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bstract

This paper investigates the performance of ethanol-fuelled solid oxide fuel cells (SOFCs) with two types of solid electrolytes, namely oxygen ion-
onducting (SOFC-O2−) and proton-conducting electrolytes (SOFC-H+). Our previous work reported that the SOFC-H+ shows superior theoretical
erformance over the SOFC-O2− electrolyte. However, in this work when all resistances are taken into account, the actual performance of the
OFC-O2− (Ni-YSZ|YSZ|YSZ-LSM) becomes significantly better than that of SOFC-H+ (Pt|SCY|Pt). The maximum power density of the SOFC-
2− is about 34 times higher than that of the SOFC-H+ when operated at an inlet H2O:EtOH ratio of 3, a fuel utilization factor of 80% and a

emperature of 1200 K. Then the required values of the total resistance of the SOFC-H+ to achieve the same power density as the SOFC-O2−
+ +
ere 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

esistance to the same values as the one for SOFC-O2−. The study also indicates that reduction of only the electrolyte resistance is not sufficient
o improve the SOFC-H+ performance and, therefore, the other resistances including activation, electrodes and interconnect resistances need to be
educed 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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. Introduction

Fuel cells are considered to be the most promising technology
or chemical to electrical energy conversion. Solid oxide fuel
ells (SOFC) have attracted considerable interest as they offer
wide range of potential applications, possibility for operation
ith an internal reformer and high system efficiency. Many fuels
ave been suggested for use in SOFCs; among these, ethanol
s considered to be an attractive green fuel because it can be
roduced renewably from biomass, waste materials from agro-

ndustries, forestry residue materials, or even organic fractions
rom municipal solid waste. Ethanol also offers other advantages
elated to natural availability and safety in storage and handling.

∗ Corresponding author. Tel.: +66 2 218 6868; fax: +66 2 218 6877.
E-mail address: Suttichai.A@chula.ac.th (S. Assabumrungrat).

m
a
o
T
l
a
S

385-8947/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2007.03.003
; Losses

There are a number of published studies dealing with the use
f ethanol for producing hydrogen for use in fuel cells [1–7].
owever, only a few studies of ethanol utilization in SOFCs
peration have been undertaken. The performance of SOFCs
uelled by products from different ethanol processes, such as
thanol steam reforming, ethanol dry reforming and ethanol
artial oxidation with air were investigated. Ethanol steam
eforming showed the highest maximum efficiency for high
perating temperature [8]. The performance of external reform-
ng SOFC (ER-SOFC) with different fuels, such as methane,
ethanol, ethanol and gasoline, were compared over a temper-

ture range of 800–1200 K [9]. The maximum efficiency was
btained near the boundary of carbon formation for all fuels.

he highest efficiency was obtained from methane (96%) fol-

owed by ethanol (94%) and then methanol (91%). By using
n exergy-energy analysis, it was reported that the methane-fed
OFC provides higher efficiency than when ethanol is fed [10].

mailto:Suttichai.A@chula.ac.th
dx.doi.org/10.1016/j.cej.2007.03.003


188 W. Jamsak et al. / Chemical Engineeri

Nomenclature

E electromotive force (V)
Ea activation energy (kJ mol−1)
F Faraday’s constant (C mol−1)
i current density (A cm−2)
I current (A)
K equilibrium constant of hydrogen oxidation reac-

tion (kPa−0.5)
ni number of moles of component i (mol)
pi partial pressure of component i (kPa)
P power density (W cm−2)
r resistance (� cm2)
ract activation polarization area specific resistance

(� cm2)
re electrolyte area specific resistance (� cm2)
ro other area specific resistance (� cm2)
rtot total area specific resistance (� cm2)
R gas constant (J mol−1 K−1)
T temperature (K)
V voltage (V)
xi mole fraction of component i

Greek letters
δ thickness (cm)
ρ resistivity (� cm)

Subscripts
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Noticeably, most SOFC studies have employed oxygen-ion
onducting electrolytes although proton-conducting electrolytes
re also possible for SOFC operation. There are several studies
n the development of proton-conducting ceramic electrolytes
or high temperature applications [11–14]; however, these stud-
es mostly focus on the characterization of material properties,
uch as conductivities under various atmospheres. To date,
here are very few studies using proton-conducting electrolyte
n an SOFC operation [15,16]. The performance of SOFC
ith proton-conducting electrolytes (SOFC-H+) in Yb-doped
rCeO3 (SCY) electrolyte with platinum electrodes system
Pt|SCY|Pt) were investigated. The SOFC-H+ was tested with
arious fuels (H2 and CH4) and atmospheres (dry and wet) at
igh temperatures (873–1273 K). It was shown that the SOFC-
+ (dry-CH4) system provided the highest performance [16].
Theoretical performance comparisons of SOFCs with dif-

erent electrolytes revealed that the SOFC-H+ provides higher
fficiency than the SOFC with oxygen-ion conducting elec-
rolytes (SOFC-O2−) for a system fed with hydrogen and

ethane [17,18]. However, these studies were based on the
ame steam/methane feed ratio for the methane-fed case. It

as demonstrated in our previous work [19–21] that the steam

equirement for the SOFC-O2− is lower than that for the SOFC-
+ due to the presence of steam generated by the anodic

lectrochemical reaction. Therefore, the benefit from lower
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team requirements in the SOFC-O2− should be taken into
ccount in the comparison between the two processes. When
his benefit was considered, it was still observed that the SOFC-

+ yielded higher EMF and efficiency than the SOFC-O2−
22]. However, the calculations neglected the presence of actual
osses encountered in a real SOFC operation. Therefore, this arti-
le aims at comparing the actual performance of SOFCs with
ifferent electrolytes. Although it is well known that current
roton-conducting electrolytes have high resistivity and thus the
erformance of SOFC-H+ should be inferior to SOFC-O2−, it
s still necessary to determine the status of the SOFC-H+ tech-
ology compared to that of SOFC-O2−. In our previous work,
he theoretical performance of SOFC-H+ and SOFC-O2− was
ompared. Only the EMF and maximum theoretical efficiency
ere considered at that time and no losses were taken into

onsideration. In contrast, this study focuses on the actual per-
ormance of SOFC-H+ and SOFC-O2−. The losses in the SOFC
ell (e.g. activation losses and ohmic losses) are now considered.
he information from this theoretical study is also important in
etermining property targets (e.g. resistivity, electrolyte thick-
ess and other resistance) for SOFC-H+ in order to yield similar
erformance as the SOFC-O2−.

. Theory

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

2H5OH + H2O → 4H2 + 2CO (1)

O + H2O → H2 + CO2 (2)

O + 3H2 → CH4 + H2O (3)

revious results [24,25] confirmed that a gas mixture in ther-
odynamic equilibrium contains only five components of

oticeable concentration: carbon monoxide, carbon dioxide,
ydrogen, steam, and methane.

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

CO → CO2 + C (4)

H4 → 2H2 + C (5)

O + H2 → H2O + C (6)

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

c = KcpCO

pCO2

(7)
here Kc represents the equilibrium constant in Eq. (4) and pi

s the partial pressure of component i. The carbon formation
an take place when αc ≥ 1 [9,26]. In this study, conditions for
OFC operation under carbon formation were avoided.
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of ions passing through it. Ohmic resistances can be calculated
by using the following equations:

rohm,i = ρiδi (17)

Table 1
Parameters used in Eqs. (15) and (16)
W. Jamsak et al. / Chemical Eng

Two types of solid electrolytes can be employed; namely,
xygen-conducting and proton-conducting electrolytes, which
iffer in the location were water is produced. For the oxygen-
onducting electrolyte, water is produced in the anode chamber
hereas it appears in the cathode side for the proton-conducting

lectrolyte.

.1. Voltage calculations

.1.1. Electromotive force
The electromotive force (EMF) for different electrolytes can

e calculated as follows:

OFC-O2− : E = RT

4F
ln

pO2,c

pO2,a
(8)

OFC-H+ : E = RT

2F
ln

pH2,a

pH2,c
(9)

here pO2 and pH2 are oxygen and hydrogen partial pressures,
espectively, while the subscripts ‘a’ and ‘c’ represent anode
nd cathode, respectively. R is the universal gas constant, T the
bsolute temperature and F is the Faraday’s constant.

In SOFC-O2−, the partial pressure of oxygen in the cathode
hamber is calculated directly from its mole fraction whereas
he value in the anode chamber is calculated by assuming that
he oxygen content is in equilibrium with hydrogen and water.
ccordingly, the oxygen pressure in the anode chamber is deter-
ined from the following equation:

O2,a =
(

pH2O,a

KpH2,a

)2

(10)

here K is the equilibrium constant of the hydrogen oxidation
eaction.

In contrast, for the SOFC-H+, the partial pressure of hydrogen
n the anode chamber is determined directly from its mole frac-
ion while that at the cathode side is determined by assuming that
he hydrogen content is in equilibrium with oxygen and water.
ccordingly, the hydrogen pressure in the cathode chamber is

alculated from the following equation:

H2,c = pH2O,c

Kp
1/2
O2,c

(11)

Since the gas composition typically varies along the cham-
er, so does the local EMF. Accordingly, the average EMF (Ē)
s determined by numerical integration of the local EMF per unit
ell length. It should be noted that the EMF also depends signif-
cantly on the inlet H2O:EtOH ratio, operating temperature and
uel utilization. To simplify the calculations, it is assumed that
as compositions at the anode are at their equilibrium composi-
ions along the cell length. For the calculation of the equilibrium
omposition in the SOFCs the reader can refer to our previ-
us work [19–22]. However, it should be noted that a deviation
rom this equilibrium condition would result in lower EMF val-

es as less hydrogen was generated in the anode chamber to
ompensate for the hydrogen consumed by the electrochemical
eaction. Therefore, the results shown in this work represent the
est performances for all SOFC cases.

r

r
r
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In this paper, the electrochemical cells composed of Ni-
SZ|YSZ|YSZ-LSM and Pt|SCY|Pt are considered for the
OFC-O2− and the SOFC-H+, respectively. In this study, the
tate-of-the-art Ni-YSZ|YSZ|YSZ-LSM was chosen to repre-
ent SOFC-O2−. Pt|SCY|Pt was chosen for SOFC-H+ because
he SCY electrolyte is known as one of the classical proton
onducting materials with a high proton transport number [13].
ndeed it has high chemical stability and high proton conductiv-
ty at high temperatures.

.1.2. Actual voltage
In practice, there is a deviation between EMF and the actual

ell voltage (V) due to several losses (e.g. ohmic loss, activation
oss, etc.). The actual cell voltage (V) is determined as follows:

= E − irtot (12)

tot = re + ro (13)

o = ract + rohm,electrode + rohm,interconnect (14)

here i is the current density (A cm−2), rtot the total resistance
� cm2), re the electrolyte resistance (� cm2) and ro is the other
esistance (� cm2) including activation, electrodes and inter-
onnect resistances. In this article, it is assumed that fuels and
xidants are well-diffused in/out of the electrodes. Therefore,
he concentration losses can be ignored. This assumption is valid
hen the SOFC does not operate at too high current density.

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-O2−:

cathode : ract,c =
[

4F

RT
k(xO2,c)m exp

(
−Ea,c

RT

)]−1

(15)

anode : ract,a =
[

2F

RT
k(xH2,a)m exp

(
−Ea,a

RT

)]−1

(16)

where xO2,c and xH2,a are mole fractions of oxygen in
the cathode chamber and hydrogen in the anode chamber,
respectively. The parameters used in Eqs. (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].
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
act (� cm2) k (×10−5 A cm−2) Ea (kJ mol−1) m

act,c 14.9 160 0.25

act,a 0.213 110 0.25
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Table 2
Parameters of SOFC cell components in Eqs. (17) and (18)

Materials Parameters Thickness (�m)

α (� cm) β (K)

Anode (40% Ni/YSZ cermet) 2.98 × 10−5 −1,392 150
Cathode (Sr-doped LaMnO3:LSM) 8.11 × 10−5 600 2000
E 10−5 10,350 40
I × 10−3 4,690 100
P −5 5.5 × 10−3 1000
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lectrolyte (Y2O3 doped ZrO2:YSZ) 2.94 ×
nterconnect (Mg doped LaCrO3) 1.256
rotonic electrolyte (Yb doped SrCeO3:SCY) 7 × 10

with

ρi = αi e(βi/T ) (18)

where subscript i represents the cell component (i.e., elec-
trodes, electrolyte and interconnect), ρ the resistivity, δi the
thickness of component i, and α and β are the constants
specific to the materials. The parameters used in these calcu-
lations are adopted from Chan et al. [28] for the SOFC-O2−
and from Iwahara [13] and Salar et al. [16] for the SOFC-H+

and are shown in Table 2.

As the SOFC-H+ is not as developed as the SOFC-O2−, the
esistances of the components in the cell are not available in
he open literature. Consequently, the other resistance is derived
rom the deviation of the total resistance and the electrolyte
esistance. The values of the total resistance are obtained from
he literature [13]. It should be noted that the SOFC-O2− model
as verified by comparing the calculated maximum power den-

ity and its corresponding current density with the results from
ernandez-Pacheco et al. [29]. Small deviations between those

esults were observed, i.e., the maximum power density from the
alculation at the current density of 0.75 A cm−2 is 0.33 W cm−2

ompared to 0.30 W cm−2 as reported in the literature [29].

.2. SOFC electrical efficiency

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

= iV (19)

The electrical efficiency is defined as the ratio of electrical
ork produced by SOFC to the chemical energy contained in the

uel fed to the SOFC system as shown in the following equation:

= IV

nEtOH(LHVEtOH)
(20)

here I is the total current (A) determined by numerical integra-
ion of the local current density along the cell length, LHVEtOH
he lower heating value of ethanol at the standard condition
1235 kJ/mol) and nEtOH is the molar flow rate of ethanol fed
o the system.
. Results and discussion

Fig. 1 shows the main characteristics of SOFC performances
t different fuel utilizations for both SOFC-O2− and SOFC-H+.

p
u
S
i

ig. 1. Performance of SOFCs for various fuel utilizations: (a) SOFC-O
nd (b) SOFC-H+ (inlet H2O:EtOH ratio = 3, T = 1200 K, P = 101.3 kPa, 400%
xcess air).

he calculations were based on a feed with an H2O:EtOH ratio of
and temperature of 1200 K. The cell voltage decreases as the

urrent density increases due to increasing losses. The power
ensity initially increases with increasing the current density
nd drops at the higher values. For each value of fuel utilization,
here is an optimum current density that maximizes the power
ensity. The maximum power density decreases with increasing
uel utilization due to the effect of fuel depletion downstream.
he observed values of the maximum power density of the
OFC-O2− are within the range of the best value of 0.4 W cm−2

eported in the literature with an ethanol-fed system [30]. Fig. 1
lso shows that the value of the current density for which the
ower density is maximum is essentially insensitive to the fuel

tilization factor (at least in the range 70–90%) in the case of
OFC-H+. The insensitivity of power density to fuel utilization

n the case of SOFC-H+ is due to the very large ohmic resis-
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Fig. 5 shows the maximum power density and the correspond-
ing current density and inlet H2O:EtOH ratio at different fuel
utilizations. As expected, the maximum power density and the
W. Jamsak et al. / Chemical Eng

ance. The ohmic loss in the SOFC-H+ electrolyte overshadows
ll other losses and since it is independent of the fuel utilization
here is almost no difference in cell voltage for the different fuel
tilizations, as seen in Fig. 1(a). As a consequence, the obtained
aximum power density is insensitive to fuel utilization. For the
OFC-O2−, the current density for which the power density is
aximum decreases as the fuel utilization factor increases.
Performance comparisons between the two ethanol-fed

OFCs show that the SOFC-H+ results in an EMF of around
.01 V whereas it is approximately 0.89 V for the SOFC-O2−. It
s clear that the performance of SOFC-H+ is theoretically supe-
ior to that of SOFC-O2−, which is in good agreement with
revious reports on SOFCs fed with H2 and CH4 [17,18] and
thanol [22]. The difference in the EMF between the SOFCs
ith different types of electrolytes is mainly due to the location
f the steam generated by the electrochemical reaction, whether
t is at the anode side for the SOFC-O2− or at the cathode side for
he SOFC-H+. However, for an actual operation, losses strongly
ffect the performances of the SOFCs. It is clearly seen from
ig. 1 that the SOFC-H+ does not perform as well as the SOFC-
2−. The voltage in the SOFC-H+ decreases significantly faster

han that of the SOFC-O2− as the current density increases,
nd the resulting maximum power density for the SOFC-H+ is
pproximately 34 times lower than that of the SOFC-O2−.

Another important indicator representing SOFC performance
s the electrical efficiency defined in Eq. (20). The values of
he electrical efficiencies at various current densities and fuel
tilizations are illustrated in Fig. 2. When operating at a con-
tant fuel utilization, the efficiency decreases with the increasing
urrent density. The SOFC-H+ can be operated over a much
maller range of current density than the SOFC-O2− due to its
igher losses. The maximum or theoretical efficiency is obtained
hen the current density approaches zero. At this condition,

he SOFC-H+ yields a higher efficiency than the SOFC-O2−
lthough it is not a practical operating condition as the power
ensity is very low and, therefore, a large cell area would be
equired. When the fuel utilization increases, the efficiency
ncreases although the opposite trend may be observed at high
urrent densities, which yield low efficiency. It should be noted
hat the selection of suitable operating fuel utilization and current
ensity is important as they influence the electrical efficiency
nd the power density, which are among the key parameters to
valuate SOFC performance.

The feed composition is another important parameter to be
onsidered. From our previous work [22], it was reported that
he SOFCs with different electrolytes required different inlet

2O:fuel ratios to obtain their maximum EMFs. The effect of
nlet H2O:EtOH ratio on the voltage and power density is shown
n Figs. 3 and 4, respectively. In the calculations, the fuel utiliza-
ion was kept at 80% which is a typical operating condition used
n the literature [27,29]. The inlet H2O:EtOH ratio starts from its
oundary of carbon formation which can be determined by fol-
owing the procedure illustrated in our previous work [19–21].

t was found that the SOFC-O2− yields the maximum voltage
nd power density at the boundary of carbon formation whereas
hose of the SOFC-H+ are found at a ratio beyond the boundary
f carbon formation. In order to compare the performance of

F
(

ig. 2. Efficiency of SOFCs for various fuel utilizations: (a) SOFC-O2− and (b)
OFC-H+ (inlet H2O:EtOH ratio = 3, T = 1200 K, P = 101.3 kPa, 400% excess
ir).

he SOFCs with different types of electrolytes, the best perfor-
ance of each SOFC should be considered. The current density,
2O:EtOH ratio and fuel utilization were varied to determine
alues which yield the highest power density for each type of
ig. 3. Influence of inlet H2O:EtOH ratio on voltage at various current densities
T = 1200 K, P = 101.3 kPa, Uf = 80%, 400% excess air).
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ig. 4. Influence of inlet H2O:EtOH ratio on power density at various current
ensities (T = 1200 K, P = 101.3 kPa, Uf = 80%, 400% excess air).

orresponding current density decrease with an increase in fuel
tilization due to the effect of fuel depletion. Considering the
orresponding values of the inlet H2O:EtOH ratio, it can be
oticed that for the SOFC-O2− the values are independent of fuel
tilization whereas it increases with increasing fuel utilization
or the SOFC-H+. The results can be explained by consider-
ng the influence of fuel utilization on the boundary of carbon
ormation. For the SOFC-O2− case, the optimum H2O:EtOH
atio is at the boundary of carbon formation. The fuel utilization

oes not affect the boundary of carbon formation because the
ritical condition for carbon formation occurs at the feed inlet
n which the value of fuel utilization is zero. The possibility

ig. 5. Maximum power density of SOFC and their corresponding conditions
inlet H2O:EtOH ratio and current density) at various fuel utilizations: (a) SOFC-

2− and (b) SOFC-H+ (T = 1200 K, P = 101.3 kPa, 400% excess air).
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ig. 6. Influences of total resistance on the performance of SOFC-H+ compared
ith that of SOFC-O2− (T = 1200 K, P = 101.3 kPa, 400% excess air).

or carbon formation becomes less severe when more hydrogen
s consumed, i.e., higher fuel utilization, yielding water which
elps suppress carbon formation. However, for the SOFC-H+

ase, at high fuel utilization, more hydrogen disappears without
enefiting from the steam generated from the electrochemical
eaction in the anode gas mixture, leading to higher possibility
or carbon formation. Therefore, higher inlet H2O:EtOH ratios
re required to thermodynamically suppress carbon formation.
rom the results shown in Fig. 5, it is clear that the best per-
ormance of SOFC-H+ is still lower than that of SOFC-O2−
or the entire range of fuel utilization, which confirms that the
OFC-H+ does not show great promise, at least with the current
xtremely high resistance in SOFC-H+.

To enhance the performance of SOFC-H+, it is obvious that
he resistance of the cell must be reduced due to the sudden
rop in voltage. Fig. 6 depicts the influence of the total resis-
ance of the SOFC-H+ cell on the cell performances at 1200 K.
t should be noted that the total resistance is termed as the sum-
ation of electrolyte resistance and the other resistances. In this

ection, the reduction time is defined as the ratio by which the
otal resistance is reduced compared to the current value. The
ashed line represents the values of the SOFC-O2−. Obviously,
he total resistance is an important factor for improving the per-
ormance of SOFC-H+. Higher power density can be obtained
hen decreasing the total resistance. It was found that when

he total resistance of the SOFC-H+ is reduced to 1/45.6 of the
resent value (28.7 � cm2), which would be equal to the total
esistance of the current SOFC-O2− (0.628 � cm2), the perfor-
ance of the SOFC-H+ is better than that of the SOFC-O2−. It

s clear that due to the superior theoretical performance of the
OFC-H+, it is unnecessary to reduce the total resistance of the
OFC-H+ to the level of that of the SOFC-O2−. The total resis-

ance in the SOFC-H+, which yields an equivalent power density
s the SOFC-O2− is presented in Fig. 7 as function of tempera-
ure. It can be seen that a reduction by 1/30.7 (0.935 � cm2) is
ufficient to offer the same power density as the SOFC-O2− at

.7 V and 1200 K. When increasing the operating temperature,
he required resistance of SOFC-H+ has to be further decreased
ue to a rapid decrease in the total resistance of SOFC-O2−.
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ig. 7. Required total resistance of SOFC-H+ with comparable SOFC-O2−
erformance at various temperatures.

Considering the Pt|SCY|Pt SOFC-H+ cell in this study, the
lectrolyte, other and total resistances at 1200 K are 8.5, 20.2
nd 28.7 � cm2, respectively. It is seen that the expected value
f 0.935 � cm2 cannot be achieved by only reducing the elec-
rolyte resistance. Both the electrolyte and the other resistances
eed to be improved simultaneously. At T = 1200 K, the elec-
rolyte and the other resistances of the SOFC-H+ are about 130
nd 35 times, respectively, higher than those of the SOFC-O2−.
he high value of the other resistances of the SOFC-H+ is pos-
ibly because platinum is not a good ionic conductor although
t has high catalytic activity and high electronic conductivity
31]. In addition, since the cermet structure is not applied for
he anode, the platinum is more likely to sinter rather than com-
acted to the electrolyte at high temperature [32]. These lead to
ow interfacial conductivity between the platinum electrodes and
he electrolyte. From these comparisons, significant efforts are
equired to reduce both the electrolyte and the other resistances
f the SOFC-H+ cell.

Because the electrolyte resistance depends on its thickness
nd physical properties of material, it is possible to reduce
he resistance by reducing the electrolyte thickness and/or
sing new materials with lower resistivity. Some materials
ith high proton conductivity have been reported, for example,
aCe0.8Y0.2O3 − α (BCY) and BaCe0.9Nd0.1O3 − α in which the

esistivities at T = 1200 K are 12.5 and 28.6 � cm, respectively,
ompared to 85.0 � cm for the SCY used in this study [13]. Fig. 8
hows the required electrolyte thickness for different values of
aterial resistivity of the electrolyte and the other resistance. It

s clear that for a given value of the other resistance, the higher
he material resistivity, the thinner the electrolyte is required. For
he currently available high proton conducting material of SCY,
hen the electrolyte is reduced to a thickness as small as 150 �m
hich is in the range of an electrode-supported cell for 8YSZ

31], the other resistance should be reduced to 0.6 � cm2 which
s approximately 1/33.7 that of the present value. To achieve the
xpected value of the other resistance, the electrical conductiv-

ties and activity of the cathode and anode must be significantly
mproved to replace the use of Pt. In addition, the interfacial
esistivity between electrolyte/anode and electrolyte/cathode
ust be suppressed by a careful selection of material and suitable

o
o

ig. 8. Resistivity and thickness of proton-conducting electrolyte at various
alues of the other resistances, ro (T = 1200 K, P = 101.3 kPa, 400% excess air).

icrostructure to enhance the triple-phase boundary. In addi-
ion, some other considerations such as mechanical strength,
hemical compatibilities and thermal expansion compatibilities
mong the cell components need to be taken into account in the
ell development. However, it is unfortunate that most of these
ata are currently not available. Therefore, considerable effort in
he development of an SOFC-H+ cell is necessary to eventually
ommercialize this type of fuel cell.

. Conclusions

Although the theoretical EMF and electrical efficiency of the
OFC-H+ are superior to those of the SOFC-O2−, its actual
oltage and power density are much lower than those of the
OFC-O2− due to large resistance of the cell. It was calcu-

ated that in order to achieve an equivalent power density to
he SOFC-O2−, the total resistance of the SOFC-H+ should be
educed to 0.935 � cm2, which is equal to 1/30.7 of the present
alue (28.7 � cm2), compared to the value of 0.628 � cm2 of
he SOFC-O2− at 1200 K. Due to the superior theoretical per-
ormance of the SOFC-H+, it is unnecessary to reduce the total
esistance of the SOFC-H+ to the same value of the SOFC-

2−. It was found that the reduction of the electrolyte resistance
lone is not sufficient to reach the expected value of the total
esistance. Both the electrolyte and the other resistances need
o be improved simultaneously. The electrolyte resistance could
e improved by reducing the electrolyte thickness and/or find-
ng new materials with lower resistivity. When the electrolyte
hickness of SCY, the currently available high proton conduct-
ng material, is reduced to 150 �m, in the range of an electrode
upported cell for 8YSZ, the other resistance should be reduced
o 0.6 � cm2 (1/33.7 of the present value). It is clear that the suc-
ess of the SOFC-H+ technology depends on the development
f improved cell components.
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