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Abstract

This paper investigates the performance of ethanol-fuelled solid oxide fuel cells (SOFCs) with two types of solid electrolytes, namely oxygen ion-
conducting (SOFC-0O>") and proton-conducting electrolytes (SOFC-H*). Our previous work reported that the SOFC-H* shows superior theoretical
performance over the SOFC-O? electrolyte. However, in this work when all resistances are taken into account, the actual performance of the
SOFC-0%~ (Ni-YSZ|YSZ|YSZ-LSM) becomes significantly better than that of SOFC-H* (Pt|SCY|Pt). The maximum power density of the SOFC-
O is about 34 times higher than that of the SOFC-H* when operated at an inlet H,O:EtOH ratio of 3, a fuel utilization factor of 80% and a
temperature of 1200 K. Then the required values of the total resistance of the SOFC-H* to achieve the same power density as the SOFC-O?~
were determined. It was found that due to the superior theoretical performance of the SOFC-H", it is not necessary to reduce the SOFC-H" total
resistance to the same values as the one for SOFC-O?~. The study also indicates that reduction of only the electrolyte resistance is not sufficient
to improve the SOFC-H* performance and, therefore, the other resistances including activation, electrodes and interconnect resistances need to be

reduced simultaneously. Finally, the improvement of the electrolyte resistance by changing its resistivity and thickness is discussed.

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

Fuel cells are considered to be the most promising technology
for chemical to electrical energy conversion. Solid oxide fuel
cells (SOFC) have attracted considerable interest as they offer
a wide range of potential applications, possibility for operation
with an internal reformer and high system efficiency. Many fuels
have been suggested for use in SOFCs; among these, ethanol
is considered to be an attractive green fuel because it can be
produced renewably from biomass, waste materials from agro-
industries, forestry residue materials, or even organic fractions
from municipal solid waste. Ethanol also offers other advantages
related to natural availability and safety in storage and handling.
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There are a number of published studies dealing with the use
of ethanol for producing hydrogen for use in fuel cells [1-7].
However, only a few studies of ethanol utilization in SOFCs
operation have been undertaken. The performance of SOFCs
fuelled by products from different ethanol processes, such as
ethanol steam reforming, ethanol dry reforming and ethanol
partial oxidation with air were investigated. Ethanol steam
reforming showed the highest maximum efficiency for high
operating temperature [8]. The performance of external reform-
ing SOFC (ER-SOFC) with different fuels, such as methane,
methanol, ethanol and gasoline, were compared over a temper-
ature range of 800-1200 K [9]. The maximum efficiency was
obtained near the boundary of carbon formation for all fuels.
The highest efficiency was obtained from methane (96%) fol-
lowed by ethanol (94%) and then methanol (91%). By using
an exergy-energy analysis, it was reported that the methane-fed
SOFC provides higher efficiency than when ethanol is fed [10].
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Nomenclature

E electromotive force (V)

E, activation energy (kJ mol~1)

F Faraday’s constant (C mol™1)

i current density (A cm~2)

1 current (A)

K equilibrium constant of hydrogen oxidation reac-
tion (kPa=0-)

n; number of moles of component i (mol)

Di partial pressure of component i (kPa)

P power density (W cm™2)

r resistance (2 cm?)

Fact activation polarization area specific resistance
(2cm?)

Te electrolyte area specific resistance (€2 cm?)

o other area specific resistance (2 cm?)

Ttot total area specific resistance (2 cm?)

R gas constant (Jmol~! K—1)

T temperature (K)

|4 voltage (V)

Xi mole fraction of component i

Greek letters

8 thickness (cm)

0 resistivity (€2 cm)
Subscripts

a anode

c cathode

Noticeably, most SOFC studies have employed oxygen-ion
conducting electrolytes although proton-conducting electrolytes
are also possible for SOFC operation. There are several studies
on the development of proton-conducting ceramic electrolytes
for high temperature applications [11-14]; however, these stud-
ies mostly focus on the characterization of material properties,
such as conductivities under various atmospheres. To date,
there are very few studies using proton-conducting electrolyte
in an SOFC operation [15,16]. The performance of SOFC
with proton-conducting electrolytes (SOFC-H*) in Yb-doped
SrCeO3 (SCY) electrolyte with platinum electrodes system
(Pt|SCY|Pt) were investigated. The SOFC-H* was tested with
various fuels (H, and CH4) and atmospheres (dry and wet) at
high temperatures (873-1273 K). It was shown that the SOFC-
H* (dry-CHy) system provided the highest performance [16].

Theoretical performance comparisons of SOFCs with dif-
ferent electrolytes revealed that the SOFC-H* provides higher
efficiency than the SOFC with oxygen-ion conducting elec-
trolytes (SOFC-O>~) for a system fed with hydrogen and
methane [17,18]. However, these studies were based on the
same steam/methane feed ratio for the methane-fed case. It
was demonstrated in our previous work [19-21] that the steam
requirement for the SOFC-O?~ is lower than that for the SOFC-
H* due to the presence of steam generated by the anodic
electrochemical reaction. Therefore, the benefit from lower

steam requirements in the SOFC-O?~ should be taken into
account in the comparison between the two processes. When
this benefit was considered, it was still observed that the SOFC-
H* yielded higher EMF and efficiency than the SOFC-O*~
[22]. However, the calculations neglected the presence of actual
losses encountered in a real SOFC operation. Therefore, this arti-
cle aims at comparing the actual performance of SOFCs with
different electrolytes. Although it is well known that current
proton-conducting electrolytes have high resistivity and thus the
performance of SOFC-H" should be inferior to SOFC-02", it
is still necessary to determine the status of the SOFC-H" tech-
nology compared to that of SOFC-O?~. In our previous work,
the theoretical performance of SOFC-H* and SOFC-O%~ was
compared. Only the EMF and maximum theoretical efficiency
were considered at that time and no losses were taken into
consideration. In contrast, this study focuses on the actual per-
formance of SOFC-H* and SOFC-O>~. The losses in the SOFC
cell (e.g. activation losses and ohmic losses) are now considered.
The information from this theoretical study is also important in
determining property targets (e.g. resistivity, electrolyte thick-
ness and other resistance) for SOFC-H* in order to yield similar
performance as the SOFC-O?~.

2. Theory

The reaction system involving in the production of hydro-
gen via ethanol steam reforming reaction is represented by the
following reactions [23]:

C,H5s0H + H,O — 4H, +2CO (1)
CO + H)O — H; +CO»y 2)
CO + 3H; — CH4+H0 3)

Previous results [24,25] confirmed that a gas mixture in ther-
modynamic equilibrium contains only five components of
noticeable concentration: carbon monoxide, carbon dioxide,
hydrogen, steam, and methane.

The following three reactions are the most likely reactions
leading to carbon formation:

2CO0 — CO,+C €]
CHy;— 2H,+C (®)]
CO + H, - H,O + C (6)

The Boudard reaction (Eq. (4)) has the largest Gibb’s free
energy; therefore, it was used to determine the possibility of
carbon formation. The carbon activity () can be calculated
from the following equation:

_ Kcpco
pPco,

c (N
where K. represents the equilibrium constant in Eq. (4) and p;
is the partial pressure of component i. The carbon formation
can take place when «¢ > 1 [9,26]. In this study, conditions for
SOFC operation under carbon formation were avoided.
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Two types of solid electrolytes can be employed; namely,
oxygen-conducting and proton-conducting electrolytes, which
differ in the location were water is produced. For the oxygen-
conducting electrolyte, water is produced in the anode chamber
whereas it appears in the cathode side for the proton-conducting
electrolyte.

2.1. Voltage calculations
2.1.1. Electromotive force

The electromotive force (EMF) for different electrolytes can
be calculated as follows:

RT

SOFC-0>~ : E = ~— jpP0c 8)
4F PO, ,a
RT

SOFC-H* : E = —— jpPHt2a 9)
2F sz,C

where po, and py, are oxygen and hydrogen partial pressures,
respectively, while the subscripts ‘a’ and ‘c’ represent anode
and cathode, respectively. R is the universal gas constant, T the
absolute temperature and F is the Faraday’s constant.

In SOFC-0%", the partial pressure of oxygen in the cathode
chamber is calculated directly from its mole fraction whereas
the value in the anode chamber is calculated by assuming that
the oxygen content is in equilibrium with hydrogen and water.
Accordingly, the oxygen pressure in the anode chamber is deter-
mined from the following equation:

2

PH,0,a

POya=|——— (10)
> (Ksz,a)

where K is the equilibrium constant of the hydrogen oxidation
reaction.

In contrast, for the SOFC-H*, the partial pressure of hydrogen
in the anode chamber is determined directly from its mole frac-
tion while that at the cathode side is determined by assuming that
the hydrogen content is in equilibrium with oxygen and water.
Accordingly, the hydrogen pressure in the cathode chamber is
calculated from the following equation:

PH,0,c
/2 (11

pOz,c

PHy,c =

Since the gas composition typically varies along the cham-
ber, so does the local EMF. Accordingly, the average EMF (E)
is determined by numerical integration of the local EMF per unit
cell length. It should be noted that the EMF also depends signif-
icantly on the inlet HyO:EtOH ratio, operating temperature and
fuel utilization. To simplify the calculations, it is assumed that
gas compositions at the anode are at their equilibrium composi-
tions along the cell length. For the calculation of the equilibrium
composition in the SOFCs the reader can refer to our previ-
ous work [19-22]. However, it should be noted that a deviation
from this equilibrium condition would result in lower EMF val-
ues as less hydrogen was generated in the anode chamber to
compensate for the hydrogen consumed by the electrochemical
reaction. Therefore, the results shown in this work represent the
best performances for all SOFC cases.

In this paper, the electrochemical cells composed of Ni-
YSZ|YSZ|YSZ-LSM and Pt|SCY|Pt are considered for the
SOFC-O?~ and the SOFC-H*, respectively. In this study, the
state-of-the-art Ni-YSZ|YSZ|YSZ-LSM was chosen to repre-
sent SOFC-O%~. Pt|SCY|Pt was chosen for SOFC-H* because
the SCY electrolyte is known as one of the classical proton
conducting materials with a high proton transport number [13].
Indeed it has high chemical stability and high proton conductiv-
ity at high temperatures.

2.1.2. Actual voltage

In practice, there is a deviation between EMF and the actual
cell voltage (V) due to several losses (e.g. ohmic loss, activation
loss, etc.). The actual cell voltage (V) is determined as follows:

V =E —iry (12)
Ftot = te + 1o (13)
To = Fact + Fohm,electrode + Yohm, interconnect (14)

where i is the current density (A cm’z), Tot the total resistance
(2 cm?), re the electrolyte resistance (€2 cm?) and r,, is the other
resistance (§2cm?) including activation, electrodes and inter-
connect resistances. In this article, it is assumed that fuels and
oxidants are well-diffused in/out of the electrodes. Therefore,
the concentration losses can be ignored. This assumption is valid
when the SOFC does not operate at too high current density.

e Activation loss:
Activation loss is the loss caused by electrochemical reac-
tions at the electrodes. In this study, Achenbach’s correlation
[26] is used for calculations of the SOFC-02~:

4F . E.c\]!
cathode :  ryerc = Ek(sz,c) exp ~RT (15)

Eaa\]™'
Tﬂ (16)

where xo,. and xu,, are mole fractions of oxygen in

the cathode chamber and hydrogen in the anode chamber,

respectively. The parameters used in Egs. (15) and (16) are

summarized in Table 1. It should be noted that these parame-

ters are valid in the temperature range of 1173-1273 K [27].
e Ohmic loss:

Ohmic losses are caused by the resistance of materials (i.e.,
electrodes, interconnect and current collectors) from the flow
of electrons and by the resistance of electrolyte from the flow
of ions passing through it. Ohmic resistances can be calculated
by using the following equations:

2F m
anode :  racra = ﬁk(tz,a) exp | —

Fohm,i = Pi0; (17)
Table 1
Parameters used in Egs. (15) and (16)
Fact (S2cm?) k(x107 Acm™?) E, (I mol™ 1) m
Fact,c 14.9 160 0.25
Tacta 0.213 110 0.25
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Table 2
Parameters of SOFC cell components in Egs. (17) and (18)

Materials Parameters Thickness (pm)
o (2cm) B (K)
Anode (40% Ni/YSZ cermet) 298 x 107 —1,392 150
Cathode (Sr-doped LaMnO3:LSM) 8.11x 1073 600 2000
Electrolyte (Y203 doped ZrO,:YSZ) 2.94 x 1073 10,350 40
Interconnect (Mg doped LaCrO3) 1.256 x 1073 4,690 100
Protonic electrolyte (Yb doped SrCeO3:SCY) 7 %1073 5.5% 1073 1000
with (@ 1 T T T 1 0.4
Theoretical
pi = a;eP/D (18) _
where subscript i represents the cell component (i.e., elec- B
trodes, electrolyte and interconnect), p the resistivity, é; the < 06 B L. z
thickness of component i, and « and S are the constants ‘?’D A s 02 %‘
specific to the materials. The parameters used in these calcu- =y d Ty &
lations are adopted from Chan et al. [28] for the SOFC-O%~ = — U=T0% o g
and from Iwahara [13] and Salar et al. [16] for the SOFC-H* ozil T EEe U:FSO% T 2
and are shown in Table 2. T=o0%
As the SOFC-H* is not as developed as the SOFC-02—, the of
resistances of the components in the cell are not available in
the open literature. Consequently, the other resistance is derived 0,012
from the deviation of the total resistance and the electrolyte
resistance. The values of the total resistance are obtained from oo &
the literature [13]. It should be noted that the SOFC-0?~ model Ho.008 5
was verified by comparing the calculated maximum power den- = ) \ e
sity and its corresponding current density with the results from & o _7 H -|0.006 ‘g
Hernandez-Pacheco et al. [29]. Small deviations between those 3 Ty =
results were observed, i.e., the maximum power density from the B O ——U=70% oo §
calculation at the current density of 0.75 A cm~2is0.33 W cm™2 o2l /T UITSO% Jo.002 £
-2 . . - U=90% L :
compared to 0.30 W cm™~ as reported in the literature [29]. N
% oo Y B Y S—YT

2.2. SOFC electrical efficiency

When current is drawn from the SOFC, the power density, P,
in W cm—2, produced can be calculated by:

P=iV (19)

The electrical efficiency is defined as the ratio of electrical
work produced by SOFC to the chemical energy contained in the
fuel fed to the SOFC system as shown in the following equation:

A%

ngoH(LHVE©OH)

where [ is the total current (A) determined by numerical integra-
tion of the local current density along the cell length, LHVEon
the lower heating value of ethanol at the standard condition
(1235 kJ/mol) and ngoy is the molar flow rate of ethanol fed
to the system.

3. Results and discussion

Fig. 1 shows the main characteristics of SOFC performances
at different fuel utilizations for both SOFC-O%~ and SOFC-H*.

Current density (A cm™?)

Fig. 1. Performance of SOFCs for various fuel utilizations: (a) SOFC-0*
and (b) SOFC-H" (inlet HO:EtOH ratio=3, T=1200K, P=101.3 kPa, 400%
excess air).

The calculations were based on a feed with an H, O:EtOH ratio of
3 and temperature of 1200 K. The cell voltage decreases as the
current density increases due to increasing losses. The power
density initially increases with increasing the current density
and drops at the higher values. For each value of fuel utilization,
there is an optimum current density that maximizes the power
density. The maximum power density decreases with increasing
fuel utilization due to the effect of fuel depletion downstream.
The observed values of the maximum power density of the
SOFC-O? are within the range of the best value of 0.4 W cm ™2
reported in the literature with an ethanol-fed system [30]. Fig. 1
also shows that the value of the current density for which the
power density is maximum is essentially insensitive to the fuel
utilization factor (at least in the range 70-90%) in the case of
SOFC-H™*. The insensitivity of power density to fuel utilization
in the case of SOFC-H" is due to the very large ohmic resis-
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tance. The ohmic loss in the SOFC-H™ electrolyte overshadows
all other losses and since it is independent of the fuel utilization
there is almost no difference in cell voltage for the different fuel
utilizations, as seen in Fig. 1(a). As a consequence, the obtained
maximum power density is insensitive to fuel utilization. For the
SOFC-0?~, the current density for which the power density is
maximum decreases as the fuel utilization factor increases.

Performance comparisons between the two ethanol-fed
SOFCs show that the SOFC-H* results in an EMF of around
1.01 V whereas it is approximately 0.89 V for the SOFC-O?~. It
is clear that the performance of SOFC-H" is theoretically supe-
rior to that of SOFC-O?~, which is in good agreement with
previous reports on SOFCs fed with Hy and CHy [17,18] and
ethanol [22]. The difference in the EMF between the SOFCs
with different types of electrolytes is mainly due to the location
of the steam generated by the electrochemical reaction, whether
itis at the anode side for the SOFC-O?~ or at the cathode side for
the SOFC-H*. However, for an actual operation, losses strongly
affect the performances of the SOFCs. It is clearly seen from
Fig. 1 that the SOFC-H* does not perform as well as the SOFC-
02~ The voltage in the SOFC-H* decreases significantly faster
than that of the SOFC-O?~ as the current density increases,
and the resulting maximum power density for the SOFC-H™ is
approximately 34 times lower than that of the SOFC-O%~.

Another important indicator representing SOFC performance
is the electrical efficiency defined in Eq. (20). The values of
the electrical efficiencies at various current densities and fuel
utilizations are illustrated in Fig. 2. When operating at a con-
stant fuel utilization, the efficiency decreases with the increasing
current density. The SOFC-H* can be operated over a much
smaller range of current density than the SOFC-O?~ due to its
higher losses. The maximum or theoretical efficiency is obtained
when the current density approaches zero. At this condition,
the SOFC-H* vyields a higher efficiency than the SOFC-O?~
although it is not a practical operating condition as the power
density is very low and, therefore, a large cell area would be
required. When the fuel utilization increases, the efficiency
increases although the opposite trend may be observed at high
current densities, which yield low efficiency. It should be noted
that the selection of suitable operating fuel utilization and current
density is important as they influence the electrical efficiency
and the power density, which are among the key parameters to
evaluate SOFC performance.

The feed composition is another important parameter to be
considered. From our previous work [22], it was reported that
the SOFCs with different electrolytes required different inlet
H,O:fuel ratios to obtain their maximum EMFs. The effect of
inlet H>O:EtOH ratio on the voltage and power density is shown
in Figs. 3 and 4, respectively. In the calculations, the fuel utiliza-
tion was kept at 80% which is a typical operating condition used
in the literature [27,29]. The inlet HO:EtOH ratio starts from its
boundary of carbon formation which can be determined by fol-
lowing the procedure illustrated in our previous work [19-21].
It was found that the SOFC-O?~ yields the maximum voltage
and power density at the boundary of carbon formation whereas
those of the SOFC-H™ are found at a ratio beyond the boundary
of carbon formation. In order to compare the performance of
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Fig. 2. Efficiency of SOFCs for various fuel utilizations: (a) SOFC-O%~ and (b)
SOFC-H* (inlet HO:EtOH ratio=3, T=1200K, P=101.3 kPa, 400% excess
air).

the SOFCs with different types of electrolytes, the best perfor-
mance of each SOFC should be considered. The current density,
H,O:EtOH ratio and fuel utilization were varied to determine
values which yield the highest power density for each type of
SOFC.

Fig. 5 shows the maximum power density and the correspond-
ing current density and inlet HyO:EtOH ratio at different fuel
utilizations. As expected, the maximum power density and the

0.6 ----SOFC-07Actual - = 1.2
== =SOFC-O "Theoretical -—— 1=0.015Acm™ e
[ —— SOFC-H Actual
0.55}- — SOFC-H Theoretical
—1
g o5 7,—,0 015 Acm 5--—.L_-,::::_-,:::::.—_:—,:::.—,:-_ _[:_-,—,—_: S
R 2
3 1=0.019 Acm™ =
% | - =08 T
) : 2 S
= i=03Acem” ---o_____ I
© 045 T e - &
"~ : 2 =
Fi=0SAem™=-~-oo_____ N 06 2
0.4 )
[ 0.4
035 ._J i=0.023 Acm™
L I L ! . ! L
0 1 2 3 4

Inlet HyO:EtOH ratio (-)

Fig. 3. Influence of inlet H, O:EtOH ratio on voltage at various current densities
(T=1200K, P=101.3kPa, Ur=80%, 400% excess air).
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Fig. 4. Influence of inlet HyO:EtOH ratio on power density at various current
densities (T=1200K, P=101.3kPa, U;=80%, 400% excess air).

corresponding current density decrease with an increase in fuel
utilization due to the effect of fuel depletion. Considering the
corresponding values of the inlet HyO:EtOH ratio, it can be
noticed that for the SOFC-O?~ the values are independent of fuel
utilization whereas it increases with increasing fuel utilization
for the SOFC-H". The results can be explained by consider-
ing the influence of fuel utilization on the boundary of carbon
formation. For the SOFC-O%~ case, the optimum H,O:EtOH
ratio is at the boundary of carbon formation. The fuel utilization
does not affect the boundary of carbon formation because the
critical condition for carbon formation occurs at the feed inlet
in which the value of fuel utilization is zero. The possibility
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Fig. 5. Maximum power density of SOFC and their corresponding conditions
(inlet H, O:EtOH ratio and current density) at various fuel utilizations: (a) SOFC-
0%~ and (b) SOFC-H* (T'=1200K, P=101.3 kPa, 400% excess air).
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Fig. 6. Influences of total resistance on the performance of SOFC-H* compared
with that of SOFC-O%~ (T=1200K, P=101.3kPa, 400% excess air).

for carbon formation becomes less severe when more hydrogen
is consumed, i.e., higher fuel utilization, yielding water which
helps suppress carbon formation. However, for the SOFC-H*
case, at high fuel utilization, more hydrogen disappears without
benefiting from the steam generated from the electrochemical
reaction in the anode gas mixture, leading to higher possibility
for carbon formation. Therefore, higher inlet HyO:EtOH ratios
are required to thermodynamically suppress carbon formation.
From the results shown in Fig. 5, it is clear that the best per-
formance of SOFC-H* is still lower than that of SOFC-O%*~
for the entire range of fuel utilization, which confirms that the
SOFC-H* does not show great promise, at least with the current
extremely high resistance in SOFC-H*.

To enhance the performance of SOFC-H*, it is obvious that
the resistance of the cell must be reduced due to the sudden
drop in voltage. Fig. 6 depicts the influence of the total resis-
tance of the SOFC-H" cell on the cell performances at 1200 K.
It should be noted that the total resistance is termed as the sum-
mation of electrolyte resistance and the other resistances. In this
section, the reduction time is defined as the ratio by which the
total resistance is reduced compared to the current value. The
dashed line represents the values of the SOFC-O?~. Obviously,
the total resistance is an important factor for improving the per-
formance of SOFC-H*. Higher power density can be obtained
when decreasing the total resistance. It was found that when
the total resistance of the SOFC-H™ is reduced to 1/45.6 of the
present value (28.7 2 cm2), which would be equal to the total
resistance of the current SOFC-0O%~ (0.628 €2 cm?), the perfor-
mance of the SOFC-H* is better than that of the SOFC-0%~. It
is clear that due to the superior theoretical performance of the
SOFC-H", it is unnecessary to reduce the total resistance of the
SOFC-H* to the level of that of the SOFC-O?~. The total resis-
tance in the SOFC-H*, which yields an equivalent power density
as the SOFC-O?~ is presented in Fig. 7 as function of tempera-
ture. It can be seen that a reduction by 1/30.7 (0.935 cm?) is
sufficient to offer the same power density as the SOFC-0?~ at
0.7V and 1200 K. When increasing the operating temperature,
the required resistance of SOFC-H™ has to be further decreased
due to a rapid decrease in the total resistance of SOFC-O>~.
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Fig. 7. Required total resistance of SOFC-H* with comparable SOFC-O>~
performance at various temperatures.

Considering the Pt|SCY|Pt SOFC-H* cell in this study, the
electrolyte, other and total resistances at 1200 K are 8.5, 20.2
and 28.7 Q cm?, respectively. It is seen that the expected value
of 0.935 © cm? cannot be achieved by only reducing the elec-
trolyte resistance. Both the electrolyte and the other resistances
need to be improved simultaneously. At T=1200K, the elec-
trolyte and the other resistances of the SOFC-H* are about 130
and 35 times, respectively, higher than those of the SOFC-0?~.
The high value of the other resistances of the SOFC-H™ is pos-
sibly because platinum is not a good ionic conductor although
it has high catalytic activity and high electronic conductivity
[31]. In addition, since the cermet structure is not applied for
the anode, the platinum is more likely to sinter rather than com-
pacted to the electrolyte at high temperature [32]. These lead to
low interfacial conductivity between the platinum electrodes and
the electrolyte. From these comparisons, significant efforts are
required to reduce both the electrolyte and the other resistances
of the SOFC-H" cell.

Because the electrolyte resistance depends on its thickness
and physical properties of material, it is possible to reduce
the resistance by reducing the electrolyte thickness and/or
using new materials with lower resistivity. Some materials
with high proton conductivity have been reported, for example,
BaCeo_gY04203 —« (BCY) and BaC€0_9Nd0.103 —a in which the
resistivities at 7=1200 K are 12.5 and 28.6 Q2 cm, respectively,
compared to 85.0 €2 cm for the SCY used in this study [13]. Fig. 8
shows the required electrolyte thickness for different values of
material resistivity of the electrolyte and the other resistance. It
is clear that for a given value of the other resistance, the higher
the material resistivity, the thinner the electrolyte is required. For
the currently available high proton conducting material of SCY,
when the electrolyte is reduced to a thickness as small as 150 pm
which is in the range of an electrode-supported cell for 8YSZ
[31], the other resistance should be reduced to 0.6 © cm? which
is approximately 1/33.7 that of the present value. To achieve the
expected value of the other resistance, the electrical conductiv-
ities and activity of the cathode and anode must be significantly
improved to replace the use of Pt. In addition, the interfacial
resistivity between electrolyte/anode and electrolyte/cathode
must be suppressed by a careful selection of material and suitable
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Fig. 8. Resistivity and thickness of proton-conducting electrolyte at various
values of the other resistances, r, (T=1200K, P=101.3 kPa, 400% excess air).

microstructure to enhance the triple-phase boundary. In addi-
tion, some other considerations such as mechanical strength,
chemical compatibilities and thermal expansion compatibilities
among the cell components need to be taken into account in the
cell development. However, it is unfortunate that most of these
data are currently not available. Therefore, considerable effort in
the development of an SOFC-H™ cell is necessary to eventually
commercialize this type of fuel cell.

4. Conclusions

Although the theoretical EMF and electrical efficiency of the
SOFC-H* are superior to those of the SOFC-O?", its actual
voltage and power density are much lower than those of the
SOFC-0?~ due to large resistance of the cell. It was calcu-
lated that in order to achieve an equivalent power density to
the SOFC-O?~, the total resistance of the SOFC-H* should be
reduced to 0.935  cm?, which is equal to 1/30.7 of the present
value (28.7 Q cm?), compared to the value of 0.628 Q2 cm? of
the SOFC-O%~ at 1200 K. Due to the superior theoretical per-
formance of the SOFC-H?, it is unnecessary to reduce the total
resistance of the SOFC-H* to the same value of the SOFC-
O~ It was found that the reduction of the electrolyte resistance
alone is not sufficient to reach the expected value of the total
resistance. Both the electrolyte and the other resistances need
to be improved simultaneously. The electrolyte resistance could
be improved by reducing the electrolyte thickness and/or find-
ing new materials with lower resistivity. When the electrolyte
thickness of SCY, the currently available high proton conduct-
ing material, is reduced to 150 pwm, in the range of an electrode
supported cell for 8YSZ, the other resistance should be reduced
t0 0.6 Q cm? (1/33.7 of the present value). It is clear that the suc-
cess of the SOFC-H* technology depends on the development
of improved cell components.
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