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A detailed thermodynamic analysis is employed as a tool for prediction of carbon formation boundary for solid oxide fuel cells
ueled by methane. Three operating modes of SOFCs, i.e. external reforming (ER), indirect internal reforming (IIR) and direc
eforming (DIR), are considered. The carbon formation boundary is determined by finding the value of inlet steam/methane (H2O/CH4) ratio
hose equilibrium gas composition provides the value of carbon activity of one. It was found that the minimum H2O/CH4 ratio requirement fo
hich the carbon formation is thermodynamically unfavorable decreases with increasing temperature. For SOFCs with the oxygen-
lectrolyte, ER-SOFC and IIR-SOFC show the same values of H2O/CH4 ratio at the carbon formation boundary, independent of the exte
lectrochemical reaction of hydrogen. In contrast, due to the presence of extra H2O from the electrochemical reaction at the anode cham
IR-SOFC can be operated at lower values of the H2O/CH4 ratio compared to the other modes. The difference becomes more pronou
igher values of the extent of electrochemical reaction.
For comparison purpose, SOFCs with the hydrogen-conducting electrolyte were also investigated. According to the study,

bserved to be impractical for use, regarding to the tendency of carbon formation. Higher values of the H2O/CH4 ratio are required for th
ydrogen-conducting electrolyte, which is mainly due to the difference in location of water formed by the electrochemical react
lectrodes. In addition, with this type of electrolyte, the required H2O/CH4 ratio is independent on the SOFC operation modes. From
tudy, DIR-SOFC with the oxygen-conducting electrolyte seems to be the promising choice for operation.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Solid oxide fuel cell (SOFC) is an energy conversion unit
hat produces electrical energy and heat with greater energy
fficiency and lower pollutant emission than the conventional
eat engines, steam and gas turbines, and combined cycles.
ue to its high operating temperature, SOFC offers the widest
otential range of applications, flexibility of fuel choices and

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

possibility for operation with an internal reformer. Rec
developments on SOFCs seem to move towards to two
issues: intermediate temperature operation and use of
fuels instead of hydrogen. The uses of various alternativ
els, i.e. methane, methanol, ethanol, gasoline and oth
derivatives, in SOFCs have been widely investigated[1–3].
To date, methane is a promising fuel as it is an abun
component in natural gas and the methane steam refo
technology is relatively well established. As SOFC is o
ated at such a high temperature, methane can be refo
effectively by either catalytic steam reforming or partial o

378-7753/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2004.10.009



76 W. Sangtongkitcharoen et al. / Journal of Power Sources 142 (2005) 75–80

Nomenclature

a inlet moles of methane (mol)
b inlet moles of steam (mol)
c extent of the electrochemical reaction of hy-

drogen (mol)
K1 equilibrium constant of reaction (25) (kPa−1)
K2 equilibrium constant of reaction (26) (kPa)
K3 equilibrium constant of reaction (27) (kPa−1)
ni number of moles of componenti (mol)
pi partial pressure of componenti (kPa)
x converted moles associated with reaction (1)

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

(mol)

Subscripts
R reforming chamber
F fuel cell chamber

Greek letter
αc carbon activity

dation to produce a H2/CO rich gas, which is eventually used
to generate the electrical energy and heat. However, several
major problems remain to be solved before such SOFCs can
be routinely operated on the direct feed of alternative fuels
other than hydrogen. One of them is the problem of carbon
deposition on the anode, causing loss of active site and cell
performance as well as poor durability. The growth of carbon
filaments attached to anode crystallites can generate massive
forces within the electrode structure leading to its rapid break-
down[4].

A number of efforts have been carried out to alleviate this
problem. One approach is to search for appropriate anode
formulations and operating conditions. A number of addi-
tives were added to the anode in order to lower the rate of
carbon formation. For example, the addition of molybdenum
and ceria-based materials to Ni-based anode was reported to
reduce carbon deposition, and in some cases, to increase the
fuel conversion[5,6]. Addition of alkali, such as potassium,
can accelerate the reaction of carbon with steam and also
neutralize the acidity of the catalyst support, hence reducing
carbon deposition[7].

For the steam reforming, addition of extra steam to the
feed is a conventional approach to avoid carbon deposition.
Selection of a suitable steam/hydrocarbon ratio becomes an
important issue. Carbon formation can occur when the SOFC
is operated at low steam/hydrocarbon ratio. However, use of
h s the
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formation boundary whose value represents the minimum
steam/hydrocarbon ratio required to operate the SOFC at
carbon-free condition. Our previous works employed thermo-
dynamic calculations to predict the required steam/alcohol ra-
tio for direct internal reforming SOFCs fed by ethanol[8] and
methanol[9]. It was found that the SOFCs with an oxygen-
conducting electrolyte require less steam/alcohol ratio than
that with a hydrogen-conducting electrolyte because extra
steam generated from the electrochemical reaction is avail-
able for use in the anode chamber.

In this paper, a detailed thermodynamic analysis is car-
ried out to predict the carbon formation boundary for SOFCs
fueled by methane. Three operating modes of SOFCs, i.e. ex-
ternal reforming (ER), indirect internal reforming (IIR) and
direct internal reforming (DIR), with two electrolyte types,
i.e. oxygen- and hydrogen-conducting electrolytes, are inves-
tigated to compare the required steam/methane (H2O/CH4)
ratios between different SOFC operating modes.

2. Theory

The main reactions involved in the production of hydrogen
from methane and water are the methane steam reforming
and water gas shift reactions as shown in Eqs.(1) and(2),
respectively.
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igh steam/hydrocarbon ratio is unattractive as it lower
lectrical efficiency of the SOFC by steam dilution of f
nd the system efficiency[6]. Consequently, it is necessary
ptimize the suitable steam/hydrocarbon ratio at the ca
H4 + H2O = 3H2 + CO (1)

O + H2O = H2 + CO2 (2)

he former is strongly endothermic while the latter is mil
xothermic. Methane steam reforming is commercially
rated at 1000–1100 K and 2.17–2.86 MPa over nickel b
atalysts[10]. The feed contains steam in excess of the

chiometric amount with H2O/CH4 molar ratios of 3–5 t
revent soot formation[11].

When SOFCs are operated with a fuel, such as hy
arbon and alcohol, three modes of operation, i.e. ext
eforming SOFC (ER-SOFC), indirect internal reform
OFC (IIR-SOFC) and direct internal reforming SO

DIR-SOFC) as shown inFig. 1, are possible. For ER-SOF
peration, the endothermic steam reforming and the

rochemical reactions are operated separately in diff
nits, and there is no direct heat transfer between both
igh energy supply to the outside reformer is required

o the high endothermic over this part. In contrast, for b
IR-SOFC and DIR-SOFC, the endothermic reaction f
he steam reforming reaction and the exothermic rea
rom the oxidation reaction are operated together in a s
nit. Therefore, the requirement of a separate fuel refo
nd energy supply to this unit can be eliminated. T
onfiguration is expected to simplify the overall sys
esign, making SOFC more attractive and efficient m
f producing electrical power.

For IIR-SOFC, the reforming reaction occurs in the vic
ty of the cell stack. This enables heat transfer from the
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Fig. 1. Configurations of various SOFC modes. (a) ER-SOFC, (b) IIR-SOFC
and (c) DIR-SOFC.

cell chamber to the reformer, which leads to energetic econ-
omy. However, part of heat may not be efficiently utilized due
to its limited heat transfer rate. For DIR operation, the reform-
ing reaction takes place at the anode of the fuel cell. Heat and
steam released from the electrochemical reaction upon power
generation is effectively used for the endothermic reforming
reaction since both processes take place simultaneously at
the anode. Therefore, in term of energy aspect, DIR-SOFC is
more attractive than the others. It should be noted that state-
of-the-art SOFC nickel cermet anodes can provide sufficient
activity for the steam reforming and shift reactions without
the need for additional catalysts[4,12].

Two types of solid electrolytes can be employed in the
SOFC, i.e. oxygen- and hydrogen-conducting electrolytes.
The reactions taking place in the anode and the cathode can
be summarized as follows:

• Oxygen-conduction electrolyte:

anode : H2 + O2− = H2O + 2e− (3)

cathode : O2 + 4e− = 2O2− (4)

• Hydrogen-conducting electrolyte:

anode : H2 = 2H+ + 2e− (5)

cathode : 2H+ + 1O + 2e− = H O (6)

lo-
c ting
e the
a elec-
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moles of each component involved in different SOFC modes
is discussed in the following sections.

2.1. ER-SOFC and IIR-SOFC

For ER-SOFC and IIR-SOFC, the methane steam reform-
ing and water gas shift reaction take place initially at the
reforming chamber. Then the exit gas from the reformer is
fed to the fuel cell chamber where all the methane steam
reforming, water gas shift reaction and electrochemical reac-
tions occur. If required, additional water feed can be added to
the reformer exit gas before being fed to the fuel cell cham-
ber. The number of moles of each component is given by the
following expressions:

• Reforming chamber

nCH4 = a − xR (7)

nCO = xR − yR (8)

nCO2 = yR (9)

nH2 = 3xR + yR (10)

nH2O = bR − xR − yR (11)
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The difference between both electrolyte types is the
ation of the water produced. With the oxygen-conduc
lectrolyte, water is produced in the reaction mixture in
node chamber. In the case of the hydrogen-conducting

rolyte, water appears on the cathode side. The numb
ntotal =
i−1

ni (12)

wherea andbR represent the inlet moles of methane
water, respectively, andxR andyR are the converted mol
in the reforming chamber associated to the reaction
and (2), respectively.
Fuel cell chamber

nCH4 = a − xR − xF (13)

nCO = xR − yR + xF − yF (14)

nCO2 = yR + yF (15)

nH2 = 3xR + yR + 3xF + yF − c (16)

nH2O = bR − xR − yR + bF − xF − yF
(for hydrogen-conducting electrolyte)

nH2O = bR − xR − yR + bF − xF − yF + c

(for oxygen-conducting electrolyte)

(17)

ntotal =
5∑

i−1

ni (18)

wherebF is the additional mole of water fed to the fuel c
chamber,xF andyF the converted moles in the fuel c
chamber associated to the reactions(1) and (2), respec
tively andc is the extent of the electrochemical reactio
hydrogen. It should be noted that only hydrogen is assu
to react electrochemically with oxygen supplied from
cathode side. Then, the overall inlet H2O/CH4 ratio for
these modes is equal to (bR +bF)/a.
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2.2. DIR-SOFC

For DIR-SOFC, as described, there is no requirement of
the separated reforming chamber in the system. All the reac-
tions mentioned earlier take place simultaneously in the fuel
cell chamber. The number of moles of each component is
given by the following expressions:

nCH4 = a − xF (19)

nCO = xF − yF (20)

nCO2 = yF (21)

nH2 = 3xF + yF − c (22)

nH2O = bF − xF − yF + c

(for oxygen-conducting electrolyte)
nH2O = bF − xF − yF

(for hydrogen-conducting electrolyte)

(23)

ntotal =
5∑

i−1

ni (24)

Calculations of the thermodynamic equilibrium composition
are accomplished by solving a system of non-linear equations
relating the moles of each component to the equilibrium con-
s
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activity is only the indicator for the presence of carbon in the
system. It does not give the information regarding the amount
of carbon formed. Finally, whenαc < 1, carbon formation is
thermodynamically impossible.

In order to identify the range of SOFC operation, which
does not suffer from the formation of carbon, the operating
temperature and the extent of the electrochemical reaction of
hydrogen are specified. Then the initial value of the H2O/CH4
ratio is varied and the corresponding values ofαc are calcu-
lated. The carbon formation boundary is defined as the value
of H2O/CH4 whose value of (1−αc) is approaching zero. This
value represents the minimum inlet H2O/CH4 mole ratio at
which carbon formation in the equilibrium mixture is thermo-
dynamically impossible. For ER-SOFC and IIR-SOFC, the
calculations for both reformer and fuel cell chambers are re-
quired. It should be noted that although recent investigators
estimated the carbon concentration in the steam reforming
reactions by the method of Gibbs energy minimization, the
principle of equilibrated gas to predict the carbon formation
in this study is still meaningful because the calculations are
carried in order to determine the carbon formation boundary
where the carbon starts forming on the surface. In addition,
other possible factors such as mass and heat transfer or rate
of reactions may also affect the prediction of the carbon for-
mation boundary. Local compositions, which allow the local
carbon formation, may exist although the carbon formation
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i
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tants of the reactions.
The following reactions are the most probable react

hat lead to carbon formation in the reaction system[13]:

CO = CO2 + C (25)

H4 = 2H2 + C (26)

O + H2 = H2O + C (27)

he Boudard reaction (Eq.(25)) and the decomposition
ethane (Eq.(26)) are the major pathways for carbon f
ation at high operating temperature[14]. It should be note

hat due to the exothermic nature of the water gas shift
ion (Eq.(2)), the amount of CO becomes significant at h
emperature[15]. All reactions are employed to examine
hermodynamic possibility of carbon formation. The car
ctivities, defined in Eqs.(28)–(30), are used to determin

he possibility of carbon formation.

c,CO = K1
p2

CO

pCO2

(28)

c,CH4 = K2
pCH4

pH2
2

(29)

c,CO H2 = K3
pCOpH2

pH2O
(30)

hereK1, K2 andK3 represent the equilibrium constants
he reactions(25), (26) and(27), respectively, andpi is the
artial pressure of componenti. Whenαc > 1, the system i
ot in equilibrium and carbon formation is observed. The

em is at equilibrium whenαc = 1. It is noted that the carbo
s unfavorable according to the calculation based on eq
ium bulk compositions. Moreover, other forms of carbo
eous compounds such as CnHm may be formed and resu
n comparable damages.

. Results and discussion

The influence of inlet steam/methane (H2O/CH4) ratio on
quilibrium composition of species at the reformer sec
as firstly carried out as illustrated inFig. 2. The molar frac

ions of CO2, H2O and H2 increased with increasing the in
team/methane ratio, whereas the decrease in CO prod

ig. 2. Effect of inlet H2O/CH4 ratio on each component mole in the
ormer (a= 1 mol,P= 101.3 kPa andT= 1173 K).
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Fig. 3. Effect of inlet H2O/CH4 ratio on carbon activity in the reformer
(a= 1 mol,P= 101.3 kPa andT= 1173 K).

is observed. Apparently, the increasing of inlet H2O/CH4 ra-
tio moves both methane steam reforming (Eq.(1)) and water
gas shift reaction (Eq.(2)) into the forward direction. The
number of mole for methane is very small since it is the re-
actant of the endothermic reaction, which proceeds in great
extent at high temperature. It should be noted that accord-
ing to Eqs.(25)–(27), the presence of high molar fractions
of CO2, H2 and H2O is effective for preventing the carbon
formation in the system.

Fig. 3shows the influence of inlet H2O/CH4 ratio on the
corresponding values of the carbon activity calculated from
the equilibrium compositions. The initial high slope at the
low H2O/CH4 ratio implies that the opportunity of the car-
bon formation is rapidly decreased with an addition of steam
into the system. The carbon formation becomes thermody-
namically unfavored, as the carbon activity is less than one,
when the H2O/CH4 ratio is approximately greater than one. It
is therefore indicated that the carbon formation is less likely
as the H2O/CH4 ratio is increased. It should also be noted that
the values of carbon activities calculated from Eqs.(28)–(30)
are equal because the calculations are based on the gas phase
compositions at equilibrium. This is also observed by other
investigator[16].

Fig. 4 shows the H2O/CH4 ratio at the carbon forma-
tion boundary for typical SOFCs with the oxygen-conducting
electrolyte for different operating modes and various extents
o from
t
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t . This
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o
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Fig. 4. Influence of the operation mode on the requirement of inlet H2O/CH4

ratio at different operating temperatures (oxygen-conducting electrolyte,
a= 1 mol andP= 101.3 kPa).

of hydrogen. In contrast, for DIR-SOFC, hydrogen from the
electrochemical reaction is converted to steam at the anode
side, where the reforming reaction simultaneously takes place
and, consequently reduces the requirement of H2O/CH4 ra-
tio in the feed. It is particularly pronounced when DIR-SOFC
is operated at high current density. Nevertheless, due to the
fact that DIR-SOFC requires anode material with sufficient
catalytic activity for both reforming and electrochemical re-
actions whereas ER-SOFC and IIR-SOFC can employ two
separated materials readily available for each reaction, ER-
SOFC and IIR-SOFC may be preferred at the moment. In
case that either ER-SOFC or IIR-SOFC with the oxygen-
conducting electrolyte is employed, it should be noted that
the damage from carbon deposition in the fuel cell chamber
would be less likely, comparing to that in the reformer. Water
produced from the electrochemical reaction in the fuel cell
chamber in addition to the amount of water in the inlet stream,
which is already adjusted to avoid the formation of carbon
in the reformer, further decreases the possibility of carbon
deposition in the fuel cell chamber.

For comparison, the requirement of H2O/CH4 ratios to
prevent the carbon formation for ER-SOFC, IIR-SOFC, and
DIR-SOFC with the hydrogen-conducting electrolyte are also
carried out as shown inFig. 5. Independent of the operating
modes, more inlet steam is required when the cell is operated
at high extents of electrochemical reaction of hydrogen. It
s t the
c d for
t node
s tion
a event
t

en-
c ation
m and
t -
m rted
t pro-
v en-
f electrochemical reaction of hydrogen. It can be seen
he figure that the required inlet H2O/CH4 ratio for avoid-
ng carbon formation decreases with increasing oper
emperature and becomes constant at high temperature
imilar behavior was reported in our previous works w
ther types of fuel including ethanol[8] and methanol[9].
herefore, raising the SOFC operating temperature is
ossibility to prevent carbon formation at the anode, h
ver, the cost of high temperature materials as well a
roblem of cell sealing must also be considered. Com
on between different operating modes indicates that th
uired H2O/CH4 ratios for ER-SOFC and IIR-SOFC are
ame, independent of the extent of electrochemical rea
hould be noted that the benefit of steam generation a
athode by the electrochemical reaction is not recognize
his system. The disappearance of hydrogen from the a
ide by electrochemical reaction favors the carbon forma
nd, consequently required higher steam in order to pr

he formation of carbon species.
From the above results, DIR-SOFC with the oxyg

onducting electrolyte seems to be a promising oper
ode due to the good heat utilization within the system

he reduction of inlet H2O/CH4 ratio requirement. This sum
ary is in contrast to one previous work, which repo

hat the SOFC with the hydrogen-conducting electrolyte
ides higher electrical efficiency than that with the oxyg
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Fig. 5. Influence of operation mode on the requirement of inlet H2O/CH4

ratio at different operating temperatures (hydrogen-conducting electrolyte,
a= 1 mol andP= 101.3 kPa).

conducting electrolyte because high partial of hydrogen is
maintained at the anode side[17]. However, since the com-
parison in that work was based on the calculations using the
same value of inlet H2O/CH4 ratio, the benefit from the re-
duced steam requirement was not taken into account. This
subject will be discussed in more details in our next paper
dealing with the efficiency of the overall SOFC system.

4. Conclusion

Theoretical thermodynamic analysis was performed to
predict the carbon formation boundary for the SOFCs with
different operating modes. It was observed that the required
H2O/CH4 ratio to prevent the carbon formation mainly de-
pended on the operating temperature, SOFC operation mode
and electrolyte type. In general, operation at high tempera-
ture reduces the required inlet H2O/CH4 ratio in all cases.
The oxygen-conducting electrolyte is more attractive than
the hydrogen-conducting electrolyte as the former system
requires less steam. This is directly related to water gener-
ated from the electrochemical reaction of hydrogen at elec-
trodes. The difference in steam requirement is particularly
pronounced at high extent of the electrochemical reaction
of hydrogen. The required H2O/CH4 ratio is independent
of the SOFC operating modes for those with the hydrogen-
c with
t less
s , the
D s to
b iew
o

It should be noted that although the thermodynamic cal-
culations can be used to predict the minimum inlet H2O/CH4
ratio for which carbon formation is not favored, the deacti-
vation of anode is not solely the result from the deposition
of carbon. Deposition of other forms of carbonaceous com-
pounds such as polymeric coke (CnHm) may result in com-
parable damage. Therefore, the results obtained in this study
should be considered only as crude guideline for operating
condition of SOFC.
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