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The effect of decreasing the inlet temperature and the cathode porosity of tubular Solid Oxide Fuel Cell
(SOFC) with one air channel and one fuel channel is investigated using Computational Fluid Dynamics
(CFD) approach. The CFD model was developed using Fluent SOFC to simulate the electrochemical effects.
vailable online 20 March 2010
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The cathode and the anode of the cell were resolved in the model and the convection and conduction heat
transfer modes were included. The results of the CFD model are presented at inlet temperatures of 700 ◦C,
600 ◦C and 500 ◦C and with cathode porosity of 30%, 20% and 10%. It was found that the Fluent-based SOFC
model is an effective tool for analyzing the complex and highly interactive three-dimensional electrical,
thermal, and fluid flow fields associated with the SOFCs. It is found that the SOFC can operate in the
intermediate temperature range and with low porosity cathodes more efficient than at high temperatures

rope
given that the transport p

. Introduction

With the capability to generate electricity efficiently between
kW and 1 MW with little or no toxic emissions, fuel cells in gen-
ral, and Solid Oxide Fuel Cells (SOFCs) in particular, are poised
o have a significant impact in the distributed power generation
ector worldwide. The suitability of SOFC technology for combined
eat and power generation applications along with the potential

or high efficiency systems when used in tandem with a gas tur-
ine are well recognized. While the development of innovative cell
esigns to enhance electrical performance is a necessary step, a key
lement in the pursuit for commercialization is also the operation
nd thermal management within a stack environment. Isothermal
ell tests and button cell tests, due to their relative simplicity, have
een used traditionally to characterize the electrical performance
f the SOFCs and evaluate thermal cycling. However, the thermal
nd flow fields within a stack generally result in non-isothermal
onditions, which not only affect the cell performance, but can also
nduce deleterious thermal and mechanical stresses in the cells
hat can lead ultimately to a failure. Experimental evaluation of the
erformance under stack operating conditions using prototypical

tack tests is expensive and requires significant turn-around time.
t is also difficult to isolate the effects of one particular parameter.
onsequently, computational models are invaluable in extend-

ng the measured isothermal cell characteristics and fundamental
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rties of the cathode, anode and the electrolyte can be kept the same.
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mechanical properties to predict both electrical performance and
mechanical behavior of SOFCs in a stack under different operating
conditions.

A current problem with SOFCs is their relatively high operat-
ing temperatures, which are required for obtaining high output
voltage potentials, high power densities, and high efficiencies. This
operating temperature, usually around 800–1000 ◦C, not only lim-
its where SOFCs can be presently used, but also makes them costly,
needing more exotic interconnect and housing components that
can handle such temperatures. At these high temperatures, elec-
trode sintering, interfacial diffusion between the electrodes and the
electrolyte, and mechanical stresses due to thermal incompatibil-
ity are of great concern [1]. Thermal expansion compatibility issues
between the electrodes and the electrolyte are a major problem,
leading to hours-long start up and shut down times in order to
go either direction from the operating temperature to an ambient
temperature [2].

In the present study, the aim is to lower the operating temper-
ature to an intermediate temperature range, which is considered
to be approximately 500–800 ◦C, while still obtaining high power
densities from a SOFC by parametric evaluation of transport phe-
nomena in a three-dimensional SOFC model. This evaluation will
allow for the determination of the most critical processes and
associated parameters for SOFC performance and optimal mate-

rial parameters and operating conditions maybe determined for
future research and manufacturing. In lowering the SOFC opera-
tional temperature to an intermediate range, significantly cheaper
sealing technologies and inexpensive interconnect components can
be utilized, drastically reducing the overall energy cost [2]. An oper-

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:asleiti@uncc.edu
dx.doi.org/10.1016/j.jpowsour.2010.03.044
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Nomenclature

a the stoichiometric coefficient
CFD Computational Fluid Dynamics
Dij binary diffusivity of a species i into species j (m2 s−1)
F Faraday constant (965 × 107 C kg mol−1)
FU fuel utilization
i the local current density (A)
IC interconnect
J current density (A m−2)
n the number of electrons per mole of fuel
S the source or sink of the species
SOFC Solid Oxide Fuel Cell
t thickness (m)
Tin oxygen and hydrogen inlet temperature (K)
U utilization
UDF user defined function
V–J voltage–current density variation

Greek letters
ε the porosity and (%)
� the tortousity
� the electrical conductivity (1 �−1 m−1)
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� the electrical potential (V)
� overpotential (V)

ble SOFC system in this intermediate temperature range, known as
n intermediate temperature SOFC or ITSOFC, will allow for greater
pplication and cheaper manufacturability, which are goals neces-
ary for competitive use of SOFCs in future energy systems.

The electrode microstructure involves the meso-scale proper-
ies of surface area, triple phase boundary (TPB) length, volume
raction of chemical phases present, tortuosity of fuel/air flow
nd electron transport [3,4]. These properties involve the reaction
inetics, charge transport, and mass transport processes that gov-
rn the performance of a fuel cell. The main electrode of focus is the
athode, since it is the location of the kinetically slow O2 reduction
eaction. The losses associated with the cathode reaction kinetics
re the greatest detriment to ITSOFC power output relative to high
emperature performance.

The active surface area of the reactions occurring in a fuel cell
elates to the triple phase boundary (TPB) length, defined as the
rea where the electrode surface, electrolyte surface, and reactant
r product gas phase meet. This is the only area in the fuel cell where
he electrochemical reactions that involve a voltage response occur.
he reaction at the cathode TPB, which is the oxygen reduction
eaction, is the most critical to SOFC performance due to the slug-
ish reaction rate relative to the hydrogen oxidation reaction at the
node TPB. To combat the slow oxygen reduction reaction kinetics,
ixed ionic and electronic conducting, or MIEC, composite cath-

des are utilized to lengthen this reaction area [2]. If this active
ength is increased, more electrochemical reactions can take place,
nd a higher voltage output can be created from a cell. The limit to
ctive sites comes from physical constraints and material strength
nd integrity [4]. In order to create more active sites porosity and
ortuosity, as well as the localized TPB pore and grain sizes, of the
athode material are considered. Porosity is defined as the ratio of
ore volume to total volume, meaning how much volume is occu-
ied in the form of open space, or pores, in a percentage form [4,5].

n increase in porosity at the electrode/electrolyte interface leads

o less diffusion resistance and more effective TPB length, increas-
ng the active sites and overall fuel cell performance. Tortuosity,
related electrode microstructure property, is a measure of a bulk
iffusion resistance, relating how well gases can penetrate through
ces 195 (2010) 5719–5725

a material, which, in fuel cells, is the thickness of an electrode
[5,4]. Tortuosity may also be used as a parameter encompassing
everything unknown about a material microstructure, almost like
an experimentally calibrated value [5]. Tortuosity is mainly related
to the diffusion processes of mass transport in a fuel cell. A lower
tortuosity value indicates a shorter path for the reactant (or prod-
uct) to travel through the electrode layer, increasing reactant at the
TPB sites; therefore, increasing cell performance. Both tortuosity
and porosity are defining components of electrode microstructure
that maybe manipulated for better fuel cell performance, as is per-
formed in a modeling study.

Many SOFC models have trouble accurately portraying fuel cell
performance at such tortuosities when compared with experi-
mental data [6]. The models typically function correctly only with
tortuosities in the range of 10–17 [6]. In these cases, more com-
plex issues with the mass transport processes in the electrode
microstructure must be considered, such as non-ideal gas behav-
ior, Knudsen effects, competitive adsorption, and surface diffusion
[4]. In the current study the cathode porosity effect will be investi-
gated. Both the porosity and the tortuosity have been related to the
concentration overpotential, however, they also play an important
role in the activation overpotential.

The main objective of the present investigation is to study the
effect of reducing the cell temperature and the cathode porosity on
the cell performance. The ultimate future objective is the develop-
ment of a multi-scale multi-physics model to capture the transport
processes at macro, micro and nanoscales for newly developed low
porosity cathodes with elevated electrochemical performance. A
CFD model of a tubular SOFC cell is used based on the commer-
cial CFD software Fluent 6.2 (Fluent, Inc.). Thermal and flow field
results obtained with the model are presented and discussed. The
comprehensive current density and thermal fields generated with
the CFD model are necessary to assist a life-cycle analysis of the cell
through prediction of thermal stresses.

2. CFD modeling

CFD modeling of fuel cells is achieved by numerically solving
the governing set of fundamental partial differential equations that
describe the fluid flow, heat and mass transfer, and the chem-
ical and electrochemical reactions that occur in fuel cells. The
numerical solution can provide spatial distributions of the fluid
velocity, temperature, pressure, chemical species, electric current,
fuel consumption, water formation, power density, etc. The three-
dimensional complex phenomena of the fluid flow, heat transfer,
and chemical and electrochemical reactions in fuel cells require
multidimensional modeling approach for SOFC (Autissier et al. [7]).
Commercial CFD codes, such as FLUENT, CFX, STAR CD, and FEM-
LAB, have shown noticeable progress. However, complete and fully
validated modeling methodology that can accurately model the
various complex processes in the fuel cells is yet to be established,
especially for the modeling of stacks and unsteady fuel cell operat-
ing conditions (see Beale et al. [8]).

There have been several comprehensive numerical simulations
of electrical and thermal performance of SOFCs. Bessette et al. [9],
Nagata et al. [10], Li and Chyu [11], and Campanari and Iora [12]
have analyzed tubular SOFCs, while Achenbach [13], Yakabe et al.
[14], and Recknagle et al. [15] have focused their investigations on
planar SOFCs. Ferguson et al. [16] included both the tubular and
the planar SOFCs in their studies. Lu et al. [17] have investigated

flattened tube high power density cell geometry. Nevertheless a
majority of the numerical models have been developed based on
finite difference, finite volume or finite element techniques for the
specific situation analyzed with some flexibility for the perturba-
tions of geometrical dimensions about the basic shape. Radiative
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eat exchange, a significant energy transfer mechanism in high
emperature SOFC [18–20] has been either neglected or simplified
n many of these models.

The use of commercial CFD codes to develop the geometric
odel and to solve the transport equations along with user defined

unctions for modeling electrochemistry was considered for this
ork. Other SOFC modules have already been developed for sev-

ral commercial codes including, Fluent (Fluent, Inc.), MARC (MSC
oftware), CFD-ACE+ (ESI group), and STAR-CD (CD-adapco).

In Khaleel et al. [21] the MARC SOFC interface and the electro-
chemical routine is described, which includes structural analysis
capability.
At the U.S. Pacific Northwest National Laboratory Khaleel et al.
[21] have also integrated their electrochemical model into the
commercial code STAR-CD (see [16] for example).
Reich et al. [22] showed the electrochemical capability in CFD-
ACE+.
The electrochemical user defined function (UDF) for Fluent was
developed by the U.S. National Energy Technological Laboratory
(NETL) and is described in Rogers et al. [23].

Fluent CFD code is implemented for the current simulation due
o its generalized formulation of the electrochemical model that
ould be applied to any cell geometry.

.1. SOFC model description

The Fluent SOFC UDF is described in detail in [23,24]. In
ssence, it is composed of an electrochemical submodel, an elec-
rical submodel, and a porous media mass diffusion model. The
lectrochemical model evaluates the Nernst potential, the cath-
de and anode activation polarizations, at the electrolyte, which
s modeled as a thin wall. A Butler–Volmer formulation is used
o model electrode kinetics and the activation losses. The respec-
ive rate of depletion and generation of the reactants and the
roducts of the electrochemical reaction are computed based on
he local current density. The electrochemical reaction is modeled
y placing mass sources and sinks for the reactants and prod-
cts, respectively, that correspond to the computed rates in the
node and cathode regions immediately neighboring the elec-
rolyte. To ensure accurate energy balance, the net energy released
t the electrolyte is computed by a local enthalpy balance at
he electrolyte and is split between the cathode and the anode
ides.

The electrical field submodel solves for the electrical potential
eld in the conductive layers of the cell, using Fluent’s capability to
olve a conservation equation for a user defined scalar. A potential
ump at the electrolyte, corresponding to the difference between
he local Nernst potential and the sum of electrode activation losses,
s used to connect the air electrode and fuel electrode potential
elds. The production of heat due to Ohmic heating throughout the
lectrical field is computed from the current density field. Both the
ir electrode and the fuel electrode are modeled as porous media.
he mass diffusion model corrects for diffusion in the porous media
hrough tortuosity and porosity values and models concentration
olarizations directly using the multi-component diffusion models

n Fluent.
The electrical field submodel and the mass diffusion model

re particularly of interest for cell geometries where the electri-
al and species diffusion fields are too intricate to be represented

y lumped resistance networks. The electrical conductivity of the
ir electrode (AE), the fuel electrode (FE), the electrolyte, and the
nterconnection (IC), and the exchange current densities of the elec-
rodes are amongst the list of parameters that are used to define the
ell electrochemistry. A complete list of parameters used to define
ces 195 (2010) 5719–5725 5721

the electrochemical model can be found in [23,24] and a summary
of the model outline is provided below [24] for the convenience of
the readers.

2.1.1. Outline of the SOFC model
In the electrochemical model, the two sides of the electrolyte are

separated by a local potential difference. This difference is deter-
mined by Nernst potential, Ohmic losses in the electrolyte, and
activation losses at the electrode–electrolyte interfaces.

ıV = N − i�eletele − �act(i) (1)

where i is the local current density.
All aspects of fluid flow, heat transfer, and mass transfer in the

flow channels and porous electrodes are handled by the model.
The multi-component diffusion model is used to calculate the mass
diffusion coefficient of species i in the mixture. To account for the
effect of porosity on the multi-component mass diffusion coeffi-
cient

Dij,eff = ε

�
Dij (2)

where ε is the porosity and � is the tortousity.
The potential field throughout the conductive regions is calcu-

lated based on the conservation of charge.

∇ i = 0 (3)

where i is

i = −�∇� (4)

and � is the electrical conductivity and � is the electrical potential.
Therefore, the governing equation for the electric field is the Laplace
equation:

∇(�∇�) = 0 (5)

The activation overpotential is treated by building a linearized form
of the Butler–Volmer relation:

�act(i) ≈ �o − �1(i − iold), �o = �act(iold), �1 = − ∂�act

∂i

∣∣∣∣
i=iold

(6)

The relation for the voltage jump across the electrolyte then
becomes:

V ≈ [N − �o + �1iold] − i[�eletele + �1] (7)

The electric field and the electrochemistry interact solely at the
electrolyte interface. FLUENT treats the electrolyte interface as an
impermeable wall. The potential field must have a jump condition
applied to the two sides of this wall to account for the effect of the
electrochemistry. To closely couple the electrochemical behavior to
the potential field calculation, you need to include all of the elec-
trochemical effects into this jump condition. It encapsulates the
voltage jump due to Nernst, the voltage reduction due to activa-
tion, the Ohmic losses due to the resistivity of the electrolyte, and
a linearized for voltage reduction due to activation. This interface
condition relates the potential on the anode side and the cathode
side of the electrolyte and has the following form:

�cell = �jump − �s (8)

where

� = � − � − �act,a − �act,c (9)
jump ideal ele

where �ele represents the Ohmic overpotential of the electrolyte,
and �act,a and �act,c represent the activation overpotential of the
anode and the cathode. �s represents the Ohmic losses in the solid
conducting regions. �ideal represents the Nernst potential.
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is within 10% outside that range. This behavior maybe attributed
to the difference in the perfect conditions of the simulation com-
pared to the actual experimental conditions that usually has several
sources of uncertainty.
Fig. 1. Geometr

The model solves the Laplace equation for the potential field by
ubdividing the computational domain into control volumes and
nforcing flux conservation on each cell.

Ohmic polarization involves ionic losses through the electrolyte,
lectrical resistance in the conducting porous electrodes and solid
ollectors and includes the electrical resistance at the interface of
he current collectors and the electrodes:

ohmic = i R (10)

he activation overpotential at the anode (�act,a) and the cathode
�act,c) can be determined based on the Butler–Volmer equation:

act = 2RT

nF
sinh−1

(
i

2i0eff

)
(11)

he rate of species production and destruction is:

(g mole/s) = − ai

nF
(12)

here S is the source or sink of the species, a is the stoichiomet-
ic coefficient, i is the current, n is the number of electrons per
ole of fuel, and F is the Faraday constant. Using the local current

nformation, the SOFC model applies species fluxes to the elec-
rode boundaries. Hence, the reactions at the cathode and anode
lectrodes are:

2−
O = − (−i)

2F
= − i

2F
, SH2O = −−(1)(i)

2F
= i

2F
(13)

.2. Cell geometry, CFD domain, and computational grid

The tubular SOFC with one air channel and one fuel channel is
hown schematically in Fig. 1. A CFD model of the cell was devel-
ped using Fluent’s pre-processor Gambit 2.2.3 (Fluent, Inc.), and
s shown in Fig. 1. The anode inlet is fed with 2.48949e−07 kg s−1

f humidified hydrogen (80% H2 and 20% H2O) at 973 K and 1 atm.
he cathode inlet is fed with 1.3705e−05 kg s−1 of air at 973 K and
atm. The cathode and anode comprise two concentric cylinders,
ach 130 mm long. The inner and outer diameters of the cathode
re 4 mm and 6 mm, respectively. The inner and outer diameters of
he anode are 6 mm and 7 mm, respectively.

The active electrolyte material, which has a thickness of 40 �m,
s pressed between the anode and the cathode layers. In this simu-
ation, the outer walls of the anode and cathode current collectors
re kept insulated. The fuel and oxidizer travel through the porous
node and cathode materials toward the electrolyte region. Fuel is
xidized electrochemically at the interface of the electrolyte region

nd the anode. Oxygen in the incoming air is reduced electrochem-
cally at the interface of the electrolyte region and the cathode. As
result of the overall reaction, water is formed at the anode side.
he SOFC model is used to examine the current, voltage, species,
nd temperature distribution throughout the fuel cell.
numerical grid.

The cathode, anode and current collector were all included in the
model. The electrolyte was modeled using a thin wall approxima-
tion. The Fluent UDF requires a voltage tap and a current collector,
which set the boundary conditions for the electrical potential field.
A busbar along with a powerlead shown in Fig. 1 represent the cur-
rent collectors. The option of using periodic boundary conditions
for the electrical potential field is not available currently. Hence,
the cell modeled in Fig. 1 is more representative of a peripheral cell
in the generator. The final computational mesh is shown in Fig. 1
and consists of about 79,680 finite volume computational cells. The
Fluent steady segregated incompressible solver was used in these
calculations. The air and the fuel flows are both laminar.

3. Results and discussion

3.1. Model validation

To validate the simulation results from this study a comparison
with the experimental data of Hagiwara et al. [25] was performed.
In this simulation, the values of fuel and air flow rates were adjusted
to match the values of utilization factors given in [25]. For different
operating cell potentials, they were found to vary from 0.002 kg h−1

to 0.008 kg h−1 for the fuel and 0.4 kg h−1 to 0.9 kg h−1 for air. The
current–potential results shown in Fig. 2 are in good agreement
with experimental data to within less than 5% for current densi-
ties between 1100 A m−2 and 3900 A m−2. However, the agreement
Fig. 2. Comparison of current–potential from the present study with experimental
data from Hagiwara et al. [25] at Uair = 0.167 and Ufuel = 0.85.
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Table 1
SOFC model input parameters.

Parameter Value

Total system current 9 A
Electrolyte thickness 0.000175 m
Electrolyte resistivity 0.2 W m
Anode exchange current density 1e+20 A
Cathode exchange current density 1000 A
Anode H2 mole fraction reference 1 mole mole−1

Anode H2O mole fraction reference 1 mole mole−1

O2 mole fraction reference 1 mole mole−1

Anode conductivity 333,330 (1 �−1 m−1)
Cathode conductivity 7937 (1 �−1 m−1)
Anode contact resistance 1e−08 (� m2)
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Fig. 4. Current density vs voltage, effect of reducing temperature and porosity.

which is consistent with the increase in voltage. Decreasing the
Cathode contact resistance 1e−07 (� m2)
Anode tortuosity parameters 3
Cathode tortuosity parameters 3

.2. Simulation results

Since there are many different processes and parameters in SOFC
peration, it is important to determine which processes are the
ost detrimental to SOFC performance in the intermediate tem-

erature range. In the simulation model, each of the major losses,
ctivation, Ohmic, and concentration, were calculated separately,
sing the appropriate equations, and were analyzed at different
emperatures and porosities. The values used in this simulation for
he electrical, electrochemical and activation parameters are given
n Table 1.

Fig. 3 shows contours of the current density Nernst voltage and
emperature distribution on the electrolyte wall. Both current den-
ity and Nernst voltage are decreasing from the inlet to the exit. It is
oticed that the temperature of the electrolyte is increasing rapidly

rom the inlet to the exit. The high temperatures and the low cur-
ent density values near the exit indicate that the cell length needs
o be reduced to achieve an optimized design.

The voltage increases by decreasing temperature from 973 K to
73 K and 773 K as shown in Figs. 4 and 5. Notice that the volt-
ge and current density values shown in Figs. 3 and 4 represent
he values distribution from the cell inlet to the exit. The voltage
ncreases by decreasing porosity of the cathode from 30% to 20%,

hile decreasing the porosity from 20% to 10% has no effect on the
oltage as shown in Fig. 3 where the two curves lie on top of each
ther. Surprisingly, the highest voltage is achieved at 773 K and 30%

orosity. This implies that it is possible to operate the SOFC fuel at

ow temperatures and cathode porosities given that the properties
f the SOFC components can be kept the same.

ig. 3. Contours of current density in A m−2, Nernst voltage in V and temperature
istribution in K on the electrolyte (Tin = 973 K, 30% cathode porosity).
Fig. 5. Current density vs Nernst voltage, effect of reducing temperature and poros-
ity.

The electrolyte temperature decreases by decreasing the inlet
temperature of the air and the fuel as shown in Fig. 6. The temper-
ature also decreases by decreasing the porosity from 30% to 20%
porosity from 20% to 10% has no effect on temperature. The lowest
temperature is achieved for the case of Tin = 773 K and 30% porosity.
Fig. 6 also shows that the electrolyte temperature increases from
the inlet to exit of the cell from 773 K to about 1080 K (more than

Fig. 6. Electrolyte temperature along the cell, effect of reducing temperature and
porosity.
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ig. 7. H2 mole fraction along the cell fuel channel, effect of reducing temperature
nd porosity.

00 K), which is a significant increase that can be reduced using less
orous cathodes with better transport properties.

Fig. 7 shows that decreasing temperature from 973 K to 873 K
t the same cathode porosity of 30% caused a slight decrease in H2
ole fraction starting from the inlet of the cell to the exit. Decreas-

ng the temperature further to 773 K did not affect H2 mole fraction
ny further. Decreasing the porosity has no effect on the H2 mole
raction.

Results shown in Fig. 8 suggest that decreasing temperature
rom 973 K to 873 K at the same porosity of 30% caused a decrease
n H2O mole fraction starting from the inlet of the cell to the exit,

hich is consistent with H2 mole fraction behavior. Decreasing the
emperature further to 773 K has not effect on the H2O mole frac-
ion any further. Decreasing the porosity has no effect on the H2O

ole fraction.
Decreasing temperature from 973 K to 873 K at the same poros-

ty of 30% caused an increase in O2 mole fraction starting from the
nlet of the cell all the way to the exit as shown in Fig. 9. Decreas-
ng the temperature further to 773 K caused a decrease in the mole
raction to similar levels as for the case of 973 K. This finding is not
ompletely understood and needs further exploration in the future.
owever, this suggests that by operating the fuel cell at low tem-
eratures of about 773 K the O2 mole fraction levels can be kept
he same as at higher temperatures of about 973 K. Decreasing the

orosity at the same temperature has no effect on the O2 mole
raction.

The activation overpotential as shown in Fig. 10 decreases by
ecreasing temperature from 973 K to 873 K and 773 K. The activa-
ion overpotential decreases by decreasing porosity of the cathode

ig. 8. H2O mole fraction along the cell fuel channel, effect of reducing temperature
nd porosity.
Fig. 9. O2 mole fraction along the cell fuel channel, effect of reducing temperature
and porosity.

from 30% to 20%, while decreasing the porosity to 10% has no effect
on the activation overpotential. The lowest activation overpoten-
tial is found at 773 K and 30% porosity. The reduced activation
overpotential depicted in Fig. 10 explains the improved cell volt-
ages mentioned earlier. This implies that the design of the fuel
cell can be enhanced significantly and the fuel cell can operate
at intermediate temperatures while elevating the performance to
even higher levels than operating at high temperatures given that
all other properties of the fuel cell components can be kept the
same.

3.3. Materials for ITSOFC

In order to develop materials for the ITSOFC with the desired
properties, two commercial 10 mol% Sc2O3–1 mol% CeO2–ZrO2
powders manufactured by Praxair Surface Technologies, Spe-
cialty Ceramics, USA and DKKK, Japan were compared for use
as an electrolyte material for Intermediate Temperature SOFCs.
Single element SOFCs were developed using ScCeZrO2 dense
ceramics as an electrolyte, composite 50 wt% La0.6Sr0.4Fe0.8Co0.2O3
(LSFC) + 50 wt% Gd2O3 + CeO2 (GDC) porous ceramics as a cath-
ode, and Ni–ScCeZrO2 cermet as an anode. It is found that the
ScCeZrO2 DKKK powder densifies more easily than that of Prax-
air powder. It is also found that the optimal sintering temperature
for 50 wt% LSFC–50 wt% GDC cathode powders is 1100–1200 ◦C, but
that sintering begins as low as 800 ◦C. The optimal sintering tem-
perature for the 50 wt% DKKK ScCeZrO –50 wt% NiO anode powder
2
is between 1050 ◦C and 1100 ◦C. The electrolyte tapes have been
produced by the tape casting followed by sintering at 1500 ◦C for
2 h. Then, the anode and cathode has been screen printed on both
sides of the electrolyte layer. Completed button cells containing the

Fig. 10. Activation overpotential vs current density, effect of reducing temperature
and porosity.
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[24] M.T. Prinkey, M.S. Shahnam, W.A. Rogers, SOFC FLUENT Model Theory Guide

and User Manual, Fluent UDF Manual, 2003.
[25] A. Hagiwara, H. Michibata, A. Kimura, M.P. Jaszcar, G.W. Tomlins, S.E. Veyo,

Proceedings of the Third International Fuel Cell Conference, D2-4, 1999,
A.K. Sleiti / Journal of Powe

creen printed anode and cathode were sintered in air at 1100 ◦C
or 2 h. Button cells were tested at 800 ◦C using a 97% H2 and 3%

2O on the anode side and air on the cathode side.
The first preliminary results showed the cell performance of

nly 28 mW cm−2 maximum power density achieved at 0.74 V.
his limited performance maybe attributed to the sintering of
he electrodes during testing and the formation of poorly con-
ucting secondary phases at one of the electrode/electrolyte

nterfaces.
More studies on developing ITSOFC materials with elevated

roperties are ongoing and will be reported in future work side
y side with modeling studies.

. Conclusions

The effect of decreasing the inlet temperature to intermediate
evels of about 773 K and decreasing the cathode porosity of tubu-
ar Solid Oxide Fuel Cell with one air channel and one fuel channel
s studied using CFD approach. A Fluent-based SOFC model was
sed to simulate the electrochemical effects. The cathode and the
node of the cell were resolved in the model and the convection
nd conduction heat transfer modes were included. The results of
he CFD model are presented at inlet temperatures of 973 K, 873 K,
nd 773 K, with cathode porosity of 30%, 20% and 10%. The resulting
hermal, electrical, and flow fields showed that the fuel cell voltage
ncreases by decreasing temperature from 973 K to 873 K and 773 K.
he voltage increases by decreasing porosity of the cathode from
0% to 20%, while decreasing the porosity to 10% has no effect on the
oltage. The highest voltage is achieved at 773 K and 30% porosity.
his implies that the SOFC can operate in the intermediate temper-
ture range and with low porosity cathodes more efficiently than at
igh temperatures given that the transport properties of the cath-
de, anode and the electrolyte can be kept the same. Furthermore,
his conclusion implies that there is a potential that some of the
ragile ceramic components of the SOFC can be replaced with more
eliable metal components.
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