition

Fuel composition is a further key parameter that needs to be
onsidered. The impact of fuel composition on cell performance

s studied by varying the degree of pre-reforming of methane at
0, 30, 50 and 70%. It is noted that a higher degree of pre-
eforming results in an increase in the H2 concentration in the
uel composition. Fig. 8a illustrates that increasing the degree

ig. 7. Effect of operating pressure at different current densities on (a) cell
oltage and power density and (b) concentration overpotential.
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ig. 8. Effect of % pre-reforming at different current densities on (a) cell voltage
nd power density and (b) concentration overpotential.

f pre-reforming of fuel can improve the cell performance,
.e., a higher operating current density can be achieved. High-
ydrogen fuel increases the open-circuit voltage (Eq. (1)) and
ignificantly decreases the concentration overpotential (Fig. 8b)
s more H2 is able to move to the electrode|electrolyte interface.
n the other hand, a change in fuel composition does not affect

ither the ohmic or the activation overpotential.

. Conclusions

A numerical study of the performance of a SOFC with
ifferent support structures has been presented. A detailed
lectrochemical model in which the effects of structural and
perational parameters and also gas diffusion at the electrodes
re taken into consideration is employed to determine the
haracteristic performance of the SOFC. Under intermediate-
emperature operation, it is found that an electrode-supported
OFC exhibits better electrical performance than an electrolyte-
upported SOFC. Considering individual cell voltage loss, the
esults indicate that ohmic loss dominants the performance

f the electrolyte-supported SOFC, whereas activation and
hmic overpotentials constitute the major loss in an electrode-
upported SOFC. Compared with the cathode-supported SOFC,
he anode-supported SOFC delivers better performance in terms
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f a wider range of operating current density; the concentration
oss becomes more significant for a cathode-supported cell as a
apid drop of the cell voltage is observed at high current density.

Sensitivity analyses of the anode-supported SOFC have been
erformed. The results demonstrate that decreasing the elec-
rolyte and anode thickness can improve cell performance,
hereas the cathode thickness has less effect on the cell char-

cteristic curve. It is also found that a decrease in operating
emperature causes the cell to operate at a lower range of current
ensity due to an increase in both the ohmic and the activation
verpotentials. Further, an increase in operating pressure and
he degree of pre-reforming reduces concentration overpotential,
hich result in enhanced cell performance.
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