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Abstract. One of the most attractive features of solid oxide fuel cells is their flexibility for fuels so that internal
reforming and/or simple external reforming may be possible. In this study, equilibria in various possible fuel
gases are considered, and C—H—O diagrams are constructed. Power generation characteristics for these fuels are
measured and compared with those for simulated reformed gas in equilibrium compositions. We have succeeded
to demonstrate direct-alcohol SOFCs for e.g. methanol, ethanol, and propanol. Mixtures of CH4 and CO, are used
as simulated biogas, and iso-octane (CgH;g) and n-dodecane (C,Hys) are highlighted as simulated gasoline and

kerosene, respectively. Influence of fuel impurities on power generation characteristics is also discussed.
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1. Introduction

Fuel cells have been increasingly accepted as environ-
mentally compatible, efficient energy conversion sys-
tems. In particular, solid oxide fuel cells (SOFC) may
be regarded as the most flexible fuel cells in respect
to their flexibility in selecting the types of fuels [1-9]
able to be supplied directly to the fuel electrodes. Be-
cause of their multi-fuel capability, not only hydrogen
and carbon monoxide but also various kinds of fuels
including hydrocarbons and alcohols could be used via
internal reforming and/or via simple external reform-
ing, as illustrated in Fig. 1.

The purpose of this study is therefore to examine and
compare power generation characteristics of SOFCs for
various types of SOFC fuels. First, we carry out thermo-
chemical calculations to understand chemical equilib-
ria, which is helpful to adjust initial fuel compositions.
Power generation characteristics of SOFCs operated
with alcohol- and hydrocarbon-based fuels via internal
reforming or via external reforming are then measured.
Fuel gases containing a small amount of H,S are also
supplied to analyze the influence of fuel impurities on
electrochemical performance.

*To whom all correspondence should be addressed. E-mail: sasaki@
mm.kyushu-u.ac.jp

2. Fuel Gas Equilibria
2.1. Thermochemical Calculations

Fuel gases including e.g. hydrocarbons and alcohols
are either directly supplied or reformed in a reformer
before supplying to fuel cells. In order to apply such
fuel gases, itis in particular essential to know the chem-
ical compositions in thermodynamic equilibrium under
given operational conditions for any types of fuel cells.
In the case that reforming and/or decomposition ki-
netics are sufficiently fast, compositions of fuel gases
are identical to those in thermodynamic equilibrium.
Thermochemical calculations will give such informa-
tion for any kinds of fuel gases if their thermochemical
data are available [4-9]. Thermochemical calculations
have also been demonstrated to be useful e.g. for fuel
cell materials development [10], for studies on interfa-
cial electrochemical properties [11], and for point de-
fect engineering of fuel cell related materials [12]. As
possible fuels, following species have been taken into
account: natural gas (consisting mainly of CHy with
a small amount of other hydrocarbons such as C,Hg),
coal gas (consisting mainly of CO and H,), liquefied
petroleum gas (LPG, consisting mainly of C3Hgwith
C4Hj), naphtha (consisting mainly of Csand Cg hydro-
carbons), gasoline (consisting mainly of hydrocarbons
with carbon numbers around 8), diesel and kerosene
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Fig. 1. Multi-fuel capability of solid oxide fuel cells.

(consisting mainly of hydrocarbons with carbon
numbers around 12), alcohols, dimethylether, biogas
(consisting mainly of CH4, CO, and H,0), and coke
oven gas [4, 5].

Thermochemical calculations were carried out us-
ing a program, HSC chemistry (Version 4.1, Out-
okumpu Research Oy, Finland) with an extensive
thermochemical database. The calculations were per-
formed by assuming a reactor to which a (mixed) fuel
gas normalized to 1 kmol carbon was supplied, and
the amounts of gas, liquid, or solid products in ther-
modynamic equilibrium were numerically derived, in
the temperature range between 100° and 1000°C with
a step of 10°C

Figure 2 shows equilibrium products for (a)
methane- and (b) methanol-based fuels with the steam-
to-carbon ratio of 1.5. It can be found that carbon de-
position can be neglected within the wide tempera-
ture range. The calculation results for other fuels men-
tioned above have been shown elsewhere [4]. Minimun
amounts of H,O essential to prevent carbon deposition
were calculated, and the results are shown in Fig. 3
for hydrocarbons. While S/C of 1.5 is enough for CHy,
higher S/C is needed with increasing carbon number
of hydrocarbons, especially at lower temperatures. We
have also made similar calculations for O, (partial ox-
idation) and CO, (CO;, reforming) [4].

2.2. C—H—O ternary diagram: An Atlas for
Adjusting Fuel Compositions

It has been found that the major equilibrium con-
stituents in fuel gases are H(g), H,O(g), CO(g),
CO»(g), CHy(g), and C(s) [4]. Since their compositions
depend solely on the C—H—O ratio, we can plot, on
such C—H—O diagrams [5, 6, 9], parameters relevant
to optimize operational conditions, including carbon
deposition region, gas partial pressures, and electro-
motive force.

Figure 4 shows the positions of various fuel species
for fuel cells [5]. Their positions can be shifted by
adding H,O (steam reforming), O, (partial oxidation),
and/or CO, (CO; reforming) as co-reactants. One of
the most important issues to be prevented for SOFCs
is carbon deposition from the fuels. Figure 5 shows the
carbon deposition limit lines, the carbon rich side of
which corresponds to the carbon deposition region at
each temperature. From Figs. 4 and 5, we can find that
an addition of these co-reactants is essential to prevent
carbon formation from most of these fuels shown in
Fig. 4, at SOFC operational temperatures. More de-
tails on the C—H—O ternary diagrams are described
elsewhere [5]. Once the C—H—O ratio is specified,
C—H—O ternary diagrams are useful to derive relevant
operational parameters without any additional thermo-
chemical calculations, and thus useful for adjusting fuel
compositions.

3. Electrochemical Performance
for Various Fuels

3.1. Experimental Procedure

Planar-type cells were used in this study. Sintered elec-
trolyte plates of 8 mol% Y,03-ZrO,(YSZ) with a thick-
ness of 200 um and a diameter of 20 mm (supplied
by Tosoh Corp.) were used, on which anode layers
(80 wt% NiO-YSZ) were deposited via screen-printing
[14] and were sintered at 1400°C for 5 hours. The cath-
ode layers (Lag ¢Srg4MnO3) were then deposited, fol-
lowed by sintering at 1150°C for 5 hours. The area of
both electrodes was 5 x 5 mm? [15-19, 21-24].

For electrochemical characterizations, air was
supplied as oxidant, while various kinds of (evap-
orated) fuel gases were supplied to the anode. For
alcohol-based fuels, the mixture of alcohol and water
was supplied using a liquid chromatograph pump to an
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Fig. 2. Equilibrium products from (a) methane-and (b) methanol- based fuels with the steam-to-carbon ratio of 1.5 [4].
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Fig. 6. Current-voltage characteristics of SOFCs for alcohol-based
fuels at 1000°C [15, 16].

evaporator connected to the gas supply tube on the an-
ode side. For higher hydrocarbon-based fuels, a corre-
sponding amount of water was supplied to the evapora-
tor in which the vapor of hydrocarbons was mixed with
water vapor, and then supplied via reforming catalyst
(Ru/Al,O3) bed to the anode [15, 19]. Nitrogen gas was
used as a carrier gas. Electrochemical performance was
examined by measuring current-voltage (I-V) charac-
teristics.
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Fig. 7. Current-voltage characteristics of SOFCs for fuels based on
(a) iso-octane and (b) n-dodecane at various steam-to-carbon (S/C)
ratios at 1000°C [15, 19].
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3.2. Alcohol-Based Fuels

The use of alcohols as SOFC fuels is of technolog-
ical interest, as alcohols (bioliquids) can be derived
from biomass and can be easily reformed. In addition,
direct-alcohol SOFCs could be alternative to direct-
methanol fuel cells. Power generation characteristics
for alcohol-based fuels and for the simulated reformed
gas (consisting mainly of H,, CO, and H,O) are shown
in Fig. 6. All these alcohols were premixed with water,
so that C—H—O ratio was fixed to the same value for
comparison (C:H:0=9:38:10 for all these fuels). It has
been demonstrated that direct-alcohol SOFCs can be
realized, at least, for alcohols with carbon number up
to 4 (butanol) [15, 16]. In case that methanol was di-
rectly supplied, the I-V characteristics were similar to
those for the simulated reformed gas. However, with in-
creasing carbon number of alcohols, a decrease in cell
voltage was observed. From our gas analysis by gas
chromatograph, it has been revealed that the composi-
tions of the simulated reformed gas and the methanol-
derived fuel gas were almost the same, well explain-
ing the similar I-V characteristics [15, 16]. However,
increasing carbon number of alcohols, a decrease in H,
and CO concentrations was observed, associated with
a decrease in cell voltage [15, 16]. Therefore, a higher
catalytic activities to reform alcohols at fuel electrodes
is desired to optimize direct-alcohol SOFCs.

3.3. Hydrocarbon-Based Fuels

Compared to CHy-based fuels mixed with H,O, in-
ternal reforming of C,Hg and C,H, has been found
to be diffucult as carbon deposition can be easily oc-
curred [9]. Therefore, for higher hydrocarbons, ex-
ternal reforming may be needed to prevent carbon
deposition. Power generation characteristics for (a)
iso-octane(CgH;g)-based and (b) n-dodecane(Ci,Hye)-
based fuels with various steam-to-carbon ratios are
shown in Fig. 7. We have demonstrated relatively sta-
ble power generation, at least within 10 hours, using
Ru/Al,O3 as a reforming catalyst for such simple ex-
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Fig. 9. Current-voltage characteristics of SOFCs for biogas-based
fuels at 1000°C.
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Fig. 10. A carbon-neutral zero-emission renewable energy system based on fuel cells.

ternal reforming with a liquid hourly space velocity
(LHSV) of 1.0 h™! [15, 19]. This result suggests that
alternative or chemically modified fuel electrodes with
a higher catalytic activity to prevent carbon formation
may be essential to realize SOFC operated by internal
reforming of higher hydrocarbons.

3.4. Biogas

Biogas can be produced from biomass via various pro-
cedures such as fermentation and thermal decomposi-
tion. Figure 8 shows the equilibrium products from bio-
gas consisting initially of CHy, CO,, and H,O. High-
temperature equilibrium gas from the biogas consists
mainly of H, and CO, so that a comparable electro-
chemical performance with hydrogen-based fuels [20]
is expected. This figure also indicates that carbon for-
mation especially at lower temperatures is thermody-
namically expected, so that an addition of H,O and/or
O, is needed. Figure 9 shows preliminary results of
the current-voltage characteristics of SOFCs operated
with simulated biogas to which H,O was added. Sim-
ilar to the methane-based fuel with steam, the use of
fuels consisting of CH4, CO,, and H,O led to satisfac-
tory electrochemical performance. We found no car-
bon deposition after the measurements. Solid oxide fuel
cells could be thus a core technology to realize carbon-
neutral zero-emission renewable energy systems, illus-
trated in Fig. 10, as biogas can be efficiently converted
to electricity and heat while exhaust CO, gas may be
reused in photosynthesis of biomass using solar energy.

3.5.  Influence of Fuel Impurities

Practical fuel cell fuels contain various impurities. In
particular, biogas, coal gas, and various fossile fuels
contain sulfur-related impurities, while sulfur-based
odorants are also added to commercial LP gas and
city gas. In order to simplify fuel cell systems and
understand their long-term stability, the influence of
sulfur-related impurities on electrochemical perfor-
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Fig. 11. Temperature dependence of cell voltage at 0.2 A/cm? for
Hj-based fuel containing 5 ppm of H,S [21-24].

mance should be known. The influence of H,S fuel
impurity on power generation characteristics of SOFCs
has been analyzed by measuring cell voltage at a given
current density with time, as a function of operational
temperature, the ratio of H-to-CO, and H,S concen-
tration [21-24]. As shown in Fig. 11, we have found a
slight cell voltage drop at 900° and 1000°C for H,-rich
fuels, after which cell voltage became stable. However,
we found a fatal irreversible degradation at a lower
temperature (see Fig. 11) and for CO-rich fuels [21-
241, both associated with Ni-sulfate formation [21-24].
Development of sulfur-tolerant SOFC fuel electrodes
is therefore desired, especially at lower SOFC opera-
tional temperatures and for CO-rich fuels.

4. Conclusions and Outlook
It has been demonstrated that, in principle, alcohols and

biogas can be used as SOFC fuels without any reformer,
at least, on a device level. Simple external reforming



using Ru-based catalysts may be useful upon applying
higher hydrocarbons as SOFC fuels. Higher catalytic
activities to enhance reforming reactions and to depress
carbon deposition, as well as fuel impurity tolerance of
fuel electrodes are desired to realize multi-fuel capable
flexible SOFCs.
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