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A two-dimensional isothermal mathematical model is developed for an anode-supported solid oxide fuel
cell using samaria doped-ceria as electrolyte. This model takes into account species transfer and electro-
chemical reaction processes for cell operating between 500°C and 600 °C. In this model, it is assumed
that the electrochemical reactions take place not only at the electrolyte/electrode boundaries, but also
throughout the electrodes. The model is validated with the experimental data. The geometry and operat-
ing parametric analyses are conducted to understand the coupled electrochemical reaction and species
transfer phenomena. The results indicate that the rate of leakage current increases with the increase
either in cell operating voltages, or in cell operating temperatures. It is also found that higher hydrogen
concentration in the fuel stream results in larger leakage current. Further, the current efficiency decreases
with the increase either in cell active areas, or in cell operating temperatures.
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1. Introduction

Fuel cells, which directly convert chemical energy into
electricity, have been well recognized as efficient, quiet, and
environmentally benign energy conversion devices for power gen-
eration [1-3]. Among the different types of fuel cells, solid oxide fuel
cells (SOFCs) have the advantages of fuel flexibility, fast reaction
kinetics and high value waste heat suitable for downstream utiliza-
tion to increase the overall system efficiency. In addition, SOFCs can
utilize cost effective materials as catalysts, electrolytes, intercon-
nects, and other structural components. Most importantly, the use
of solid electrolyte in SOFCs eliminates the involvement of liquids
and the variation of the electrolyte compositions during operation.
Because all components are solid, SOFCs can be fabricated in very
thin layers [4,5], and cell components can be configured into unique
shapes unachievable in the other types of fuel cells. However, the
cost of current SOFC systems is still prohibitive for wide-spread
commercial deployment. Reducing the operating temperature to
500-600°C can dramatically reduce the cost of SOFC systems since
relatively inexpensive metallic components can be used for bipo-
lar plates, interconnects, heat exchangers, manifolding and other
structural components in the SOFC system. Furthermore, it is also
less difficult in sealing at lower operating temperatures. Lower-
ing the operation temperature can also offer quick start-up ability,
which in turn can enable SOFC for applications such as portable
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power sources and auxiliary power units for automobiles. A lower
operating temperature would also ensure a greater overall system
stability and durability, leading to longer expected lifetime for SOFC
systems [6-8].

The current generation of SOFCs is based on yttria stabilized zir-
conia (YSZ) electrolyte due to its desirable strength and stability in
both oxidizing and reducing atmospheres and its oxygen ion dom-
inant conductivity [9]. Doped-ceria, such as samaria doped-ceria
(SDC), can provide a higher conductivity than that of YSZ while
operating at temperatures around 550°C [10]. Doped-ceria-based
electrolytes therefore allow fuel cell operation down to 600°C
[11-13]. However, leakage current occurs when doped-ceria mate-
rials are used as electrolytes because electronic conductivity of
ceria-based materials is high at reducing environments or at high
operating temperatures. Consequently, for SOFCs using ceria-based
electrolytes, cell geometry and operating conditions have signif-
icant effects on the cell efficiency. Since the leakage current is
difficult to measure under cell operating conditions, the current
flow phenomena in SOFCs with doped-ceria electrolytes might be
better analyzed through mathematical modeling.

However, previous modeling efforts mainly focus on SOFCs with
YSZ electrolytes [14-17]. Only very limited reports have been pub-
lished on SOFCs with ceria-based electrolytes [12,18-20]. Leah et al.
[12] analyzed a metal-supported SOFC using gadolinia-doped-ceria
(CGO) as the electrolyte through a zero dimension model. This cell
model was then incorporated into a model of a 2.5 kW stack. This
model did not consider the effect of cell geometry on cell efficiency.
Up to now, a detailed finite element method (FEM) model has not
been developed to study SOFCs with ceria-based electrolytes.
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Nomenclature

c concentration [mol m=3]

Dji diffusion coefficient [m2s~1]

Ecata anode activation energy [J mol~1]
Ecatc cathode activation energy [J mol~1]
F Faraday’s constant [96,485 Cmol~!]
i local current density [A m—2]

k Boltzmann constant [1.38e-23 K]
Ne electron transferred per reacting [-]
P pressure [Pa]

q elementary charge [1.6e-19C]

Q current source term [Am™3]

Rg gas constant [8.314) mol~1 K]

R; the reaction rate [molm—3s-1]

T temperature [K]

Greek letters

B transfer coefficient [-]
e porosity [-]

T tortuosity factor [-]
o conductivity [Sm~1]
1) potential [V]
Subscripts and superscripts

a anode

d cathode

ele electrolyte

rev reversible

0 standard

The objectives of this work are to develop a two-dimensional
(2D) FEM model to study cell geometry and operating condition
effects on current efficiency of SOFCs with ceria-based electrolytes,
and to understand the phenomena that occur in SOFCs oper-
ating at reduced temperatures. In the present work, a working
SOFC with ceria-based electrolyte, Ni-ceria cermet anode and
LaggSrg.4Cog2Fegg03 (LSCF) cathode will be used to validate the
2D model. The model will cover the electrochemical reaction and
electrical and species transport, and the corresponding equations
in this model can be solved through FEM.

2. Experimental

The Lag gSrg4CogFegg03 (LSCF) and Smg,Cepg0q.95 (SDC)
powders were synthesized by the glycine-nitrate process (GNP).
Anode-supported thin electrolyte bilayer assemblies were fabri-
cated by one-step dry-pressing method. Green bodies consisting
of NiO-SDC substrates and SDC electrolytes were formed by co-
pressing the anode powder and SDC powder into a pellet using a
uniaxial die-press (13 mm in diameter). The bilayer including the
anode and electrolyte was sintered at 1350 °C in air for 5 h. A LSCF
cathode (area 0.33 cm?) was slurry coated on the SDC electrolyte
and fired at 1000 °C for 3 h.

Fig. 1 shows the schematic diagram of the cell test setup. Two gas
chambers were set up by placing the cell at the end of an alumina
tube. Ag wires were used as the cathode and anode lead wire and
were attached to the electrodes with Ag paste. The single cell was
mounted on an alumina tube by using a silver paste and sealed
using a glass sealant. After NiO was reduced to Ni in situ by flowing
H, at 600 °C, the cell performance was measured at 500-600 °C by
changing an external load. The I-V characteristics of the anode-
supported cell were evaluated using humidified hydrogen (3 vol%
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Fig. 1. Schematic diagram of the cell test setup.

Fig. 2. Cross-sectional SEM graph of the single cell.

H,0) as fuel (with a fuel flow rate of 40 ml min—') and ambient air
as the oxidant.

After testing, the cell was cooled down to room temperature
while maintaining hydrogen flowing to the anode. The fracture sur-
face of the cell was characterized by scanning electron microscopy
(SEM, FEI Quanta 200), with arepresentative image shown in Fig. 2.
The thickness of each layer was determined from the SEM micro-
graphs.

3. Model developments
3.1. Model assumptions and geometry

The following assumptions are used to develop the model:

(1) The model is based on the cell steady state operation using
humidified H; as the fuel.

(2) The reactant gas mixture is approximated as an ideal gas.

(3) The model is assumed to be isothermal.
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Fig. 3. Schematic diagram of modeling geometry.
Table 1
Input parameters to model [12,13,15].
Descriptions Symbol Value
Anode thickness (mm) 0.35
Cathode thickness (jpm) 20
Electrolyte thickness (um) 20
Anode radius (mm) 5.9
Electrolyte radius (mm) 5.9
Cathode radius (mm) 3.26
Anode conductivity (Sm~1) 80,000
Cathode electronic 8400
conductivity (Sm~1)
Cathode ionic conductivity 1.39x10°
(Sm~1) exp(—1.32/(8.6173x1075.T))
Transfer coefficient B 0.5
Activation energy of anode Eacta 129,400
(Jmol-1)
Activation energy of cathode Eacta 130,900
(Jmol-1)
Reaction active area (m? m—3) Steg 3x10°
Porosity e 30%
Tortuosity factor T 10
Electron transferred per Ne 1
reacting

(4) Thereaction active sites are uniformly distributed in electrodes.
(5) The pressure driven flow in porous electrodes is neglected.

The model geometry is based on a button cell. Due to the cell
symmetry conditions, a two-dimensional axial symmetry coordi-
nate is adopted as illustrated in Fig. 3. The material properties are
listed in Table 1.

3.2. Charge balance

The charge balance governing domains include the anode, the
cathode and the electrolyte. At the electrodes and the electrolyte,
both electrons and oxygen ions are served as conducting species.
The charge balance at the electrodes can be formulated by the
Ohm’s law:

-V(o-V9)=Q (1)

Table 2
Boundary conditions.

The current source term Q; can be calculated by the equation
below.

Q; = i;Stes (2)

where Stpg in the above equation is the electrochemical reaction
active area per unit volume and is kept as a constant in the cal-
culation, while i; is the local charge transfer current density which
can be generally obtained through the Butler-Volmer kinetic equa-

tions:
(p )0.25 E
iy = it . o exp (22
’ PHZO)O'S ( R-T )

. {exp <ﬂne N F . (¢re}%/g_7|_¢a - ¢ele|)>

— exp {— (1-8) Me - F- (¢feé'g—.|T¢a —¢e1e)] } 3)
ic = i%% - exp (%) . {exp (ﬂne 'F'(‘br?’gf}‘m —¢e1e)>

—exp {— (1-8) Me - F- wr‘;;/g_'][q}c —¢ele)] } )

Since several parameters could not be obtained directly from
experiments or open literatures, tuning processes have to be
involved in this study. In Egs. (3) and (4), i:'}) and i?,zo are adjustable
parameters for fitting the experimental data. i:% is1x 101" Am—2
for the anode and % is 7 x 1019 Am~2 for the cathode in this study,
respectively. ¢rey can be obtained from the Nernst equation. Elec-
tron and ion charge conservation at the electrolyte is expressed by
Eq. (5).

—V(o-V¢)=0 (5)

It is well known that a doped-ceria electrolyte behaves as a
mixed conductor under typical cell operating conditions. For ceria-
based electrolytes, the formation of Ce3* cation results in electronic
conductivity under reducing conditions. The oxygen ionic conduc-
tivity of SDC (o) is normally affected by temperature, but the
electronic conductivity (o¢) is influenced by both the temperature
and the local oxygen partial pressure pg, o [10]. The oxygen ionic
conductivity (o;) and electronic conductivity (oe) of doped-ceria
electrolytes can be expressed as:

(—Ea,i/(KT))

g = aogiexp T

(6)

(7)

In this study, the electronic and ionic conductivities and
activation energies are obtained by fitting the I-V curves
of cell at different operating temperatures. The following

_ -E kT
e = 00,e(Poy,e1) "/ * exp w

Boundary Ionic charge Electronic charge Mass transfer
Anode/electrolyte interface Continuity Continuity Insulation
Anode/channel interface Insulation Insulation Fuel concentration
Anode/anode current collector interface Insulation Veellan Insulation
Cathode/channel interface Insulation Veellca Oxygen concentration
Cathode/electrolyte interface Continuity Continuity Insulation

Symmetry axis Symmetry Symmetry Symmetry

Others Insulation Insulation Insulation
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values are obtained: o0(;=1.65x10°SKm-1, E,;=0.5618eV;
00e=3.184 x 1012 SKm~', and E, . =2.8548 eV. The electronic con-
ductivity of SDC under cell operating conditions depends on the
voltage of the cell and the thickness of the electrolyte. An equa-
tion of electronic conductivity of SDC is developed from the
electron concentrations (per unit volume) at different positions
[17,18].

O(x) = O(cat) - €XP(B - Vin)-

1— exp(—B- Vi) < ( Ip >>
1- | 1-exp| -8B =X
lfexp(fﬁa—f)-L o

(8)
)

B =q/(k-T); Listhe thickness of the electrolyte; x is the distance

to the anode/electrolyte interface; o cay) is electronic conductivity

of SDC at the cathode side which is calculated from Eq. (7); Vy, is

the Nernst potential; dp/dx is the electric field in the electrolyte
with the unit of Vm~1.

3.3. Mass balance

The steady state diffusion equation, Eq. (9) is solved to obtain
the species distribution in all domains.

V(—DU-VC,-):Ri (9)
ic o i
fo. =~@ry} e ="@r o =R (o)
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Fig. 4. Comparison of model-predicted and experimental V-I and power curves for
a SOFC cell using SDC electrolyte operated at different temperatures (500 °C, 550 °C
and 600 °C) with a fuel mixture of 97 vol% H;/3 vol% H;O0.

Mass diffusion coefficients are required when species transport
equations in multi-component flows are solved. For the electrodes
in this model, both the Knudsen and the ordinary molecular dif-
fusion processes have to be considered together and the overall
effective diffusion coefficient is given as follows:

~ &((1/Dym) +(1/Dg) "

D; = (11)

T
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Fig. 5. The streamline and arrow plots of the anodic current density at 600 °C with a cell voltage of 0.8 V. The local part of figure (a) is scaled up to (b).
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where ¢ denotes the porosity of a porous medium, t stands for the
tortuosity factor, D; , and Dk designate the ordinary and Knudsen
diffusion coefficients, respectively.

3.4. Boundary conditions

In order to solve the partial differential equations for charge and
mass balances, the boundary conditions are shown in Table 2. The
difference between Vg ca and Ve ap is the cell voltage used in the
calculation. Vi 2 is defined as OV. In the boundary conditions,
both “Insulation” and “Symmetry” mean that the partial derivative
of a variable at the boundary is zero.
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Fig. 6. Model-predicted electronic leakage current density and external circuit cur-
rent density as a function of cell voltages and SDC electrolyte thicknesses (20 wm,
30 wm, 40 wm and 50 wm) at different cell operating temperatures with a fuel mix-
ture of 97 vol% H;/3 vol% H,O0.

3.5. Numerical solution

The governing equations are solved with commercial software,
COMSOL Multiphsics. In the present study, a free mesh consisting
of triangular elements for the 2D geometry is created in COMSOL
Multiphysics. With the cell voltage changed, the cell performances
were obtained from the model. The outputs from the model are the
distributions of current density and species concentrations.

4. Results and discussion
4.1. Model validation

Fig. 4 shows the comparison of model-predicted and experi-
mental [-V and power curves for a SOFC cell using SDC electrolyte
operated at different temperatures. The simulation results show
that the calculated polarization curves agree very well with the
experimental data, especially at lower current densities or higher
operating temperatures. The experimental data are higher than
those of the calculated ones at higher current densities or lower
operating temperatures. This discrepancy might be due to tem-
perature differences caused by Ohmic heating at higher current
densities in the experiments. The overall consistency between the
experimental data and the simulated results indicates that the
present model is accurate enough for studying the cell behav-
ior.

4.2. Current density distribution in the cell

The streamline and arrow plots of the anodic current densi-
ties at 600°C with a cell voltage of 0.8V are shown in Fig. 5.
The local part of Fig. 5(a) is scaled up to Fig. 5(b). The stream-
lines and arrows express current flow directions and paths, and
the arrow lengths are proportional to current density. Due to
the anode current collector located at the edge of the cell,
the current flow into anode from the cell edge to the center.
The current coming into anode is mainly from a point which
locates inside the anode current collector since the current path
is shortest when current flow in the anode from inside cur-
rent collector. From Fig. 5, it is also seen that the leakage
current flow into the anode from the electrolyte in the black cir-
cle.

100 -

80

40

Current efficiency / %

20

0.4 05 06 07 08 0.9 1.0
Voltage / V

Fig. 7. Model-predicted current efficiency as a function of cell voltages, operating
temperatures and SDC electrolyte thicknesses (20 pm, 30 wm, 40 wm and 50 pm)
with a fuel mixture of 97 vol% H;/3 vol% H, 0.
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4.3. Electrolyte thickness dependence

The model-predicted electronic leakage current density and
external circuit current density are determined as a function of cell
voltages and SDC electrolyte thicknesses (20 um, 30 wm, 40 wm
and 50 pm) at different cell operating temperatures with a fuel
mixture of 97 vol% H, /3 vol% H,0, as illustrated in Fig. 6. The leak-
age current is different under different electrolyte thicknesses. For
thicker electrolytes, the leakage current is insignificant. When the
thickness of the electrolyte decreases, the leakage current density
increases. Further, the leakage current decreases when lowering
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Fig. 8. Model-predicted electronic leakage current density and external circuit cur-
rent density as a function of cell voltages and cathode radii (1 mm, 2 mm, 3 mm,
4mm and 5 mm) at different operating temperatures with a fuel mixture of 97 vol%
H2/3 vol% Hzo.

the cell output voltage. For the different electrolyte thicknesses,
the change of the external current is different at a given cell volt-
age. As shown in Fig. 6(a), when the cell voltage is more than 0.65V,
the external current of the cell is higher for the thicker electrolyte.
Whereas, when the cell voltage is less than 0.65 V, the external cur-
rent of the cell is higher for the thinner electrolyte. This is due to
the fact that the increasing rate of the leakage current at higher cell
voltage is faster than that at lower cell voltage. Consequently, more
leakage current results in less external current for the cells with
thinner electrolytes when the cell voltage is high. For a given thick-
ness of the electrolyte, the cell external current decreases with an
increase in the cell voltage. For a cell with an electrolyte thickness
of 20 wm, the external current density increases from 687 Am—2
to 1624 Am~2 at a cell voltage of 0.7V when the cell temperature
increases from 500 °C to 550 °C. The leakage current increases from
209Am~2 to 651 Am~2 for the cell operating at the same condi-
tions. Comparing Fig. 6(a)—(c), the increasing rate of leakage current
is larger than that of the external current with the increase in cell
operating temperature.

The model-predicted current efficiencies are given in Fig. 7 as a
function of cell voltages, operating temperatures as well as SDC
electrolyte thicknesses (20 wm, 30 wm, 40 pm and 50 um) with
a fuel mixture of 97 vol% Hy/3 vol% H,O0. The current efficiency is
calculated through Eq. (12):

External current

Current efficiency =
y (External current + Leakage current)

(12)

As shown in Fig. 7, with the increase in cell voltages, the cur-
rent efficiency decreases. At higher cell voltages, especially above
0.6V, the decreasing rate of current efficiency is faster than that
at lower voltages. With the increase in the electrolyte thickness,
the current efficiency increases. For the same electrolyte thickness,
current efficiency is lower at higher operating temperatures. The
current efficiency of a cell at 500 °C with an electrolyte thickness of
40 m is close to that of a cell at 550 °C with an electrolyte thick-
ness of 50 wm. Furthermore, the current efficiency of a cell at 500 °C
with an electrolyte thickness of 40 wm is close to that of a cell at
600 °C with an electrolyte thickness of 50 p.m.

4.4. Cell active area dependence

The model-predicted electronic leakage current density and
external circuit current density are shown in Fig. 8 as a function
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Fig. 9. Model-predicted current efficiency as a function of cell voltages and cathode
radii (1 mm, 2 mm, 3 mm, 4 mm and 5 mm) with a fuel mixture of 97 vol% H,/3 vol%
H, 0.
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Fig.10. Model-predicted electronic leakage current density and external circuit cur-
rent density as a function of cell voltages and H, mole fractions (97%, 90%, 80%, 70%,
60% and 50%) at different cell operating temperatures.

of cell voltages and cathode radii (1 mm, 2 mm, 3 mm, 4 mm and
5mm) at different operating temperatures with a fuel mixture of
97 vol% Hy /3 vol% H,0. With the decrease in cell voltages, the leak-
age current decreases. The cell active area is directly related to
cathode radii. From the current-voltage curves given in Fig. 8, it can
be seen that the leakage and external current are different under
different cell active areas: the smaller the cell active area, the less
the cell leakage current. For a given active area, the external current
decreases with the increase in the cell voltage. Furthermore, the
external current decreases with an increase in the cell active area.
As shownin Fig. 8, the open circuit voltage (OCV) decreases with the
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Fig.11. Model-predicted current efficiency as a function of cell voltages and H, mole
fractions (97%, 90%, 80%, 70%, 60% and 50%) at different cell operating temperatures.

increase in the cell active area. At a cathode radius of 1 mm, the cell
OCV is obviously higher than those of the others with larger cath-
ode radii. Consequently, for SOFCs using doped-ceria electrolytes,
the change of cell OCVs should be carefully investigated especially
when a larger foot-print cell is used.

For the cell with a cathode radius of 1 mm, the external cur-
rent increases from 727Am~2 to 1763 Am~2 at a cell voltage of
0.7V when the cell temperature increases from 500°C to 550°C.
The leakage current increases from 165 Am~2 to 515 Am~2 for the
cell operating under the same conditions. It is similar to the results
shown in Fig. 7 where the increasing rate of leakage current is larger
than that of the external current with the increase in cell operating
temperatures.

The model-predicted current efficiency is shown in Fig. 9 as a
function of cell voltages, operating temperatures and cathode radii
(1 mm, 2 mm, 3 mm, 4 mm and 5 mm) with a fuel mixture of 97 vol%
H,/3 vol% H,0. The current efficiency is calculated through Eq. (12).
It can be seen that the current efficiency decreases with the increase
either in cell voltage or in the cell active area. For a given cell
active area, the current efficiency is lower at a higher operating
temperature.

4.5. Fuel composition dependence

The model-predicted electronic leakage current density and
external circuit current density are investigated as a function of
cell voltages and H, mole fractions (97%, 90%, 80%, 70%, 60% and
50%) at different cell operating temperatures, as shown in Fig. 10.
The fuel is composed of a mixture of hydrogen and water vapor,
i.e., when H, mole fraction is 70%, the water vapor mole fraction
is 30%. The leakage current is different at different fuel compo-
sitions. For higher hydrogen concentrations, the leakage current
is larger. When the hydrogen concentration decreases, the leak-
age current density decreases correspondingly. Furthermore, the
leakage current decreases with the decrease in cell voltages. For
different hydrogen concentrations, the change of external current
is different at a given cell voltage. With the increase in hydrogen
concentrations, the external current increases at lower cell volt-
age. As illustrated in Fig. 10, when the cell voltage is above 0.8V,
external current of the cell is very close for different hydrogen
concentrations.

The model-predicted cell current efficiency is given as a func-
tion of cell voltages and H, mole fractions (97%, 90%, 80%, 70%,
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60% and 50%) at different cell operating temperatures, as shown
in Fig. 11. The cell current efficiency is calculated through Eq. (12).
It can be seen that the cell current efficiency decreases with an
increase either in cell voltages or in hydrogen concentrations. For
a given hydrogen concentration, the cell current efficiency is lower
at higher temperatures.

5. Conclusions

A 2D numerical model considering species transfer and elec-
trochemical phenomena has been developed and proved to be
valuable and efficient for cell performance analyses of SOFCs using
ceria-based electrolytes. The variations of species concentrations
and 2D distribution of current density have been obtained. The
validation results show that the model agrees well with the exper-
imental data. The 2D distribution of current streamline illustrates
that the current flowing into the anode comes mainly from a point
located inside the anode current collector. With the increase in cell
voltages, the leakage current increases and the current efficiency
decreases. Thicker electrolytes result in smaller leakage current
and larger current efficiency. At higher cell voltages, the increasing
rate of leakage current is faster than that at lower cell voltage. The
increasing rate of leakage current is larger than that of the external
current with the increase of cell operating temperatures. The cell
OCV as well as cell current efficiency decrease with the increase
of cell active areas. Higher hydrogen concentration in fuel streams
results in larger leakage current and consequently lower current
efficiency. The model can help understand the phenomena occur-
ring in SOFCs using ceria-based electrolytes and offer guidance in
the optimization of cell geometries and cell operating conditions.
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