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The eligibility of natural gas (methane), methanol, ethanol, and gasoline as fuels for
the generation of electrical power in solid oxide fuel cells (SOFCs) is discussed in terms
of efficiency. Each raw fuel was assumed to be processed in a steam reformer to provide
a hydrogen-rich gas mixture to the SOFC feedstream. An SOFC system, consisting of
an electrochemical section and a reformer, was analyzed thermodynamically assuming
initial steam/fuel feed ratios at conditions where carbon deposition is thermodynami-
cally impossible, at atmospheric total pressure, and in the temperature range of
800—1,200 K. Results were obtained in terms of both electromotive force (emf) output
and efficiency. Methane seems to be the most appropriate fuel option, with an SOFC
system efficiency close to 96%. Furthermore, ethanol and methanol were very promising
alternative options (94% and 91%, respectively), while gasoline (83%) utilization re-

quires special reforming conditions.

Introduction

Solid oxide fuel cells (SOFCs) seem to be very promising
for the direct conversion of chemical energy into electricity,
attaining significantly higher efficiencies with respect to other
conventional systems such as gas turbines and internal com-
bustion engines. Various fuel options are considered feasible
for SOFC operation, especially after an appropriate external
process in order to obtain a gas mixture rich in hydrogen,
such as steam reforming. The electrochemically combustible
species are H, and CO, but it is common system-analysis
practice to assume that only H, contributes to power genera-
tion while CH, is consumed through in sifu steam reforming,
providing additional amounts of H, and CO and, in turn, CO
is consumed through in sifu gas shift reaction, providing ad-
ditional amounts of H, (Hirschenhofer et al., 1997; Benjamin
et al., 1990).

Methane, methanol, ethanol, and gasoline are currently re-
garded as the most probable SOFC fuels, due to a number of
considerations dealing with their accessibility and their physi-
cal properties (Thomas and Zalbowitz, 1999; Pimentel et al.,
1994). Methane was the first fuel that was investigated at
high-temperature operating cells both experimentally (Clarke
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et al., 1997; Ridler and Twigg, 1996) and theoretically (De-
min et al.,, 1992; Chan and Wang, 2000). Gasoline has also
been thermodynamically examined (Docter and Lamm, 1999;
Thomas et al., 2000) for fuel-cell vehicle applications. It is a
depletable energy source of variable composition, but in cal-
culations can be well represented by n-octane.

It is well known that both methane and gasoline are min-
eral fuels, and that their deposits are limited enough to be
considered to be an appropriate long-term global solution for
the energy problem. Furthermore, these fuels have a signifi-
cant influence on the surcharge of environmental pollution,
mainly due to their high impact on the greenhouse effect.
These drawbacks have led researchers to pay significant in-
terest on the utilization of alternative, renewable and envi-
ronmental-friendly liquid fuels such as methanol and ethanol.
Methanol is manufactured exclusively by a mixture of carbon
monoxide and hydrogen, most commonly derived by methane
steam reforming (Bridger and Spencer, 1996). Thermody-
namic analysis of methanol steam reforming has been re-
cently discussed (Lwin et al., 2000), while a lot of experimen-
tal investigations have been presented during the last 30 years
(Kobayashi et al., 1976; Amphlett et al., 1988). Ethanol can
be considered as a very promising and reliable fuel option for
fuel cells because it can be alternatively produced biochemi-
cally from biomass (Margiloff et al., 1981; McMillan, 1997;
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Prince, 1986; Wyman, 1994). Due to the natural availability
of bioethanol, it is considered an alternative fuel with a posi-
tive impact on the economy (Evans, 1997) and environment.
Although ethanol steam reforming has been variously investi-
gated for hydrogen production (Garcia and Laborde, 1991;
Vasudeva, 1996; Fishtik et al., 2000), the analysis of ethanol
utilization in SOFCs was undertaken recently by Tsiakaras et
al. (1999).

In the present work, a comparison of the eligibility of
methane, methanol, ethanol, and gasoline as fuels for gener-
ation of electrical power in SOFCs is presented in terms of
both electromotive force (emf) output and system efficiency.
A mathematical model has been developed in order to ade-
quately estimate, according to the method of the direct mini-
mization of Gibbs free energy, the spatial variance of the mo-
lar fractions of the components that are involved to the
chemical reactions taking place within the SOFC system.

Model Development

Independently of the fuel used in an SOFC with an oxy-
gen-ion-conducting electrolyte, its operation principle relies
on the continuous supply of fuel, H,, CO, and CH,, at the
anode compartment while the cathode is exposed at atmo-
spheric air. According to this operation regime, the following
reaction takes place at the cathode

1/204,)+2¢~ > 07, (1)

where the subscripts (¢) and (e) represent the states at the
cathode and in the electrolyte, respectively. At the anode, the
electrochemical reaction of hydrogen oxidation occurs

H,,, +0~ > H,0,, +2¢" 2)

where the subscript (a) represents the state at the anode
(Minh and Takahashi, 1995). The reversible electromotive
force is given by the Nernst equation

RT n Po,

E=—
4F = Py,

©)

where R is the gas constant, T is the temperature, F is the
Faraday’s constant, and P, is the partial pressure of oxygen
on the electrode. Oxygen partial pressure at the anode is cal-
culated taking into account that oxygen is in equilibrium with
hydrogen and steam according to the reaction

H,+1/20,s H,0 4

and, therefore, is equal to

Py, =

2

)

PHZO,(ﬂ)
K4Puy, (o)

where K, is the equilibrium constant of Eq. 4.

In the frame of this consideration it is assumed that oxygen
utilization from air fed to the cathode compartment is negli-
gible, so that oxygen partial pressure at the cathode is con-
stant as P, ()= 0.209. Therefore, the value of E depends
on the partial pressure of the oxygen in the anode, that is, on
the fuel type and composition fed to the anode. Thus, SOFC
power output depends both on the fuel choice and on the
preliminary fuel-processing method.

The overall reaction of the steam reforming of a fuel rep-
resented as C,H,O,, can be expressed generally as

C,H,0.+mH,0 - Y. n,A, 6)
i

or, equivalently, as

C,H,0,+ mH,0 = ncCO+nco,CO, +ny, H,

+ny,o0H0+ney CHy  (7)

where m is the reforming factor (the steam/fuel mole ratio).
On the righthand side of Eq. 7, only the species that are al-
lowed to exist in equilibrium with noticeable concentrations
have been considered, as follows from previous works (Ridler
and Twigg, 1996; Docter and Lamm, 1999; Lwin et al., 2000;
Vasudeva et al., 1996). Therefore, the composition of the

Table 1. Free Energies of Formation (AG{ ) of Chemical Compounds at Various Temperatures (in J/mol) and Lower Heating
Values — A H° of Four Fuels (in J/mol)

T’ K AGef;hanol AGr{lethanol AG[{lethane AGllilzo AGéOZ AGéO AGgasoline
800 —45,713.9 —35,821 —2,038.07 —203,466 —395,567 —182,450 417,590.8
850 —32,931.9 —22,349.1 3,262.936 —200,767 —395,666 —186,920 458,437.5
900 —20,118.1 —8,841.39 8,605.288 —198,047 —395,761 —191,379 499,258.4
950 —7,280.99 4,695.452 13,982.68 —195,305 —395.852 —195,826 540,031.8

1,000 5,572.138 18,255.79 19,389.65 —192,545 —395,940 —200,261 580,740.5

1,050 18,435.41 31,834.85 24,821.52 — 189,769 —396,023 —204,684 621,371.3

1,100 31,304.04 45,428.66 30,274.21 — 186,977 —396,102 —209,094 661,914

1,150 44,174.19 59,033.89 35,744.24 —184,171 —396,177 —213,492 702,361.4

1,200 57,042.88 72,647.8 41,228.58 —181,353 —396,248 —217,878 742,708.7

— AHS, ane 820,600
- n’iethanol 638,200
- athanol 1,235,000
- g(:isuline 57074’200
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equilibrium mixture derived by Eq. 7 for each fuel can be
calculated according to thermodynamical methods.

In the present analysis, equilibrium compositions were cal-
culated according to the method of the direct minimization
of Gibbs free energy (Smith et al., 1996). Therefore, for each
initial system of (Fuel+ mH,0), the following system of 10
nonlinear algebraic equations can be considered

(AGLo/RT )y +In yp +ade +bAy +cAo= 0 (8)
(AGﬁzo/RT)THnszoJrz/\HJF Ao=0 9)
(AGlo/RT); +Inyco+ Ac+Ao=0  (10)
(AGéOZ/RT)T+lnyCO2+ Act+2A6=0 (11)

(AGéHA/RT)T +In yoy, + Ac+4Ay =0 (12)

Inyy,+2253=0 (13)

aYger + Yco T Yco, T Yeu, = be/n (14)
byt T2ym,0 T4Ycen, +2yu, = bu/n (15)
€ Yguel t Y1,0 T Yco +2¥co, = bo/n (16)

Ytwer + Yu,0 T Yco T Yco, + Yeu, + ¥u, =1 17)

In the preceding system, R represents the universal gas con-
stant, y,=n,/ Y. n; is the molar fraction of the ith chemical
species presentl in thermodynamic equilibrium, b; are the
numbers of the j atoms in the initial (Fuel + mH,0) sys-
tem, and A; are Lagrange’s multipliers used as scalar parame-
ters. Free energies of formation (AG/), of all chemical com-
pounds are listed in Table 1 for each temperature examined.

According to simple analytical manipulations, the preced-
ing system can be written as a 3 X3 system of nonlinear alge-
braic equations and three separate equations solved indepen-
dently. The system is

bo

{3

by
[b - C( b—”Kyﬁzoyé’;HAyi&z”“” +
(@)

be o bc
[a - C( —”Kyﬁzoyé’;myiﬂz”b 20— (b— )ynzoyﬁz
(@)

be

+ Lyy,o0Ycu,Yu, + [1 -2 b

”M)’ﬁzo)’cm
o

+ yCH4y;tlz =0 (18)

by
o ()
(0]

)MyIZJZOyCH4

by by
- ( E ) Lyy,0Ycn,Vu, _2( %

+a4yey, v, +5y7,=0 (19)
Ky§i oyén, v, 72+ Yoy, T Lym,oYem, Ya,

+ Myt oYen, t You, Vi, + ¥, — yi, =0 (20)

250 January 2003 Vol. 49, No. 1

where
K= e(fAG{||81+AG{,20+2AGEH4)/RT (21)
L= e(AG{_IZ()fAGEOJrAG(‘jHA)/RT (22)
M= e(ZAG{_,ZofAG&,ZJrAG{;HAt)/RT (23)

Furthermore, the independent equations are

-—b+2a)
yfuclyg-iz ¢

. K 24
Yu,o¥YcH,

)’coyiﬁ’q2

=L (25)
Yn,0YcH,

4
Yco,Y

% -M (26)
Yu,0¥YcH,

The nonlinear system (Eqs. 18-20) was solved for yy o,
Ycu,» and yy, by using a complicated Newton’s iterative
method (Burden and Faires, 1989), while a lot of effort has
been expended on assuring the independence of the solution
on the arbitrary initial values. Furthermore, yg,, Yco, and
Yco, are obtained just by substituting yy,0, Ycu,, and yy,
from Egs. 18-20 into Eqgs. 24-26.

Considering that carbon formation on the SOFC anode de-
teriorates the lifetime and performance of its operation
(Clarke et al., 1997), the possibility of carbon deposition in
the gaseous equilibrium system was examined assuming the
Boudouard reaction

2COs CO, +C (27)
For this purpose, the limiting reforming factors above which

carbon deposition is thermodynamically impossible were cal-
culated using the carbon-formation criterion

Péo
ac =K, >1 (28)
P, Co,
16
14
=
€ 12
T
= 10
=)
By
§ 64 Gasoline
E Ethanol
§ 4 Methane
@« Methanol
2 - =
0 \‘L - —
800 900 1000 1100 1200

Temperature, K

Figure 1. Boundaries of carbonization for methane,
methanol, ethanol, and gasoline.
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where K,, is the equilibrium constant of Eq. 27. From now
on, the locus of points corresponding to these minimum re-
forming factors will be described as “boundary of carboniza-
tion” (BC). Moreover, all conditions of the SOFC operation
have been selected to correspond above this boundary, where
carbon deposition on the anode electrocatalyst are thermody-
namically impossible.

The equilibrium gas mixture exiting the reformer reacts in
the anode compartment of the SOFC with oxygen ions com-
ing from the cathode, according to the general reaction

Y on,A;+ kO~ > Y ni A, (29)

13

where k is equal to 4, 3, 6, and 25 for methane, methanol,
ethanol, and gasoline, respectively, and n is the number of
moles of the ith component in the SOFC anode outlet mix-
ture. This equation is the sum of the following simultaneous
reactions

CH,+H,0—- CO+3H, (30)
CO+H,0 - CO, +H, (31)
and Eq. 2.

It is known that the SOFC stack has higher efficiency than
a single cell, and, therefore, the present analysis assumes that
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Figure 2A. Equilibrium composition of the steam reforming of (a) methane, (continued).
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the electrochemical section represents a stack. Further, the
oxygen flux through the solid electrolyte is assumed uniform,
and the composition of the anode mixture in any point x of
the channel can be calculated by using Eq. 29 and substitut-

ing the following value instead of k
k(x)=(1-a)k (32)

where a = x/L and L is the length of the anode channel.
After calculation of the anode gas mixture distribution

along the channel by using Egs. 29 and 32, the oxygen par-
tial-pressure distribution is found by using Eq. 5, and, finally,

lated by means of the numerical integration of E distribution
along the cell channel. Thus,

L_?=f01E(a) da (33)

where « = x/L represents a dimensionless relative channel
length. Finally, the maximum SOFC efficiency was calculated
as

the electromotive force distribution is calculated by using Eq. n= 9k (34)
3. Then, the average electromotive force, E, can be calcu- +AH°
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Figure 2B. Equilibrium composition of the steam reforming of (b) methanol, (continued).
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Figure 2C. Equilibrium composition of the steam reforming of (c) ethanol, (continued).

where — A H® is the lower heating value (LHV) of the fuel at
the standard conditions (Table 1) and ¢ is the electrical
charge passing through the electrolyte, which has been set
equal to ¢ = 8F, 6F, 12F, and 50F for methane, methanol,
ethanol, and gasoline, respectively. Maximum efficiency, 7,
represents the upper limit for the efficiency of a SOFC run-
ning under reversible (that is, zero-load) conditions. The real
SOFC runs under nonequilibrium conditions, and the aver-
age cell voltage is U < E. In this case, the useful characteris-
tic of the SOFC is a relative power, p,, equal to the ratio of
the current power, P, to the maximum (reversible) one,

actual>

P. It is possible to show that the relative power is determined

AIChE Journal

by the average electromotive force as

_ Pactual _ 4[7(E_U)

L )

(3%

when all operative parameters (temperature, utilization, and
partial pressures of the reagents) remain constant. Further-
more, the actual efficiency of the SOFC system, 7,.,,, can
be calculated by substituting E by U in Eq. 34, and the de-
pendence of the efficiency on the relative power can be ob-
tained through appropriate algebraic rearangements from the
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Figure 2D. Equilibrium composition of the steam reforming of (d) gasoline.

expression (Demin and Tsiakaras, 2001)

nactual=0'5n(1+ V 1_pr) (36)

Equation 36 clearly shows the importance of the maximum
efficiency, m, since this value and the relative power deter-
mine the actual efficiency of the SOFC.

Results and Discussion

The conditions that are conducive for carbon formation in
the equilibrium mixture of steam reforming for the cases of
methane, methanol, ethanol, and gasoline were determined

254

January 2003 Vol. 49, No. 1

calculating the carbonization boundaries (BC) of Figure 1.
These boundaries represent the limiting steam/fuel ratios
above which carbon deposition is thermodynamically impossi-
ble. As shown, the higher the carbon content in the mole of a
fuel, the higher the reforming factor (at a given temperature)
should be in order to avoid carbon deposition. The BC of
gasoline lie much higher than the others, while methane re-
quires lower reforming factors than ethanol at low tempera-
tures (<1,100 K) and almost the same at higher tempera-
tures. Finally, methanol has a smaller area of carbonization
than all other cases because it contributes the minimum
number of carbon atoms per mole and requires the smallest
stoichiometric factor for complete reforming. For any fuel,
the limiting values at the BC decrease as the temperature

AIChE Journal
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Figure 3. Maximum average emf for any fuel selected in
its most suitable conditions.

increases. Furthermore, for the cases of methane and ethanol,
a critical value of temperature exists ( ~ 1,100 K), where both
fuels present identical values for the steam/fuel molar ratio.
It is obvious that the overall behavior of these fuels is ex-
pected to be similar for 7 >1,100 K due to the thermody-
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namics, and this is confirmed by the imminent analysis (see
Figure 3 and the respective discussion).

The equilibrium compositions of all external reforming
processes were calculated by solving the mixed system (Egs.
18-20 and 24-26) and are presented in Figure 2. The se-
lected reforming factors were taken near the boundary of
carbon formation for each fuel, since higher values of m
would result in undesirably high percentages of steam in the
SOFC feedstream (reforming equilibrium composition). As
shown in Figure 2, an increment of the reforming factor re-
sults mainly in increases of the molar fractions of steam and
carbon dioxide and in decreases in the molar fractions of hy-
drogen, carbon monoxide, and methane. These last three are
the only species that contribute to the generation of electric-
ity in the SOFC. The equilibrium percentages of hydrogen
and carbon monoxide increase as the temperature increases,
while the concentration of methane is practically diminished
at high temperatures and reforming factors. In particular, this
is a useful coincidence because all the difficulties that arise
for the electrochemical oxidation of methane can be avoided
at the preceding conditions.

The analysis employed for the estimation of the distribu-
tion of emf along the cell channel revealed that the optimum
conditions for the operation of the SOFC system correspond
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Figure 4. Overall efficiency distribution for (a) methane, (b) methanol, (c) ethanol, and (d) gasoline fed SOFC sys-

tems.
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Figure 5. Maximum overall efficiency.

at conditions (T, m) at the boundary of carbon formation of
each fuel option. This observation is reasonably explained, as
these optimum conditions of steam reforming provide the
maximum possible ratio of combustibles/oxidants in the
SOFC feedstream. Therefore, Figure 3 presents the maxi-
mum average electromotive force, E, obtained by Eq. 33, at
the optimum conditions at the BC of each fuel option.
Methanol, ethanol, and gasoline present similar optimum emf
outputs, which decrease linearly to the temperature incre-
ment.

Figure 4 presents the overall efficiency, obtained by Eq.
34, for any fuel, which has been set at optimal conditions.
Temperature is an unfavorable parameter for the efficiency,
as it decreases with each temperature increment. This behav-
ior is expected due to the linear dependence of efficiency on
the average emf (see Figure 3). Furthermore, as was ex-
pected, maximum efficiency is presented, while reforming
factors are very close to the boundary of carbon formation of
each fuel due to the aforementioned effect of m on the total
percentage of the combustible species in the SOFC feed-
stream.

The dependency of maximum efficiency (at the optimal
conditions) on the temperature variation for each fuel is clar-
ified in Figure 5, where the comparison of maximum effi-
ciency for each fuel choice is presented. An almost linear
decrement of maximum efficiency as temperature values be-
come higher has been observed. Moreover, it is worth notic-
ing that the worst absolute value for any fuel and tempera-
ture is high enough (> 80%) for almost any practical use.

Figure 6 illustrates the dependence of the actual SOFC
efficiency on the relative power for all fuel options in optimal
conditions. It is also supposed that 7 =1,100 K. It follows
from Eq. 36 that fuel-cell efficiency is half of the maximum
efficiency when the fuel cell runs at full power and the same
classification of the four fuel options at conditions far from
reversibilty is used.

Selection of the most appropriate SOFC fuel is a multicri-
teria task involving both quantitative and qualitative parame-
ters. The analysis made before shows that all fuels have a
similar potential for the generation of electricity relative to
the expected electromotive force output and the efficiency of
the SOFC system. Methane was found to be the optimum
fuel that provides the higher feasible electromotive force dis-
tribution and system efficiency, while methanol and ethanol

256 January 2003 Vol. 49, No. 1
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Figure 6. Dependence of the efficiency of SOFC on the
relative SOFC power for any fuel option (T =
1,100 K).

were found to be promising alternative options. Gasoline uti-
lization also was found to be promising when selecting appro-
priate conditions (high reforming factors) so as to avoid car-
bon formation. Thus, quantitative evaluation seems to be
weak in order to ensure a definitively valid decision of an
optimal fuel choice.

Conclusion

Thermodynamic analysis of the eligibility of methane,
methanol, ethanol, and gasoline as fuels for the generation of
electrical power in SOFCs is presented here. A mathematical
model has been developed in order to adequately represent,
according to the method of the direct minimization of Gibbs
free energy, the spatial variance of the molar fractions of the
components that are involved to the chemical reactions tak-
ing place within the SOFC system. The model described ear-
lier also has minimized the influence of the arbitrary initial
values needed for the iterative solution of the nonlinear sys-
tem. All the fuels presented almost equal maximum average
electromotive force (emf) output for optimal conditions. Fur-
thermore, the overall system efficiency obtained by the model
presented the following sequence for each fuel option:
Tmethane > Tlethanol > Tmethanol > ngasolinc' Thus’ methane seems
to be the most appropriate fuel option to feed an SOFC sys-
tem, while ethanol, methanol, and gasoline were found to be
promising alternative options. The preceding fuel classifica-
tion in terms of the SOFC efficiency remains unchanged, even
when the fuel cell runs at actual (nonequilibrium) conditions.

Notation

a =number of carbon atoms in the molecule of a fuel

b =number of hydrogen atoms in the molecule of a fuel

b; =number of atoms of a chemical element j in the reformer
feedstream

¢ =number of oxygen atoms in the molecule of a fuel

E =electromotive force at the relative position x of the SOFC

_ stack, mV

E =average electromotive force of the SOFC stack at re-
versible operation, mV

F =Faraday’s constant, = 96,484 J/mol-V

k =number of oxygen ions (O~ ) required for the electro-
chemical oxidation of a mole of a fuel

AIChE Journal



k(x) =number of oxygen ions (O~ ) traversing the electrolyte at
position x according to the uniform oxygen flux assump-
tion

K, =equilibrium constant of a respective reaction
L =length of the anode channel of the SOFC stack
m =reforming factor (steam/fuel mole ratio in the reformer

feedstream)

n; =number of moles of the gaseous species i entering the
SOFC stack

n; =number of moles of the gaseous species i exiting the SOFC
stack

p, =dimensionless relative power of the SOFC at nonequilib-
rium operation
P =maximum SOFC power at reversible operation
P, .1ua1 = SOFC power at nonreversible (actual) operation
P, =partial pressure (bar) of the gaseous species i
q =celectrical charge passing through the electrolyte per mol
of a fuel
R =universal gas constant (=8.314 J/mol-K)
T =absolute temperature, K
U =average electromotive force of the SOFC stack at nonre-
versible (actual) operation, mV
x =position in the anode channel of the SOFC stack at dis-
tance x from its inlet
y; =molar fraction of the gaseous species i

Greek letters and property changes

a =dimensionless relative anode channel length (= x/L)
a, =carbon activity
(AG/); =Gibbs free energy of formation of a chemical compound i
at temperature 7, J/mol
— AH°=lower heating value (enthalpy of combustion) of a fuel at
standard conditions
1 =maximum SOFC efficiency (%) at reversible operation
Thetual = actual SOFC efficiency (%) at nonreversible (actual) op-
eration
A; =Lagrange multipliers
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