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Abstract

The theoretical performance of ethanol-fuelled solid oxide fuel cells (SOFCs) with oxygen ion conducting and proton conducting electrolytes are
presented in this paper. It was reported in a previous work that an SOFC with a proton conducting electrolyte (SOFC-H+) offers higher efficiency
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han an SOFC with an oxygen ion conducting electrolyte (SOFC-O2−). However, the study was based on the same steam-to-hydrocarbon feed
atio. Our previous work demonstrated the potential benefit of the SOFC-O2− over the SOFC-H+ in terms of a lower requirement for steam in the
eed. Therefore, in this article, this benefit is taken into account in the performance comparison. Influences of mode of operation (i.e. plug flow
PF) and well-mixed (WM)) on the performance of SOFCs were also investigated. In the PF mode, two feeding patterns (i.e. co-current (Co) and
ounter-current (CC)) were considered.

The results show that theoretical SOFC efficiencies depend on the type of electrolyte, mode of operation, inlet H2O:EtOH ratio and fuel utilization.
lthough it was found that the feeding pattern has an influence on EMF distribution along the cell, the average EMF is not affected. At the best

onditions for each type of SOFC, it was observed that SOFC-O2− yields a maximum efficiency at the minimum inlet H2O:EtOH ratio which is
he limit for carbon formation for each value of fuel utilization. On the other hand, in SOFC-H+, optimum inlet H2O:EtOH ratios are higher than
he limit of carbon formation. At the optimum conditions, the rank of the various SOFCs is as follows: SOFC-H+(PF) > SOFC-O2−(PF) > SOFC-

+(WM) > SOFC-O2−(WM) over the temperature range (1000–1200 K). No difference in SOFC efficiency between both feeding patterns was
bserved. It is clear from our theoretical studies that the SOFC-H+(PF) is the most promising SOFC system.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Fuel cells are currently regarded as the most promising tech-
ology for conversion of chemical to electrical energy. Solid
xide fuel cells (SOFC) have attracted considerable interest
s they offer the widest range of potential applications, pos-
ibility in operation with an internal reformer, and possessing
high system efficiency. Many fuels have been suggested for

se in SOFCs; however, among these, ethanol is considered
o be an attractive green fuel because of its renewability from
arious biomass sources including energy plants, waste mate-

∗ Corresponding author. Tel.: +662 218 6868; fax: +662 218 6877.
E-mail address: Suttichai.A@chula.ac.th (S. Assabumrungrat).

rials from agro-industries, forestry residue materials, and even
organic fractions from municipal solid wastes. They also offer
advantages related to natural availability and safety in storage
and handling.

There are a number of studies published dealing with the use
of ethanol for fuel cells. Ethanol was found to provide higher
electrical and overall efficiency than methane in a direct internal
reforming molten carbonate fuel cell (DIR-MCFC) [1]. Ther-
modynamic analysis of an indirect internal reforming molten
carbonate fuel cell (IIR-MCFC) revealed that among different
fuels (i.e. methane, methanol, and ethanol), ethanol presented the
highest power density and the highest cell voltage. At a constant
power density, ethanol allows the system to operate close to its
thermal equilibrium better than does methanol but not as well as
methane [2]. Tsiakaras and Demin [3] investigated performances
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Nomenclature

a inlet moles of ethanol (mol)
b inlet moles of steam (mol)
c extent of the electrochemical reaction of hydrogen

(mol)
E electromotive force of a cell (V)
F Faraday constant (C mol−1)
�H0 lower heating value of ethanol (J mol−1)
K equilibrium constant of the hydrogen oxidation

reaction (kPa−0.5)
ni number of moles of component i (mol)
pi partial pressure of component i (kPa)
pr,i relative partial pressure of component i
q electrical charge (A)
R gas constant (J mol−1 K−1)
T temperature (K)
Uf operating fuel utilization (%)
Uf,i, partial fuel utilization (%)
W electrical work (W)
x converted moles associated with reaction (1)

(mol)
y converted moles associated with reaction (2)

(mol)
z converted moles associated with reaction (3)

(mol)

Greek letters
η electrical efficiency (%)
ϕ potential (V)

Subscripts
a anode
c cathode

of SOFCs fuelled by products from different ethanol process-
ing; i.e. steam reforming, dry reforming, and partial oxidation
with air. The product from ethanol steam reforming showed the
highest maximum efficiency. Performances of external reform-
ing SOFCs (ER-SOFC) fed by different fuels, e.g. methane,
methanol, ethanol, and gasoline, were compared within a tem-
perature range of 800–1200 K [4]. It was observed that at low
temperatures, methane required a lower inlet steam:fuel ratio
to prevent unfavorable coke formation than did methanol and
ethanol. Nevertheless, at high temperatures the steam:fuel ratio
at the limit of coke formation for ethanol was the same as for
methane.

Although two types of electrolytes are possible for the SOFC
operation, an oxygen ion conducting electrolyte is more com-
monly used than a proton conducting electrolyte. Until now,
there are very few studies related to the use of the proton con-
ducting electrolytes in SOFCs in the open literature [5–8]. In
addition, all the studies of the ethanol-fed SOFCs employed
only the oxygen ion conducting electrolyte. Demin et al. [7]
reported an interesting result that an SOFC with a proton con-
ducting electrolyte (SOFC-H+) provides higher efficiency than

an SOFC with an oxygen ion conducting electrolyte (SOFC-
O2−) for the system fed with methane. The comparison study
was based on the same steam:methane feed ratio for both SOFC-
O2− and SOFC-H+. It was demonstrated in our previous work
that the steam requirement of SOFC-O2− is lower than that of
the SOFC-H+ because water produced from the electrochem-
ical reaction of hydrogen appears in the anode chamber [9].
Therefore, when the benefit from the lower steam requirement
in SOFC-O2− is taken into account, it is unclear whether the
SOFC-H+ still shows better performance than the SOFC-O2−.

In this study, the theoretical performance of ethanol-fuelled
SOFCs with two electrolytes in different modes of operation
(i.e. plug flow (PF) and well-mixed (WM)) were investigated.
Two feeding patterns of the PF mode (i.e. co-current (Co) and
counter-current (CC)) were also considered. The efficiencies of
SOFC-O2− and SOFC-H+ were compared, taking into account
the benefit from the lower steam requirement for SOFC-O2−.
This is important in determining whether future SOFCs should
be based on the use of the proton conducting electrolyte.

2. Theory

The reaction system involving the production of hydrogen
via ethanol steam reforming can be represented by the following
reactions [1]:
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2H5OH + H2O = 4H2 + 2CO (1)

O + H2O = H2 + CO2 (2)

O + 3H2 = CH4 + H2O (3)

Previous results confirmed that a gas mixture at thermody-
amic equilibrium contains only five components with notice-
ble concentration, e.g. carbon monoxide, carbon dioxide,
ydrogen, steam, and methane [10,11].

Two types of solid electrolytes can be employed in the SOFC,
.e. oxygen ion and proton conducting electrolytes. The reactions
aking place in the anode and the cathode can be summarized as
ollows.

Oxygen ion conducting electrolyte:

node : H2 + O2− = H2O + 2e− (4)

athode : 1
2 O2 + 2e− = O2− (5)

Proton conducting electrolyte:

node : H2 = 2H+ + 2e− (6)

athode : 2H+ + 1
2 O2 + 2e− = H2O (7)

The difference between both electrolyte types is the location
f the water produced. With the oxygen ion conducting elec-
rolyte, water is produced in the reaction mixture in the anode
hamber. In the case of the proton conducting electrolyte, water
ppears on the cathode side. The theoretical number of moles of
ach component at equilibrium is given by the following expres-
ions:

EtOH = a − x (8)
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nCH4 = z (9)

nCO = 2x − y − z (10)

nCO2 = y (11)

nH2 = 4x + y − 3z − c (12)

nH2O = b + c − y + z (for oxygen ion conducting electrolyte)

nH2O = b − y + z (for proton conducting electrolyte)
(13)

ntot =
6∑

i=1

ni (14)

The following three reactions are the most probable reactions
which lead to carbon formation in the reaction system.

2CO = CO2 + C (15)

CH4 = 2H2 + C (16)

CO + H2 = H2O + C (17)

The reactions take place under a carbon-free condition when
the carbon activities are less than one [10].

2.1. Electromotive force (EMF) calculations
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component i. The second terms of the right-hand side expres-
sion of Eqs. (19) and (20) are the Nerstian term comprising the
partial pressure of hydrogen, oxygen, and steam. It should be
noted that the partial pressures of steam for the SOFC-H+ and
the SOFC-O2− represent the values at the anode and the cathode,
respectively.

Typically, conventional SOFC operations are close to plug
flow mode in which the gas compositions vary along the length
of the cell. However, SOFCs can be operated under a well-mixed
mode by using a high recycle rate. In the PF mode, the feeding
pattern of fuel and air to the SOFC stack affects the composition
distribution and, consequently the, EMF distribution along the
SOFC cell. Two feeding patterns (i.e. co-current and counter-
current) were considered in this study. An average EMF (E)
in the PF mode can be determined by the numerical integra-
tion of EMF along the stack. It should be noted that the EMF
also depends significantly on the inlet H2O:EtOH ratio, oper-
ating temperature, and the fuel and air utilizations. To simplify
the calculations, it was assumed that the gas compositions in
the anode are at their equilibrium compositions along the stack.
Deviation from this equilibrium condition would result in lower
SOFC EMF values as less hydrogen was generated in the anode
chamber to compensate for the hydrogen consumed by the elec-
trochemical reaction. Therefore, the results shown in this work
represent the best performances for all SOFC cases. Details of
the calculations of the equilibrium composition were presented
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The EMF of a cell is the maximum possible voltage, which
rives charges around an electrical circuit in an SOFC. In prac-
ice, the actual voltage is less than this theoretical value due to
ctivation, ohmic, and concentration losses. In this article, only
he maximum possible voltage or EMF of the cell was consid-
red, neglecting all losses. The EMF can be calculated from a
ifference in potentials between both electrodes in the cell as
hown in Eq. (18).

= |ϕc − ϕa| (18)

here ϕc and ϕa are the potentials at the cathode and the anode,
espectively. The electrode potential can be calculated using the
ernst equation. Since the electrochemical reactions at the elec-

rodes are different, depending on the type of electrolyte, the
otential can be expressed as:

OFC − O2− : E = RT

4F
ln pr,O2

= −∆G

2F
− RT

2F
ln

PH2O,a

PH2,aP
0.5
O2,c

(19)

OFC − H+ : E = RT

2F
ln pr,H2

= −∆G

2F
− RT

2F
ln

PH2O,c

PH2,aP
0.5
O2,c

(20)

here pr,O2 and pr,H2 are relative oxygen partial pressure and
elative hydrogen partial pressure, respectively, R the universal
as constant, T the absolute temperature, F the Faraday’s con-
tant, �G the Gibb’s free energy and Pi the partial pressure of
n our previous work [9]. It should be noted that our calculations
ere compared with the results of Hernandez-Pacheco et al.

12] and found to be in good agreement. Using the same operat-
ng conditions (Uf = 80%, T = 1200 K and 100% hydrogen feed)
ur calculations gave an EMF of approximately 0.92 V whereas
ernandez obtained 0.9 V.

.2. SOFC efficiency

When a current is drawn from the SOFC, the maximum work
roduced by the SOFC can be calculated using the following
quation:

= qE (21)

here W is the electrical work from the SOFC and q is an
lectrical charge passing through the electrolyte. The electri-
al efficiency is defined as the ratio of electrical work produced
y the SOFC to the chemical energy of fuel fed to the SOFC.
herefore, the maximum SOFC efficiency is obtained from in

he following equation:

= qE

−�H0 × 100% (22)

here −�H0 is lower heating value of ethanol at standard con-
itions.

. Results and discussion

The influences of the mode of operation (plug flow and well-
ixed), feeding pattern (co-current and counter-current) and
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Fig. 1. Anode components’ partial pressure at different fuel utilization for
SOFCs with different types of electrolytes: (a) H+ electrolyte and (b) O2− elec-
trolyte (inlet H2O:EtOH = 3, T = 1200 K, P = 101.3 kPa, 400% excess air).

type of electrolyte on the partial pressure of each component
along the cell are studied. Fig. 1 shows the anode components’
partial pressure at different fuel utilizations (Uf) defined as the
moles of hydrogen consumed by the electrochemical reaction
divided by the maximum number of moles of hydrogen pro-
duced from ethanol (6 mol of hydrogen:1 mol of ethanol). The
inlet H2O:EtOH ratio is at the stoichiometic value of 3 and the
temperature is 1200 K. For the WM mode, the partial pressure
along the cell is equal to the value at the exit Uf due to the
well-mixed condition. In contrast, in the PF mode, the composi-
tion change along the cell is represented by the partial pressure
profiles from Uf of 0 to the exit Uf. The type of electrolyte
has a significant effect on the anode partial pressure as shown in
Fig. 1(a) and (b). The partial pressure of steam for the SOFC-H+

and SOFC-O2− are considerably different due to the different
location of steam generation. In the SOFC-H+ case, the partial
pressure of steam increases slightly with increasing Uf because
the total moles in the anode chamber decreases as hydrogen is
consumed. However, at high fuel utilizations, the partial pressure
of steam drops significantly because the hydrogen consumption
shifts the water–gas shift reaction and results in higher carbon
dioxide production as shown in Fig. 1(a). In contrast, for the
SOFC-O2− case, the partial pressure of steam increases dramat-

ically over the entire anode chamber due to the major effect of
electrochemical steam production at the anode side. The partial
pressure of hydrogen in the SOFC-H+ case is higher than that
in the SOFC-O2− case because there is no dilution effect of the
electrochemical steam at the anode side in the SOFC-H+ case.
It should be noted that there is a negligible amount of ethanol
and methane observed from the calculations due to the com-
plete reforming reaction and insignificant methanation at this
operating temperature.

As mentioned in the previous section, two feeding patterns
(i.e. SOFC-(PF-Co) and SOFC-(PF-CC)) were considered for
the PF mode. No difference in the profile of anode components’
partial pressure for different feeding patterns was observed
because it was assumed in our calculations that all anode com-
ponents are in equilibrium which relates to the fuel utilization
(Uf) along the anode chamber. Therefore, at the same operating
fuel utilization the profiles of anode components in both feeding
patterns are similar. In other words, the feeding patterns have no
effect on the profile of anode components’ partial pressure for
both electrolytes.

The influence of mode of operation, feeding pattern, and type
of electrolyte on the cathode components’ partial pressure at var-
ious fuel utilizations are shown in Fig. 2. The partial pressure
of oxygen in the SOFC-H+ case is always lower than that in
the SOFC-O2− case due to the presence of the electrochemical
steam at the cathode for the SOFC-H+. However, the differences
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re not significant due to high value of excess air (400%) used
n the calculations. It should be noted that 300–600% excess
ir is commonly used in SOFC operations for good heat man-
gement in SOFC cell stacks [13]. The mode of operation and
eeding pattern show a slight impact on the partial pressure of
xygen in the cathode. For the SOFC (PF-Co) cases, air is fed co-
urrently with the fuel. The partial pressure of oxygen decreases
hereas the partial pressure of steam increases (for the SOFC-
+ case) with increasing fuel utilization. The partial pressure
rofiles within the cell of the SOFC (PF-Co) cases are repre-
ented by the partial pressures between the fuel utilization at 0
nd the exit Uf; however, those of the SOFC (WM) correspond
o the value at the exit fuel utilization. In contrast, for the SOFC
PF-CC), air is introduced to the cathode entrance located at
he exit of the anode stream and, therefore, the partial pressure
rofile is different among different fuel utilizations. The partial
ressure of oxygen in the cathode is 0.21 atm at the entrance to
he cathode side and decreases along the cathode chamber until
he cathode exit located at the entrance of the anode feed.

From the obtained partial pressure profiles, the EMF at
ifferent fuel utilization for all SOFCs can be calculated using
qs. (18) and (19). From Fig. 3, it is shown that the EMF
istributions in all SOFC-H+ cases are higher than those in all
OFC-O2− cases. This can be explained by considering the
artial pressure of components involved in the Nerstian term
f Eqs. (19) and (20). Because the partial pressure of hydrogen
n the anode for the SOFC-H+ case is higher than that for the
OFC-O2− case due to no dilution effect of the electrochemical
team at the anode side in the SOFC-H+ case and the partial
ressure of steam in the cathode side for the SOFC-H+ case is
uch lower than that in the anode side for the SOFC-O2− case
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Fig. 2. Cathode components’ partial pressure at different fuel utilization for
SOFCs with different types of electrolytes for co-current (solid line) and counter-
current at 80% Uf (dashed line), 90% Uf (dotted line), 95% Uf (dashed dotted
line): (a) H+ electrolyte and (b) O2− electrolyte (inlet H2O:EtOH = 3, T = 1200 K,
P = 101.3 kPa, 400% excess air).

Fig. 3. EMF distribution along the SOFC-O2− and SOFC-H+ operated under PF
and WM modes for co-current (solid line) and counter-current at 80% Uf (dashed
line), 90% Uf (dotted line), 95% Uf (dashed dotted line): (a) H+ electrolyte
and (b) O2− electrolyte (inlet H2O:EtOH = 3, T = 1200 K, P = 101.3 kPa, 400%
excess air).

(see Figs. 1 and 2), the Nerstian term of the SOFC-O2− case
shows a more negative value than that in the SOFC-H+ case, and
consequently, the SOFC-H+ cell gives a higher EMF than does
the SOFC-O2− cell. It should be noted that the partial pressures
of oxygen in the cathode for both SOFCs are not taken into
account in the Nerstian term comparison due to the use of excess
air in the operation. The result confirms that the SOFC-H+ cell
has a higher performance than the SOFC-O2− cell when the
steam:fuel feed ratio is the same as reported earlier in other
system [7]. From Fig. 3, it is noticed that the feeding pattern has
a significant impact on the EMF distribution in the SOFC-H+

cell whereas only a slight effect is observed in the SOFC-O2−
cell. For the SOFC-H+ case, the value of EMF is strongly
dependent on both the partial pressures of oxygen and steam
in the cathode. The components’ partial pressures in the anode
are not considered as they are similar for both feeding patterns
as mentioned earlier. The feeding pattern significantly impacts
the partial pressure profile of steam in the cathode as shown
in Fig. 2(a) and, therefore, the EMF distribution is different
with different feeding patterns. For the SOFC-O2− case, the
value of the EMF depends on the partial pressure of oxygen
in the cathode, but it is not significantly dependent on the
feeding pattern due to the high excess air. Consequently, with
the same partial pressure profile in the anode, partial pressure
profile of oxygen in the cathode for both feeding patterns and
nearly identical, the observed values of the EMF are almost the
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ame. The average value of the EMF for the SOFC (PF) can be
btained by the numerical calculation of the EMF distribution,
hile the EMF of SOFC (WM) can be achieved directly from

he value at the corresponding fuel utilization. At 80% operating
uel utilization, the SOFC-H+(WM) and the SOFC-O2−(WM)
ield EMF of 0.92 and 0.80 V, respectively, whereas the average
alues of the EMF are 1.03 and 0.89 V for the SOFC-H+(PF)
nd the SOFC-O2−(PF), respectively. It was found that the
eeding pattern has no significant effect on the average EMF for
oth electrolytes although the EMF distributions are different.
he average EMF of SOFCs at a inlet H2O:EtOH ratio of 3 and
0% fuel utilization can be ordered as follows SOFC-H+(PF-
o) ≈ SOFC-H+(PF-CC) > SOFC-H+(WM) > SOFC-O2−(PF-
o) ≈ SOFC-O2−(PF-Co) > SOFC-O2−(WM).

Fig. 4(a) and (b) show the comparative results of average EMF
nd efficiency of SOFCs for various fuel utilizations, respec-
ively. From Fig. 4(a), it is clear that the SOFC-H+ provides
reater EMF than the SOFC-O2− for both PF and WM modes.
urthermore, it can be noticed that the WM mode results in a

ower EMF than the PF mode for both electrolytes because the
artial pressure of hydrogen in the WM mode is kept at its lowest
alue along the cell. In addition, there is no effect of feeding pat-
erns on the average EMF in SOFCs although EMF distribution
n both feeding patterns is different.

The electrochemical efficiency, η, is one indicator to
dentify the performance of fuel cells. The efficiency
alculated from Eq. (22) is shown in Fig. 4(b). The
fficiency increases in sequence SOFC-H+(PF) > SOFC-
+(WM) > SOFC-O2−(PF) > SOFC-O2−(WM); however, at
igh fuel utilization, the SOFC-O2−(PF) case shows a higher
fficiency than the SOFC-H+(WM) case. It is obvious that under
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Fig. 4. Performances of SOFC-O2− and SOFC-H+ operated under PF and WM
modes: (a) average EMF and (b) efficiency (inlet H2O:EtOH = 3, T = 1200 K,
P = 101.3 kPa, 400% excess air).

the same operation mode, the SOFC-H+ cell is superior to the
SOFC-O2− cell. This is in good agreement with the previous
work [7] which reported that the SOFC-H+ case gives a max-
imum efficiency 15% higher than that of the SOFC-O2− case
in the range of inlet H2O:CH4 ratio of 2.0–3.0. Furthermore, it
can be noticed that the feeding pattern has no influence on the
calculated efficiency of SOFCs for both types of electrolyte.

It was reported in our previous study [9] that the SOFC-O2−
cell can be operated at much lower inlet H2O:EtOH ratios than
the SOFC-H+ cell due to the difference in location of water
production. Therefore, in order to compare the performance of
SOFCs with different electrolyte types, it is necessary to take
this SOFC-O2− benefit into account in the calculations. The
influence of the inlet H2O:EtOH ratio on EMF and efficiency of
SOFCs is investigated.

Figs. 5 and 6 show the influence of the inlet H2O:EtOH ratio
on the EMF and efficiency of SOFCs at different fuel utilizations.
The inlet H2O:EtOH ratio is considered only in the range where
carbon formation is thermodynamically infeasible. The mini-
mum ratio for the SOFC-O2−(WM) and SOFC-O2−(PF) cells
is almost 0 and 1, respectively. However, the minimum ratio is
higher for the SOFC-H+ cell particularly at high fuel utilization

Fig. 5. Influence of inlet H2O:EtOH ratio on SOFCs average EMF at differ-
ent values of fuel utilization: (a) PF mode and (b) WM mode (T = 1200 K,
P = 101.3 kPa, 400% excess air).

for both modes of operation. The SOFC-O2−(WM) cell can be
operated without steam input because steam is produced from
the electrochemical reaction of hydrogen. It should be noted that
some steam is still needed in the feed during the start-up period
before the cell can be self-sustaining. For both SOFC-O2−(PF)
and SOFC-O2−(WM) cases, the EMF and efficiency decrease
with increasing inlet H2O:EtOH ratio. Therefore, their highest
values are at the limit of carbon formation for each value of
the fuel utilization. This indicates that the introduction of steam
into the cell decreases the EMF and efficiency due to hydro-
gen dilution. In the SOFC-H+(WM) and SOFC-H+(PF) cases,
the minimum inlet H2O:EtOH ratios are 1.9 and 3.2 at 80 and
90% fuel utilization, respectively. The greater fuel utilization
requires greater steam input. This is consistent with our previ-
ous work [9]. From Figs. 5 and 6, it is found that there is an
optimum steam input in the SOFC-H+ for both modes of oper-
ation at each fuel utilization. The introduction of steam initially
increases the EMF and efficiency but has the negative effect at
higher values. An appropriate inlet H2O:EtOH ratio should be
selected because steam is essential for the hydrogen production
from the ethanol steam reforming but, on the other hand, it also
acts as a diluent in the system. All optimum points found for
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Fig. 6. Influence of inlet H2O:EtOH ratios on SOFCs efficiency at differ-
ent values of fuel utilization: (a) PF mode and (b) WM mode (T = 1200 K,
P = 101.3 kPa).

each value of fuel utilization are beyond the limit of carbon for-
mation. Furthermore, it is confirmed that there is no influence
of feeding patterns on the EMF and efficiency for all ranges of
the inlet H2O:EtOH ratio.

By performing the calculations at various values of inlet
H2O:EtOH ratio and fuel utilization, it is possible to determine
the maximum efficiency and the corresponding conditions for
both SOFC-O2− and SOFC-H+ cells at each temperature level
as shown in Figs. 7–9. It is obvious that the maximum SOFC
efficiency follows the sequence of SOFC-H+(PF) > SOFC-
O2−(PF) > SOFC-H+(WM) > SOFC-O2−(WM) for all temper-
atures (1000–1200 K). The maximum efficiency for all cases
decreases with increasing temperature. This is consistent with
the decrease in the EMF due to Gibb’s free energy. The corre-
sponding inlet H2O:EtOH ratio is always approximately 0 for
the SOFC-O2−(WM). For the SOFC-O2−(PF), the correspond-
ing ratio is about 1.4 and 1 at 1000 and 1200 K, respectively. In
the case of the proton conducting electrolyte, the SOFC-H+(PF)
requires a lower inlet H2O:EtOH ratio than the SOFC-H+(WM).
For the SOFC-H+(PF), the corresponding inlet H2O:EtOH ratio
is about 3.5 at 1000 K and increases with increasing tempera-
ture. While that for the SOFC-H+(WM), is about 4.4 at 1000 K
and also increases when operating temperature increases. This

Fig. 7. Maximum efficiency of SOFC-O2− and SOFC-H+ at different operating
temperatures (P = 101.3 kPa, 400% excess air).

Fig. 8. Inlet H2O:EtOH ratio at maximum efficiency (P = 101.3 kPa, 400%
excess air).

is probably because the water–gas shift reaction is exothermic
and therefore more steam is required to move the reaction to the
right to produce hydrogen. The corresponding fuel utilization at
the maximum efficiency of the SOFC (PF) for both electrolytes
is almost constant at approximately 99% but it slightly decreases

Fig. 9. Fuel utilization at maximum efficiency (P = 101.3 kPa, 400% excess air).



18 W. Jamsak et al. / Chemical Engineering Journal 119 (2006) 11–18

for the SOFC (WM) in both electrolytes when the temperature
increases from 1000 to 1200 K.

From the above studies, it was found that although the ben-
efit of lower steam requirement in the SOFC-O2 is taken into
account in the calculations, the SOFC-H+ cell still shows higher
efficiency than the SOFC-O2− cell. This implies that the devel-
opment of SOFCs should be directed to the use of a proton
conducting electrolyte.

4. Conclusions

Thermodynamic analysis of ethanol-fuelled SOFCs using
proton and oxygen ion conducting electrolytes in different
modes of operation (plug flow and well-mixed) and feeding
patterns (co-current and counter-current) has been presented in
this article. At stoichiometric inlet H2O:EtOH ratios, the SOFC-
H+(PF) provides the highest EMF and efficiency among various
electrolytes and modes of operation. In order to compare the
theoretical performances of SOFCs with different electrolytes,
the benefit of reduced inlet steam requirement for the oxygen
ion conducting electrolyte is taken into account.

It was demonstrated from the theoretical calculations assum-
ing no polarization losses that the use of proton conducting
electrolytes is more attractive than the use of oxygen ion con-
ducting electrolytes. The SOFC-H+(PF) gives the highest effi-
ciency. Moreover, it was found that there is no influence of the
f
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