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1. Introduction

Single-chamber solid oxide fuel cells (SC-SOFCs) have attracted

considerable attention in recent years as they have demonstrated
progressively higher energy densities for portable power applica-
tions and the potential to reduce SOFC costs. Significant progress
has been achieved experimentally in both enhancing the power
density and reducing the operating temperature by way of dop-
ing noble metals in the anode and using higher hydrocarbons
as the fuel [1]. In addition, the exothermic reactions incurred
by the mixing of fuel and air lead to a significant temperature
increase, not only reducing the ohmic resistance of the elec-
trolyte but also making thermally self-sustained SC-SOFC possible
[1,2].

Despite these attractions for portable power generation of SC-
SOFCs, the thermal efficiency and fuel utilization remain very
low. At this time, the reported thermal efficiency is about 1%
[2], and the fuel utilization efficiency is less than 4% [3]. Com-
pared with dual-chamber SOFCs, the low efficiencies of SC-SOFCs
are primarily due to the inherently different flow geometry in
which not only half of the fuel passes through the cathode side
unreacted, but also the residence time of the flow over the cell
is much shorter. In addition, while the usage of large amounts
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fuel cell (SC-SOFC) is a simplification of the conventional dual-chamber
meeting portable power generation needs. While the high energy density
SOFC a promising candidate as a power source for scenarios where porta-
w efficiency and fuel utilization reported by many experimental groups
keeping it from real application.

validated numerical model, this work systematically investigates the fuel
on of a methane-powered SC-SOFC as a function of operating parameters
gen ratio, fuel cell layout and balance gas. We predict that the maximum

-cell SC-SOFC is above 10% and the efficiency at typical operating conditions
than the reported 1% in literature. Optimization approaches are proposed

oth improving the power output and reducing the unspent fuel.
© 2008 Elsevier B.V. All rights reserved.

of balance gas in order to prevent explosions in the gas mix-
ture is necessary, it dilutes the fuel stream at the same time
and thus lowers the performance. In the experimental studies
reported so far, a significant portion utilized un-optimized gas
chamber designs and fixed flow rates. Most of these studies
tested a single cell instead of a cell stack. Although these test

conditions helped to improve single-cell performance and eased
both measurement and analysis, they were also, undoubtedly,
the major barriers to higher fuel cell efficiencies; keeping SC-
SOFCs just a laboratory curio, insufficient to satisfy real application
needs.

Among the reported studies (both experimental and theoreti-
cal) about SC-SOFCs, most were carried out with lower hydrocarbon
fuel, especially methane. There are several reasons for the prefer-
ence of methane fuel. First, the catalytic reactions of methane are
simpler and more studied as compared to the catalytic reactions of
higher hydrocarbons; second, the relatively high operating temper-
ature (above 550 ◦ C [4]) for methane-powered cells is beneficial for
both chemical kinetics in the electrodes and the reduction of ohmic
resistance in the electrolyte; third, methane has a lower propensity
for coking; lastly, from an economic point of view, methane is the
most abundant hydrocarbon in nature and is widely available at
low costs for real applications. The design issues with regard to
fuel cell efficiency in this work are also explored with methane
fuel in keeping with our previous studies [5,6]. To avoid repeti-
tion with experimental literature, this work lays more emphasis on
areas that are less frequently explored experimentally, including
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flow geometry design, flow rate control and fuel/oxygen ratio, for
the improvement of fuel cell efficiencies.

2. Efficiencies of the SC-SOFC

For a fuel cell system in general, the thermal efficiency (or effi-
ciency) is defined as the ratio of the electric power and the total
heat release associated with the full oxidation of the inlet fuel [7]:

ε = We

Qin
=

∫
iEcell dA

ṁf,in�hf,in
(1)

where the electric power We is obtained by integrating the current
density i along the effective cell area, multiplied by the load poten-
tial Ecell, and the total heat release Qin of the fuel involves the total
mass flow rate ṁf,in and the combustion enthalpy change �hf,in
specifying low or high heat values for the fuel at the inlet.

The fuel utilization (efficiency), on the other hand, is defined
as the ratio of the total enthalpy drop of the fuel (assuming full
oxidation of any available fuels) between the inlet and the outlet to
the total heat release Qin of the inlet fuel:

εU = 1 − ṁf,out�hf,out

ṁf,in�hf,in
(2)

Fuel utilization εU is related to the fuel cell efficiency ε by

ε = εRεVεU (3)

in which the reversible efficiency εR and the voltage or part-load
efficiency εV are, respectively, defined by

εR = �G

�H
= 1 − T

�S

�H
(4)

εV = Ecell

Erev
(5)

where �G, �H and �S are the changes in molar free energy,
enthalpy and entropy, respectively, while Ecell and Erev are the oper-
ating cell potential and Nernst potential, respectively. Since the
definitions of efficiency and fuel utilization consider only the fuel
but not oxygen, they apply equally well to dual- and single-chamber
SOFCs.
For SC-SOFCs in particular, the experimental literature tends
to use current efficiency to represent the fuel utilization [3,8,9].
The current efficiency is defined as the ratio of the actual current
density i of the cell and the current density calculated for full fuel
conversion iF [10]:

εi = i

iF
(6)

where, for a methane-powered cell, iF is determined by Faraday’s
law, the gas flow rate, and the following equations [8,10]:

CH4 + 0.5O2 = CO + 2H2 (7)

H2 + O2− = H2O + 2e− (8)

CO + O2− = CO2 + 2e− (9)

In practice, the current efficiency is calculated using the total
current I of the cell and the total converted current IF instead of the
corresponding current densities, since the latter vary with location
within the cell. Although it is intuitive that IF scales with the inlet
fuel amount and that I relates to the difference of the total energy of
the fuel between the inlet and outlet from an energy conservation
perspective, the current efficiency is insufficient compared to fuel
utilization in several ways.
er Sources 183 (2008) 157–163

1. In the definition of current efficiency, the partial oxidation reac-
tion of methane is only an assumption, but this assumption is
unreasonable [11]. We identified a general three-layer struc-
ture for catalytic reactions within the fuel cell anode, and the
amount of hydrogen and CO actually produced as well as the
global reaction all sensitively depend on many design parame-
ters and operating conditions. As a result, the definition of iF is
not specific, not accurate and only makes sense formally.

2. The current efficiency considers only the electric power output
We on the external load, since

εi = I

IF
= IU

IFU
= We

IFU
(10)

where U is the load potential. The definition of fuel utilization
involves both We and other heating effects such as the charge-
transfer heating at the electrode–electrolyte interfaces and the
ohmic heating within the electrolyte.

3. The definition of fuel utilization involves any possible heat
release associated with burning the available fuels, but that of
current density completely neglects the heat effects and con-
siders only the Faradaic conversion from fuel to current. For
example, in the case with one mole of methane as the inlet fuel,
then at a typical SC-SOFC operating temperature of 750 ◦C, the
total heat release for fully oxidizing the methane is Qin = 803 kJ.
However, the total amount of electrons generated by the fuel can
be calculated as n = 6F . Since SOFCs achieve their peak power
density at or below U = 0.8 V [7], the electrons correspond to a
total energy of no more than nU = 463 kJ, much lower than the
combustion heat. As a result, for the same cell, current efficiency
is higher than fuel utilization.

For the above reasons, fuel utilization as defined in (7), not cur-
rent efficiency, will be used in this work.

For the calculations of the efficiency and fuel utilization in this
work, we use the lower heating value (LHV) of methane and other
fuels (H2, CO), which is defined as the amount of heat produced by
the complete combustion of a unit quantity of fuel when the water
in the product is in a vapor form. This definition is consistent with
the typical operating temperature of SC-SOFCs.

3. Computational setup

The numerical model used for this study has been applied in
our previous studies for a spectrum of SC-SOFC performance and

design problems [5,6]. The model involves modules that account
for various physical and chemical processes critical for the fuel
cell’s performance, including flow convection and diffusion, het-
erogeneous chemistry, electrochemistry, mixed ionic–electronic
conduction and heat transfer. For detailed model descriptions, the
readers are referred to Ref. [6].

For the studies of efficiency and fuel utilization issues, an anode-
supported yttria stablized zirconia (YSZ) cell with nickel anode and
Ba0.5Sr0.5Co0.8Fe0.2O3−ı (BSCF) cathode used. The assumption of
different materials of the electrodes goes with the heterogeneous
reaction mechanisms of a CH4– O2 mixture used by the numerical
model for calculating the catalytic reactions in the anode and cath-
ode, respectively. For microstructure parameters of the anode and
cathode, the set of parameters in Ref. [5] is used. For electrochem-
istry and conductivity of the YSZ electrolyte, the set of parameters
in Ref. [6] is used.

Compared with cells with mixed ionic–electronic conductor
electrolytes (e.g. Ce0.8Sm0.2O1.9 or SDC), the YSZ cell has the
advantage of avoiding the reverse electronic current that could be
extremely high at low oxygen contents, which keeps the computa-
tion from studying low oxygen flow rates because the total power
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Fig. 2. Power density and efficiencies of a YSZ cell versus methane flow rate at
CH4:O2:N2 = 1:0.8:3.2, 750 ◦ C and a load potential of 0.5 V; (a) efficiency and power
density; (b) fuel utilization and power density.

methane is higher than 30 sccm, the power density gradually lev-
els off and the efficiency decreases almost linearly to 3%, indicating
that the transport limitation vanishes with high fuel flow rates. The
argument for the transport limitation is supported by the distribu-
tion of power density along the cell, shown in Fig. 3. At low fuel flow
rates, namely 30 sccm and below, the power density decays very
sharply from the leading edge, so that the downstream portion of
the cell does not make a significant contribution to the total power.
This situation is greatly improved as the fuel flow rate increases
Y. Hao, D.G. Goodwin / Journal o

Fig. 1. The computation domain; the dashed line shows the possible layout of the
cell.

output decreases much faster compared with YSZ cells. Thus, the
YSZ cell is a better choice for studying the efficiencies in this work.

The computational setup is shown in Fig. 1. The dimensions of
the gas chamber are 15.9 mm × 142.9 mm (height by length). One
or more cells can be placed in the gas chamber, where in the case
of one cell, the leading edge is 26.7 cm from the inlet. The thick-
nesses of the anode, electrolyte and cathode are 700, 15 and 10 �m,
respectively. The length of the cell is 13.3 mm in the horizontal
configuration and is divided into seven equal segments along its
length direction. In the case of a perpendicular cell, the length will
be redefined in the following discussion. The mixture of methane,
oxygen and balance gas (nitrogen, helium or argon) is fed into the
gas chamber from the inlet on the left, with the molar ratio of oxy-
gen to balance gas fixed at 1:4. The operating temperature of the
cell is 750 ◦ C and load potential is 0.5 V unless stated otherwise.

4. Results and discussion

There are three major factors responsible for the low effi-
ciency of SC-SOFCs: poor flow management, non-ideal electrode
microstructure and low selectivity of the electrode materials. The
materials side has been explored by many experimental groups by
adopting novel electrodes [2] or improving traditional ones [12].
This work will focus on enhancing the efficiencies of SC-SOFCs
by improving the flow management. The issue of the electrode
microstructure will be discussed in our future work about SC-SOFC
optimization.

By definitions (1) and (2), effective approaches that could
improve the SC-SOFC efficiency and fuel utilization should enhance
the electric power generation while keeping (or even reducing) the
amount of fuel supply at the same time. With the fixed microstruc-
ture, catalytic properties and material properties of a given cell, the
improvement of the power generation essentially amounts to opti-
mizing the distribution of the reactants (i.e. both fuel and oxygen)
around the cell, achievable through a careful management of the

flow field in the gas chamber. In the following sections, flow man-
agement will be discussed in terms of fuel flow rate, fuel/oxygen
ratio and flow geometry. The effect of using a cell stack is also
discussed.

4.1. Fuel flow rate

Initially, a single cell placed horizontally in the gas chamber
aligned with the centerline is simulated. The flow rate of CH4
increases from 10 to 100 sccm (ml min−1 at standard conditions)
and the gas feed composition is fixed at CH4:O2:N2 = 1:0.8:3.2. Con-
sequently, the concentration of each incoming gas species is the
same at all fuel flow rates, and so the influences of methane flow
rate and total flow rate on the fuel cell’s performance are equivalent.

The average power density and efficiencies are shown in Fig. 2,
charted against the methane flow rate. In Fig. 2(a), when methane is
less than 30 sccm, the power density increases almost linearly with
methane flow rate, while the fuel cell efficiency stays above 7%. The
fact that the efficiency is relatively constant in this region suggests
that the electrical power generated by the fuel cell is transport-
limited by the diffusion and convection of (some) gas species. When
beyond 40 sccm, for which the difference in local power density
along the whole cell is small.

Fig. 3. Power density distribution along the cell at different methane flow rates with
fixed flow rate ratio; methane flow rate (in sccm) is marked at the end of each curve.
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The comparison between the curves with low and high fuel flow
rates in Fig. 3 shows one evident difference that the former ele-
vates almost universally and proportionally with the fuel flow rate
regardless of location, while the latter shows only a relatively signif-
icant raise in power density at the downstream portion of the cell.
This explains the different behaviors of the power density curve at
different fuel flow rates shown in Fig. 2.

The influence of the flow rate on the power density, efficiency
and fuel utilization of the fuel cell reveals the competition between
the diffusion time scale and convection time scale of gases flowing
around the cell. The diffusion time scale �diff, the average time it
takes for a gas molecule to diffuse from the flow to the cell sur-
face, can be estimated by the diffusion equation and half of the gap
between the cell and the wall, i.e.

�diff,k = (h/4)2

Dk
(11)

where h is the height of the channel and Dk is the diffusion coeffi-
cient of gas species k relative to the gas mixture. With the known
gas composition above, the result is �diff,CH4

= 7.8 × 10−2 s and
�diff,O2

= 9.5 × 10−2 s. Conversely, the convection time scale, the
average time for a gas molecule to clear the cell length with the
flow stream, can be calculated by the cell length L and the average
flow speed v̄ over (or below) the cell, i.e.

�conv = L

v̄
(12)

With the flow geometry in Fig. 1 and the constant gas concen-
trations at the inlet, the diffusion time scale does not vary much. By
comparison, the convection time scale is inversely proportional to
the fuel flow rate. When the fuel flow rate is as low as 10 sccm, �conv

is around 0.8 s, much longer than �diff. In this case methane and oxy-
gen have sufficient time to diffuse to the cell to react, resulting in a
relatively high efficiency and fuel utilization, but also leading to the
significant depletion effect of the cell as shown in Fig. 3. Addition-
ally, the proportional increase of local power density with flow rate
in Fig. 3 explains the relatively constant fuel cell efficiency at low
flow rates. However, when the fuel flow rate increases to 100 sccm,
the convection time scale is reduced by a factor of 10 and is about
the same as the diffusion time scale. As a result, a great portion of
the fuel bypasses the cell unreacted, reducing the efficiency and fuel
utilization. Understandably, the amount of unreacted fuel increases
with the fuel flow rate, which accounts for the monotonic decrease
of the efficiency curves at high flow rates in Fig. 2.
To have a better understanding of the fuel cell performance,
Fig. 4 plots the conversion percentage of methane and oxygen
versus methane flow rates. Compared to Fig. 2, the conversion
curve of oxygen has a trend similar to the fuel cell efficiency
curve, while the conversion curve of methane is very sim-
ilar to the fuel utilization curve. This further indicates that
for this case, the flow rate of oxygen is the controlling fac-
tor for the fuel cell efficiency at low flow rates, as oxygen has
a higher conversion percentage than methane, and the trans-
port limitation of oxygen is the bottleneck of the fuel cell
efficiency.

The results above show that the fuel utilization of the SC-
SOFC is low. Even at the lowest fuel flow rate, a major part of
the fuel passes unreacted (esp. on the cathode side); increas-
ing the flow rate generally leads to even lower efficiencies. The
analysis about diffusion and convection time scales manifests
the need for improving the flow management and geometric
design of the gas chamber. Additionally, the result obtained
under the fixed flow rate ratio indicates possible improvement
by increasing the oxygen content. These points will be dis-
cussed as follows. Furthermore, out of the fuel utilized, only
er Sources 183 (2008) 157–163

Fig. 4. Conversion percentage of methane and oxygen versus methane flow rate at
CH4:O2:N2 = 1:0.8:3.2.

about 20% is converted to electric power for all the flow rates
calculated, meaning that a big part of the fuel is consumed by para-
sitic reactions on both electrodes. This requires further research
for more selective electrodes and is beyond the scope of this
paper.

4.2. Fuel/oxygen ratio

Based on the above analysis, the fuel cell efficiency could
be improved by decreasing the fuel/oxygen ratio, especially for
methane flow rates below 30 sccm. The improvement is demon-
strated by simulation results at higher oxygen contents. Since the
efficiency and fuel utilization are defined in terms of the fuel, it
will be more convenient for the following discussions to use the
oxygen/fuel ratio. Fig. 5 shows the fuel cell efficiency and fuel uti-
lization for the O2:CH4 ratio increasing from 0.8 to 1.6 with a step
size of 0.2, and the methane flow rate increases in the same way
as above. Both figures show the same general trend, i.e. the effi-
ciency and fuel utilization both decrease with the fuel flow rate
(or equivalently the total flow rate). At the lowest methane flow
rate, the (maximum) efficiency of each curve initially increases
with the ratio up to 11.4% at O2:CH4 = 1.2, and then drops sharply
afterwards, while the fuel utilization initially increases with the
ratio and then stays almost constant. When methane flow rate is
above 40 sccm, both the efficiency and fuel utilization decrease

monotonically with the O2:CH4 ratio.

The change of the efficiency with respect to the O2:CH4 ratio
is partly accounted for by the different behaviors of i0,a and i0,c,
the exchange current densities at the anode–electrolyte (A–E) and
cathode–electrolyte (C–E) interfaces, defined as follows, respec-
tively [6,13]:

i0,a = i∗H2

(pH2,a/p∗
H2

)1/4(pH2O,a)3/4

1 + (pH2,a/p∗
H2

)1/2
(13)

i0,c = i∗O2

(pO2,c/p∗
O2

)1/4

1 + (pO2,c/p∗
O2

)1/2
(14)

where

p∗
O2

= AO2 exp

(
−EO2

RT

)
, p∗

H2
=

Ades� 2
√

2�RTWH2

�0
exp

(
−Edes

RT

)

with i∗O2
= 2.8 A cm−2, AO2 = 4.9 × 108 atm, EO2 = 200 kJ mol−1,

i∗H2
= 8.5 A cm−2, �0 = 0.01, Ades = 5.59 × 1019 s cm2 mol−1, � =

2.6 × 10−9 mol cm−2. The partial pressures of H2 and H2O at the
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also verified by our previous work [5].
Here, we study the influence of the cell orientation on efficiency

and fuel utilization. Compared with the last case, the cell is rotated
so that it is perpendicular to the gas flow direction with the cathode
facing the gas inlet, shown by the dashed line in Fig. 1. Limited by
the vertical dimension of the gas chamber, the length of the cell
is reduced to 5.3 mm. The flow rate combination of CH4:O2:N2 =
100:120:480 sccm is used and all other conditions are the same as
the previous case.

The result shows that the rotated cell generates a nearly uni-
form local power density of 0.72 W cm−2along the length direction
because any point on the cathode is exposed to the same gas mix-
ture. The average power density is also higher than that of the
horizontal case (0.66 W cm−2). However, the total power is limited
by the cell length and consequently, the efficiency and fuel utiliza-
tion are only 0.8 and 12%, lower than their corresponding values of
1.8 and 15% of the horizontal case, respectively.

While it seems positive that increasing the cell length in the
vertical direction will improve the total power and thus the effi-
ciency, several disadvantages keeps this idea from being practical.
First, with a given channel height, making the two ends of the cell
Fig. 5. Efficiency and fuel utilization of a YSZ cell at different O2:CH4 ratios (marked
at the end or begining of each curve); (a) fuel cell efficiency; (b) fuel utilization.

A–E interface, pH2,a and pH2O,a, as well as the partial pressure of O2
at the C–E interface, pO2,c, are all calculated by the numerical model.

Calculation shows that when the O2:CH4 ratio is below 1.2, i0,c is
very sensitive to and increases with oxygen partial pressure pO2,c,
which, in turn, increases significantly with the O2:CH4 ratio. For
example, at a CH4 flow rate of 10 sccm and a O2:CH4 ratio of 0.8,

−8
the O2 partial pressure at the C–E interface varies from 2.9 × 10
to 1.7 × 10−4 atm along the length direction of the cell. The O2 par-
tial pressure increases to the range of 6.4 × 10−2 to 1.1 × 10−1 atm
when the ratio increases to 1.6 with the same methane flow rate. As
the O2:CH4 ratio increases beyond 1.2, i0,c saturates and becomes
insensitive to pO2,c (and consequently to the O2:CH4 ratio). Instead,
i0,a decreases sensitively with the ratio and becomes dominant
due to the saturation of i0,c. Our results show that i0,a decreases
because the global reaction in the anode becomes less favorable to
H2 production as the O2:CH4 ratio increases, reducing the H2 con-
centration at the anode–electrolyte interface. The behaviors of i0,a
and i0,c above is one possible reason for the monotonic decrease of
fuel cell efficiency with the O2:CH4 ratio at high methane flow rates.
Along the methane flow rate axis, when CH4 is higher than 40 sccm,
i0,c saturates due to the increase of pO2,c, and the fuel cell power out-
put is predominantly determined by i0,a, which decreases with the
O2:CH4 ratio as the increasing concentration of oxygen reduces the
production of hydrogen through the catalytic reactions over the Ni
anode surface.

In particular, for methane flow rates above 40 sccm, which is
typical in experimental literature, the efficiency monotonically
er Sources 183 (2008) 157–163 161

decreases with the O2:CH4 ratio. In relation to the behavior of the
exchange current densities above, another possible reason for the
drop of efficiency is the increase in the harmful oxidation of all
possible fuels (methane, hydrogen and CO) with the rising oxygen
content. This is illustrated by the ratio of the efficiency to fuel uti-
lization, i.e. the portion of the fuel consumed that is converted to
useful power, plotted in Fig. 6. It shows that the parasitic reactions
on the electrode catalyst surfaces takes an increasingly higher por-
tion of the total energy consumed, reinforcing the need for more
selective electrode materials.

The influence of fuel/oxygen ratio on efficiency and fuel uti-
lization is actually the combined effect of the electrochemical
properties of the cell materials and the selectivity of the electrodes.
High efficiencies are generally obtained at low flow rates, and the
optimum fuel/oxygen ratio may shift when the flow rates are low,
due to the depletion effect of either the fuel or the oxygen.

4.3. Flow geometry

As has been reported in literature, the layout of the cell in an SC-
SOFC makes a difference in its performance [14]. The configuration
with the cathode facing the fresh gas feed (i.e. cathode-first) yields
a higher power density than the anode-first configuration. This is
Fig. 6. The ratio of efficiency to fuel utilization for a YSZ cell; the corresponding
O2:CH4 ratio is shown by each curve.
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too close to the channel walls will greatly increase the upstream
gas supply pressure and slow down the flow speed. The slow con-
vection of the gas mixture will cause the oxygen near the cathode
not to be replenished in time, making the electrochemical reaction
of oxygen on the cathode side diffusion-limited and thus counter-
acting the advantage of the cathode-first configuration. Second, if
the channel height is increased instead, the amount of unspent fuel
will increase and the efficiencies will be reduced. Third, the vertical
configuration would not work well in a stack. The primary reason
for the single cell to generate a higher power density in this case is
that the cathode-first flow geometry improves the oxygen partial
pressure within the cathode, and by comparison, the anode-first
configuration is worse because the oxygen partial pressure in the
cathode is much lower [5]. So if one more vertical cell is put down-
stream (to make a stack), its performance will be seriously reduced
due to the depletion of oxygen and fuel by the upstream one, no
matter if it’s anode-first or cathode-first.

Therefore, improving fuel cell performance by using vertical
cells is not feasible, and we will continue to investigate other
parameters for improving the efficiencies with the horizontal con-
figuration.

4.4. SC-SOFC stack

The above analysis of the competition between diffusion and
convection time scales demonstrates that the efficiencies of the
SC-SOFC can be improved by reducing the length of the diffu-
sion path of the gas reactant to the cell or increasing the length
of the cell. One possible and straightforward approach might be
using a narrower gas channel or a longer cell. However, it can be
shown that when the flow speed of the gas mixture is the same,
reducing the channel height would lead to a faster depletion of
the fuel and oxygen along the cell, resulting in a lower power
output. The idea of using a longer cell only slightly improves the
efficiencies due to the depletion effect discussed in the first sec-
tion.

Alternatively, the diffusion time scale can be effectively reduced
by using an SC-SOFC stack with the cells being parallel to the
flow direction with the same gas chamber dimensions and gas
flow speed. For the simplicity of discussion, a two-cell stack in
the anode-to-anode (a–a) configuration, similar to the one used
by Shao et al. [2], will be examined. Compared with the single-
cell case, the positions of the two cells are offset vertically and
symmetrically from the channel centerline such that the distance

between the two anodes is 0.60 cm. The incoming flow rates are set
at CH4:O2:N2 = 100:80:320 sccm. All other conditions are the same
as before.

The computation results show that both the efficiency and fuel
utilization are more than doubled compared with the single-cell
case. The efficiency increases from 3.2 to 6.5%, and the fuel utiliza-
tion increases from 15.6 to 37.3%. The reasons for the improvement,
besides the shorter diffusion path of methane and oxygen to the
cell, also include the following. First, the positions of the cells still
leave a wide space between the two anodes and also between
each cathode and its adjacent wall, replenishing the fuel and
oxygen in a timely manner. Second, the anode-to-anode config-
uration reduces the amount of syngas (i.e. H2 and CO) lost from
the anodes to the gas flow outside the cell. Compared with the
case of a single-cell, the gas mixture between the two anodes
contains a higher concentration of syngas due to the symme-
try, so that the spatial gradient of H2 and CO at the anode–gas
interfaces is reduced. Consequently, the concentrations of both
H2 and CO in the anode of the two cells are higher than in the
single-cell case. This contributes to the improvement in power gen-
eration.
Fig. 7. Efficiency and fuel utilization of a YSZ cell with He balance gas at different
O2:CH4 ratios (marked at the end or begining of each curve); (a) fuel cell efficiency;
(b) fuel utilization.

4.5. Balance gas

By definition (11), the diffusion time scale can also be reduced
by increasing the diffusion coefficient Dk of gas species k. Since the
balance gas takes up a major portion of the gas mixture, changing

the balance gas should significantly affect the diffusion coefficient
of each of the other species relative to the gas mixture and therefore
affect the fuel cell efficiencies. For this purpose, the same cases
discussed in the “fuel/oxygen ratio” section are computed with He
being the balance gas, and the results are shown in Fig. 7.

The efficiency and fuel utilization curves exhibit a similar trend
to the ones with N2 balance gas. However, there are some important
quantitative differences. First, both the efficiency and fuel utiliza-
tion are higher than their corresponding values in the N2 case
(except very few points), with a difference of 0.5–5% for the former
and 5–10% for the latter. Second, the highest efficiency is achieved
at a higher fuel/oxygen rate (1.4) than that for N2 (1.2).

To further explore the effect of the balance gas, the same com-
putation was repeated with Ar balance gas, and the results are all
very close to those of the N2. The difference between the SC-SOFC
performances with He or Ar balance gas indicates that He helps
to improve the diffusion coefficient of both methane and oxygen,
which leads to noticeable changes of the gas transport between
the gas mixture and the cell, while on the other hand, the changes
brought by Ar is minimal. This is verified by the comparison of diffu-
sion coefficients of all gas phase species relative to the gas mixture
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Table 1
Diffusion coefficients of gas species with different balance gases; unit: m2 s−1

N2 He Ar

CH4 2.03 × 10−4 3.44 × 10−4 2.08 × 10−4

H2 6.06 × 10−4 8.89 × 10−4 6.27 × 10−4

CO 1.70 × 10−4 3.10 × 10−4 1.67 × 10−4

O2 1.66 × 10−4 2.42 × 10−4 1.71 × 10−4

CO2 1.38 × 10−4 2.60 × 10−4 1.34 × 10−4

H2O 2.19 × 10−4 3.98 × 10−4 2.20 × 10−4

B.G. a 1.56 × 10−4 1.17 × 10−3 1.19 × 10−4

a B.G. is the balance gas, e.g. for the “N2” column, it means N2, etc.

with one of the three balances gases in Table 1. The calculation is
performed by CANTERA [15] for a typical gas mixture composition
of CH4:O2:B.G. = 1:0.8:3.2, where B.G. means the balance gas.

5. Conclusions

The efficiencies of the single-chamber SOFCs are generally low.
Many of the reasons that account for the low efficiencies trace
back to the mixing of fuel and oxygen and the one-gas-chamber
geometry, which are inherent in the definition of this type of fuel
cell. However, the fuel cell efficiencies can be effectively improved
through flow management. Through the numerical study of a YSZ
cell running on the mixture of methane and air, this work system-
atically investigates the influence of many operating parameters,
primarily concerning the flow field in the gas chamber, on the
efficiency and fuel utilization of the fuel cell, and demonstrates
approaches for improving the fuel cell performance.

Compared with the dual-chamber SOFCs, the cell length of an
SC-SOFC is much shorter than that of the gas chamber, so that
the convection time scale of the flow over the cell is significantly
reduced. Consequently, the fuel and oxygen in the gas mixture may
not have sufficient time to diffuse to the electrodes of the cell for
subsequent reactions, and therefore the efficiencies of the SC-SOFC
is to a large extent determined by the competition between the

diffusion time scale and the convection time scale. For SC-SOFCs
with a single cell, when the time scale of convection is much longer
than that of diffusion (e.g. long cell or slow flow speed), high effi-
ciency and fuel utilization can be achieved, but the depletion of
fuel and oxygen by the upstream portion of the cell is also serious,
resulting in a low total power; when the time scale of diffusion is
much longer than that of convection (e.g. wide gas chamber or fast
flow speed), the local power density at the downstream part of the
cell increases significantly and the total power is boosted, but the
amount of the unspent fuel also increases proportionally with the
flow speed, resulting in a low efficiency and fuel utilization.

The simulation results show that for single-cell SC-SOFCs high
efficiencies and high power are not likely to be achieved at the
same time. However, this seeming contradiction can be mitigated
by using a two-cell stack, which effectively reduces the diffusion
time scale while still allowing enough gas supply for both elec-
trodes. Also, operating the fuel cell under optimum fuel/oxygen
ratio and with highly diffusive balance gas both help to improve the
efficiencies. Other approaches, including rotating the cell, reducing
the gas chamber width, or increasing the length of the single cell
are found not as effective.
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Although the efficiencies at low fuel flow rates (< 30 sccm) are
high, such flow rates are less desirable for practical applications
and are rarely used in experimental literature, because the electric
power is limited by the low energy flux of the fuel. On the other
hand, too high of a fuel flow rate (> 100 sccm) is also undesirable
because it does not bring significant benefits to the total power but
rather greatly increases the amount of unspent fuel. Many experi-
mental studies used fuel flow rates between 30 and 100 sccm with
comparable gas chamber dimension [12,16].

While at high fuel flow rates the major barrier to high efficien-
cies is the unreacted fuel, at low flow rates the major obstacle is the
parasitic reaction over the electrode catalyst surfaces. The simula-
tion results show that the fuel utilization can be as high as 67% (with
He balance gas at the lowest fuel flow rate), but only one-fifth of the
consumed fuel is converted to useful power. This presents a major
challenge to the research for more selective electrode materials.

The simulation also shows that in the frequently used fuel flow
rate range, the achievable efficiency can be considerably higher
than what’s reported in experimental literature (∼ 1%). In real-
ity, high efficiencies could be achieved by the optimization of flow
rate control and would be further improved by the adoption of cell
stacks as well as future advances in materials science, which will
make the application of SC-SOFCs for real portable power genera-
tion needs highly possible.
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