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Abstract

A comparison is made of the performances of methanol-fuelled solid oxide fuel cells (SOFCs) with different types of electrolyte (i.e.,
oxygen ion- and proton-conducting electrolytes) and flow patterns (i.e., plug flow (PF) and mixed flow (MF)). Although it was demonstrated
earlier that, under the same inlet steam:methane ratio, an SOFC with a proton-conducting electrolyte {(P@EEGrddynamically offers
higher efficiency than one with an oxygen ion-conducting electrolyte (SOFQ-the benefit of a lower steam requirement for the SOFC-O
was not taken into account. Therefore, this study attempts to consider the benefit of differences in the steam requirement on the performanc
of SOFCs operated with different electrolytes and flow patterns. The efficiencies under the best conditions are compared in the temperatur
range of 900-1300K. It is found that the maximum efficiencies decrease with increasing temperature and follow the sequencé: SOFC-H
(PF)>SOFC-6& (PF)>SOFC-H (MF) > SOFC-G~ (MF). The corresponding inlet}:MeOH ratios are at the carbon formation boundary
for the SOFC-®- electrolyte, but are about 1.3-1.5 times the stoichiometric ratio for the SOFG-id clearly demonstrated that the PF
mode is superior to the MF mode and that, although the benefit from the lower steam requirement is realized for thé S@Q&e of
the proton-conducting electrolyte in the SOFCs is more promising.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Methanol is preferable given its availability, high energy den-
sity and ready storage and distribution [2,3], as well as the
The solid oxide fuel cell (SOFC) is a promising technol- claim [4] that methanol can be injected directly onto an-
ogy for electrochemical power generation. Due to its high odes without serious carbon blockage [4]. In operation, the
operating temperature, the SOFC offers the prospect of aSOFC can use either an oxygen ion-conducting electrolyte
wide range of applications, flexibility of fuel choices and the or a proton-conducting electrolyte. Most current research
possibility of operation with an internal reformer. Among efforts have been focusing on the SOFC with the oxygen
the various possible fuels, i.e., methane, methanol, ethanolion-conducting electrolyte (SOFC20) rather than with the
and gasoline, both ethanol and methanol have been reportegroton-conducting electrolyte (SOFCtH A number of re-
[1] to offer high electromotive force output and efficiency. cent studies on advanced SOFC operations, such as develop-
ment of intermediate temperature-SOFCs [5] and the integra-
* Corresponding author. Tel.: +662 218 6868; fax: +662 218 6877. tion_ of SOFCs with intercool gas _turbines [6] . are still based
E-mail address: Suttichai.A@chula.ac.th (S. Assabumrungrat). mainly on the use of the oxygen ion-conducting electrolyte.
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In the performance comparisons among the SOFCs with dif-

Nomenclature ferent types of electrolyte, the differences in the steam re-
quirement should be taken into account as it is generally
E electromotive force of a cell (V) known that extra steam can act as a diluent and lower the
F Faraday constant (C not) SOFC efficiency. Therefore, it remains unclear whether the
AH®  lower heating value of methanol (J%9 SOFC-H is superior to the SOFCD.
K equilibrium constant of the hydrogen oxida- It is the objective of this study to compare the perfor-
tion reaction (kPa’*®) mances of DIR-SOFCs with different electrolytes (i.e., oxy-
pi partial pressure of componeintkPa) gen ion- and proton-conducting electrolytes) and flow pat-
q electrical charge (A) terns (i.e., plug flow (PF) and mixed flow (MF)) by taking
R gas constant (Jmot K1) into account the benefit from the differences in their steam
T temperature (K) requirement. The flow pattern should be considered because
Ut fuel utilization (%) it affects both the steam requirement of the system, particu-
w electrical work (W) larly for the SOFC-&, and the cell performance. The in-

formation obtained from this work is important for deter-

Greek letters . mining whether research into fuel cell development should
¢ potential (\./). be directed towards the system using the proton-conducting
n system efficiency (%) electrolyte.

Subscripts

a anode

c cathode 2. Theory

The reactions involved in the production of hydrogen from
methanol steam-reforming can be represented by Egs. (1)—(3)
Some research efforts have been carried out to comparg11,12], i.e.,
the performances of SOFCs with different electrolytes. Ther-
modynamic analysis reveals that the SOFtsHows higher ~ CH3OH = 2H, + CO (methanol decomposition) 1)
efficiency for the conversion of chemical energy to electrical . .
power than the SOFC for systems fed by hydrogen [7]. CO + H20 = Hz + CO, (water gas shift reaction)  (2)
The same conclusion has also peen reached for methanecq | 3H, — CHy + H,0 (methanation) A3)
fuelled SOFCs [8]. The comparisons were, however, per-
formed under the same inlet steam:methane ratio [8]. Our The reactions taking place at the anode and the cathode for
previous work employed thermodynamic analysis to deter- the two types of electrolyte can be summarized as follows:
mine the carbon formation boundary for a direct internal- SOFC-G—:
reforming (DIR) SOFC fed by methanol [9] and found that
the SOFC-B~ is more attractive than the SOFC:ihterms ~ anode : H+ 0% = H,0 + 26 (4)
of a lower steam requirement at the feed to the anode due to i _ _
the simultaneous formation of steam by the electrochemical cathode : @+ 4e” = 207 ©)
reaction of b and G SOFC-H
The difference in the steam requirement among both types

of SOFC is particularly pronounced at high values of the anode : H= 2H" 4 2¢e~ (6)
extent of the electrochemical reaction. The effect of the
SOFC operation modes (i.e., external reforming (ER), in- Cathode : 2H + 30, + 2&~ = H,0 ()
direct internal-reforming (IIR) and direct internal-reforming
(DIR)) on the steam requirement at the carbon formation
boundary has been investigated for SOFCs fed by methan
[10]. It was found that when using the SOFCG-Q the
ER-SOFC and the IIR-SOFC show the same values of the
steam:methane ratio at the carbon formation boundary, inde-
pendent of the extent of electrochemical reaction. By con-
trast, due to the presence of extra steam from the electro-f _
chemical reaction at the anode chamber, the DIR-SOFC can
be operated at lower values of the steam:methane ratio comwhere ¢ and ¢, are the potentials of the cathode and the
pared with the other modes. For the SOFC-the required anode, respectively. The electrode potential can be calculated
steam:methane ratios are higher than those for the SOFC{rom Nernst equation. Because the electrochemical reactions
O?~, but they are independent of the SOFC operation modes.at the electrodes are different, depending on the electrolyte

As seen from the above equations, it should be noted that
water is produced in the anode chamber for the SOFC-O
ebut in the cathode chamber for the SOFC-H

The electromotive forceH) of a cell is the difference in
the potential of the two electrodes. Thus, the electromotive
force can be represented as follows:

loc — @al ®)
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type, the potential can be expressed as follows: wheregis the electrical charge passing through the electrolyte
RT andAH?Y is the lower heating value (LHV) of methanol at the
SOFC-G~: ¢= <> In po, 9) standard condition.
4F It should be noted that the assumption of the equilibrium
RT state of gas compositions along the flow channel may be
SOFC-H : ¢= <2F> In ph, (10) reasonable because the rates of methanol steam-reforming

and the water gas shift reaction are fast, particularly at high
wherep; is the partial pressure of componémtthe universal  temperature [13-16]. Several researchers reported that the
gas constant; the absolute temperature aRds the Faraday  conversion of methanol from the methanol steam-reforming
constant. always close to 100% when the operating temperature above
For SOFC-G, the partial pressure of oxygen in the cath- 573K is applied [13-15]. Moreover, at 1173 K, methanol
ode chamber is calculated from its mole fraction, while the steam-reforming has been reported [16] to occur homoge-
following equation is used to determine the partial pressure nously and reach equilibrium. Deviation from this equilib-

of oxygen in the anode chamber. rium condition would result in lower values of the electromo-
P tive force and the efficiency of SOFCs as less hydrogen would
po, = (szo> (11) be generated in the anode chamber to compensate for the hy-
Kpw, drogen consumed by the electrochemical reaction. Therefore,

the results shown in this work represent the best performances

For the SOFC-H, the partial pressure of hydrogen in the
for all SOFC cases.

anode chamber is calculated from its mole fraction, while the
partial pressure of hydrogen in the cathode is given by:

PH, = P Hij)z (12) 3. Results and discussion
K Po,

The efficiency and electromotive force at different fuel
utilizations for methanol-fuelled SOFCs with different elec-
trolyte types and flow patterns are shown in Fig. 1. The inlet
steam:methanol ($0:MeOH) ratio is at the stoichiometric
value of 1 for all SOFCs. The fuel utilizatioby, is defined as
the moles of hydrogen consumed by the electrochemical re-
action divided by the maximum moles of hydrogen produced
from the methanol steam-reforming (3 mol of hydrogen per
' 1 mol of methanol). As can be seen from Fig. 1(a), efficien-
cies increase with increasing fuel utilization for all SOFCs
because more hydrogen is utilized for electrical power pro-
duction. At high fuel utilization, however, the efficiencies of
the SOFCs with the MF mode decrease, which corresponds

the SOFC stack due to the distribution of gas compositions to a sharp drop in the electromotive force observed in the MF
: de (Fig. 1(b)). Although itis typical that the elect ti
along the flow channels in both the anode and the cathodemo e (Fig. 1(b)) ougnitis typicalthat Ihe Sleciromotive

) ) = ) force decreases with increasing fuel utilization as the hydro-
sectlons.Th'e average e!ectromotwe fO@‘(?‘” b.e obtained gen partial pressure becomes smaller at higher fuel utiliza-
from nume_nca! Integration Of. the gas d'Str'bUt'on. {;\Iong the tion, the flow characteristics of the PF mode allow the elec-
stack. To simplify the calculation, the ga_s_co_mposmons Qt_‘he tromotive force to decrease gradually along the flow channel.
anode are assumed to reach their equilibrium compositions

| h K The calculati d £ih fibri Consequently, the PF mode provides a higher average elec-
alongthe stack. The calculation procedures ofthe equiliorium ., e force than the MF mode in which the electromo-

\(/:v%rpkp[ogﬁmons in SOFCs have been described in our PreVIOUS;ive force is at its minimum value over the entire cell area.

When current is drawn from the SOFC cell. the maximum It should be noted that although both ideal flow modes are

: not achieved in real operations, experimental SOFCs using
ele_cjmcal work W) produced t_)y the SOFC_ and the systgm tubular and planar cells show behaviour close to the PF and
efficiency @) defined as the ratio of the maximum conversion MF modes, respectively
of the chemical energy of the fuel fed in the SOFC system ' y

to electrical K lculated f £ 13 d (14 At present, most experimental studies related to the in-
rgsijggtir\llce::?y work, are calculated from Egs. (13) and (14), vestigation of SOFC performance are based on systems that

use an oxygen ion-conducting electrolyte, and experimental

In Egs. (11) and (12)K is the equilibrium constant of the
hydrogen oxidation reaction.

Regarding the possible SOFC configurations, gas flow
within the flow channels of the SOFC stack can be classi-
fied broadly into two ideal flow patterns, i.e., plug flow and
mixed flow. The formeris characterized by the fact thatthe gas
mixture moves orderly through the channel with no element
of the gas mixing with any other element ahead or behind
whereas with mixed flow the contents are well-mixed and
uniform throughout. Although most typical SOFCs are oper-
ated under a condition close to the PF mode, the MF mode
can be realized by using a high recycle rate.

Inthe PF mode, the electromotive fordg thanges along

W =gE (13) comparison of SOFC performance for the two flow patterns
_ at the same operating condition is not available in the liter-
7 qE % 100% (14) ature. According to Veyo and Forbes [17], an efficiency of

~ ZAHO 66—70% was achieved at 85% fuel utilization when pure hy-
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Fig. 1. Performance of SOFC20 and SOFC-Hi operated under plug flow Fig. 2. Influence of inlet HO:MeOH ratio on SOFC performance at fuel
(PF) and mixed flow (MF): (a) efficiency; (b) electromotive force (inlet utilization of 90% (solid line) and 99% (dashed line): (a) efficiency; (b)
H,0:MeOH=1,T7=1300K,P =101.3kPa). electromotive forcel= 1300 K,P =101.3kPa).

drogen was used as a fuel in a tubular SOFC. At the same According to the above analysis for SOFCs with differ-
level of utilization, the data in Fig. 1(a) show that the effi- ent electrolyte types and flow patterns under the same inlet
ciency is reduced to 65% if methanol is fed to the system H,O:MeOH ratio, it is demonstrated that the SOFC with the
and a SOFC-& (PF) combination is used. The information proton-conducting electrolyte operated under the PF mode
obtained has strengthened the fact that operation with pure(SOFC-H (PF)) is the most favourable choice. Our previous
hydrogen fuel yields higher efficiency than using any fuel of work [9] has shown, however, that the steam requirement to
an equivalent amount. In addition, when methane was fed tooperate the SOFC without carbon formation for the SOFC-
a planar SOFC, at a methane utilization of 86% an efficiency 0%~ is lower than that of the SOFC*HThus, it is important
of 53.6% was obtained [18], which is close to the value of to take into account this benefit in efficiency comparisons be-
55% if methanol is applied in place of methane in our study tween different SOFCs. The effect of the inles®tMeOH
(SOFC-G~ (MF)). ratio on the efficiency and electromotive force of the SOFC
The results in Fig. 1 also show that the SOFC-¢ffers at the fuel utilizations of 90% (solid lines) and 99% (dashed
higher efficiency than the SOFCZ20 for both flow pattern lines) is presented in Fig. 2. The minimum inlet®tMeOH
modes. This is in good agreement with previous results ob- ratios represent values at the carbon formation boundary. De-
tained for SOFCs fuelled by hydrogen [7] and methane [8]. tails of the calculations for the carbon formation boundary in
The electrolyte type plays an important role on the value of each operating mode have been described in our earlier work
the hydrogen partial pressure in the anode side and, therefore[9]. It was found that the SOFC2D can be operated at the
on the electromotive force and efficiency of the SOFC. The carbon-free condition without a requirement for extra steam
partial pressure of hydrogen for the SOFC-id relatively in the methanol feed, and both the efficiency and electromo-
higher than that for the SOFC20 because the water gener- tive force decrease with an increase in the inleOMeOH
ated from the electrochemical reaction is present and acts agatio. Therefore, an addition of steam in the feed lowers the
an inert gas at the anode side for the SOFE-Quhereas it performance of the SOFC20. For the SOFC-H, the in-
appears at the cathode side for the SOFC{Hs noted that let HO:MeOH ratios at the carbon formation boundary are
when pure hydrogen is fed to the anode, the mole fraction of higher than those for the SOFC%Q particularly at high fuel
hydrogen in the anode chamber is always unity along the cell utilization, and the effect of the inletd®:MeOH ratio on the
length for the SOFC-H SOFC performance is less pronounced. As the water from
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100 ' I ISOFIC-H+(FI’F) I ' the SOFC-B~ (MF), respectively, when the temperature is

- 1 increased from 900 to 1300 K. From these results, it is obvi-
\ ous that the proton-conducting electrolyte is more preferable
| SOFC-O"(PF) 1 for use in SOFCs. In addition, the PF mode is better than the
N MF mode. The SOFC-Hprovides approximately 7.7—10.6%
SOFC-H'(MF) higher efficiency than the SOFC20with the same flow pat-

1 tern mode in the range of temperature studied. The maximum
efficiency for all cases decreases with increasing temperature.
This is in good agreement with the decrease in electromotive
60 . . . . force due to the thermodynamic Gibb’s free energy.

900 1000 1100 1200 1300 From the above studies, itis found that although the benefit
Temperature (K) of lower steam requirement is taken into account in the calcu-

lations for the SOFC-&, the SOFC-Hi still shows higher

Fig. 3. Maximum efficiency of different SOFCs at different operating tem-  efficiency than the SOFC4 for both the PF and the MF
peraturesg =101.3kPa). modes. This implies that the development of SOFCs should
be directed towards the use of the proton-conducting elec-

he el hemical o datth hode sid trolyte. It should also be noted, however, that this study has
the electrochemical reaction is generated at the cathode siAe, "y en into account all the losses presented in real SOFC
additional steam is required in the methanol feed at the anode

id hvd duction. On the other hand operation and, therefore, it will be the aim of our next inves-
side FO promote lydrogen pro uction. On the other nand, Ezx'tigation to consider these losses when undertaking efficiency
cessive steam will reduce the hydrogen concentration of the

gas mixture at the anode side comparisons. The SOFC*Hallows the cell to reach easily a

high hydrogen utilization without an additional effort to sep-
As it has been found that the SOFC performance is de- 'gn hyarogen Littization withou " P

d fuel utilizati dinl "MeOH ratio. it i arate steam from the anode gas and circulate it back to the
pendent on fuel utilization and inletd®:MeOH ratio, it is cell as required for the SOFCZ0.

possible to determine the maximum efficiency and the corre-
sponding conditions for all SOFC cases at a specified temper-
ature by performing calculations at various values of the inlet
H>O:MeOH ratio and the fuel utilization. The results for a
temperature range of 900-1300 K are shown in Figs. 3 and 4.
The maximum efficiencies follow the sequence: SOFC-
H* (PF)>SOFC-B (PF)>SOFC-H (MF)>SOFC-G~
(MF). The corresponding inlet #D:MeOH ratios are at the
carbon formation boundary for both the SOFE-QPF) and
SOFC-G~ (MF), but are about 1.3 and 1.5 times the stoi-
chiometric ratio for the SOFC-H(MF) and the SOFC-H
(PF), respectively. The values of fuel utilization at the maxi-
mum efficiency are mainly governed by the flow pattern. For
SOFCs operated under the PF mode, the utilization is con-
stant at approximately 99%, but decreases slightly from 96.1
t0 92.3% and from 95.5 to 92.0% for the SOFCMF) and

Efficiency (%)
[ o
o o

~
o

4. Conclusions

The performance of methanol-fuelled SOFCs using
proton- and oxygen ion-conducting electrolytes and operat-
ing under plug flow and mixed flow modes is investigated.
The electromotive force and efficiency are dependent on fuel
utilization, inlet HLO:MeOH ratio, operating temperature,
operation mode and electrolyte type. The benefit of less steam
requirement for the SOFC20 is taken into account in com-
parisons of SOFC performance. It is demonstrated that the
plug flow is superior to the mixed flow and that the use of
the proton-conducting electrolyte is more preferable. These
findings indicate that SOFC development should be directed
towards a system that was the proton-conducting electrolyte.
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