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Abstract

A detailed thermodynamic analysis is employed as a tool for prediction of carbon formation boundary for solid oxide fuel cells (SOFCs)
fueled by methane. Three operating modes of SOFCs, i.e. external reforming (ER), indirect internal reforming (IIR) and direct internal
reforming (DIR), are considered. The carbon formation boundary is determined by finding the value of inlet steam/me®&te)iratio
whose equilibrium gas composition provides the value of carbon activity of one. It was found that the miny@{@iiratio requirement for
which the carbon formation is thermodynamically unfavorable decreases with increasing temperature. For SOFCs with the oxygen-conducting
electrolyte, ER-SOFC and IIR-SOFC show the same values©fEH, ratio at the carbon formation boundary, independent of the extent of
electrochemical reaction of hydrogen. In contrast, due to the presence of e&trfadth the electrochemical reaction at the anode chamber,
DIR-SOFC can be operated at lower values of th®KH, ratio compared to the other modes. The difference becomes more pronounced at
higher values of the extent of electrochemical reaction.

For comparison purpose, SOFCs with the hydrogen-conducting electrolyte were also investigated. According to the study, they were
observed to be impractical for use, regarding to the tendency of carbon formation. Higher values gdt6éiHatio are required for the
hydrogen-conducting electrolyte, which is mainly due to the difference in location of water formed by the electrochemical reaction at the
electrodes. In addition, with this type of electrolyte, the requirg®#&H, ratio is independent on the SOFC operation modes. From the
study, 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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1. Introduction possibility for operation with an internal reformer. Recent
developments on SOFCs seem to move towards to two main
Solid oxide fuel cell (SOFC) is an energy conversion unit issues: intermediate temperature operation and use of other
that produces electrical energy and heat with greater energyfuels instead of hydrogen. The uses of various alternative fu-
efficiency and lower pollutant emission than the conventional els, i.e. methane, methanol, ethanol, gasoline and other all
heat engines, steam and gas turbines, and combined cycleserivatives, in SOFCs have been widely investigdtiees).
Duetoits high operating temperature, SOFC offers the widest To date, methane is a promising fuel as it is an abundant
potential range of applications, flexibility of fuel choices and component in natural gas and the methane steam reforming
technology is relatively well established. As SOFC is oper-
* Corresponding author. Tel.: +662 218 6868; fax: +662 218 6877. ated at such a high temperature, methane can be reformed
E-mail addresssuttichai.a@eng.chula.ac.th (S. Assabumrungrat). effectively by either catalytic steam reforming or partial oxi-
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formation boundary whose value represents the minimum
Nomenclature steam/hydrocarbon ratio required to operate the SOFC at
carbon-free condition. Our previous works employed thermo-
a inlet moles of methane (mol) dynamic calculations to predict the required steam/alcohol ra-
b inlet moles of steam (mol) tio for direct internal reforming SOFCs fed by ethafgjland
c extent of the electrochemical reaction of hy-  methanol[9]. It was found that the SOFCs with an oxygen-
drogen (mol) conducting electrolyte require less steam/alcohol ratio than
K1 equilibrium constant of reaction (25) (kP9 that with a hydrogen-conducting electrolyte because extra
K2 equilibrium constant of reaction (26) (kPa) steam generated from the electrochemical reaction is avail-
K3 equilibrium constant of reaction (27) (kP9 able for use in the anode chamber.
n; number of moles of componen{mol) In this paper, a detailed thermodynamic analysis is car-
pi partial pressure of componeintkPa) ried out to predict the carbon formation boundary for SOFCs
X converted moles associated with reaction (L)  fueled by methane. Three operating modes of SOFCs, i.e. ex-
(mol) ternal reforming (ER), indirect internal reforming (IIR) and
y converted moles associated with reaction (2)  direct internal reforming (DIR), with two electrolyte types,
(mol) i.e. oxygen- and hydrogen-conducting electrolytes, are inves-
tigated to compare the required steam/methan®(BH,)
Subscripts ratios between different SOFC operating modes.
R reforming chamber
F fuel cell chamber
2. Theory
Greek letter
e carbon activity 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 E@and(2),

respectively.
dation to produce a #1CO rich gas, which is eventually used
to generate the electrical energy and heat. However, severafFHs4 + H20 = 3H; + CO @)
major problems remain to be solved before such SOFCs can-q + HyO = Hy + CO, )

be routinely operated on the direct feed of alternative fuels

other than hydrogen. One of them is the problem of carbon The former is strongly endothermic while the latter is mildly
deposition on the anode, causing loss of active site and cellexothermic. Methane steam reforming is commercially op-
performance as well as poor durability. The growth of carbon erated at 1000-1100 K and 2.17—-2.86 MPa over nickel based
filaments attached to anode crystallites can generate massiveatalystg10]. The feed contains steam in excess of the sto-
forces within the electrode structure leading toits rapid break- ichiometric amount with HO/CHs molar ratios of 3-5 to
down([4]. prevent soot formatiofiL1].

A number of efforts have been carried out to alleviate this ~ When SOFCs are operated with a fuel, such as hydro-
problem. One approach is to search for appropriate anodecarbon and alcohol, three modes of operation, i.e. external
formulations and operating conditions. A nhumber of addi- reforming SOFC (ER-SOFC), indirect internal reforming
tives were added to the anode in order to lower the rate of SOFC (IIR-SOFC) and direct internal reforming SOFC
carbon formation. For example, the addition of molybdenum (DIR-SOFC) as shown iRig. 1, are possible. For ER-SOFC
and ceria-based materials to Ni-based anode was reported toperation, the endothermic steam reforming and the elec-
reduce carbon deposition, and in some cases, to increase th#ochemical reactions are operated separately in different
fuel conversion{5,6]. Addition of alkali, such as potassium, units, and there is no direct heat transfer between both units.
can accelerate the reaction of carbon with steam and alsoHigh energy supply to the outside reformer is required due
neutralize the acidity of the catalyst support, hence reducingto the high endothermic over this part. In contrast, for both
carbon depositiofi7]. IIR-SOFC and DIR-SOFC, the endothermic reaction from

For the steam reforming, addition of extra steam to the the steam reforming reaction and the exothermic reaction
feed is a conventional approach to avoid carbon deposition.from the oxidation reaction are operated together in a single
Selection of a suitable steam/hydrocarbon ratio becomes arunit. Therefore, the requirement of a separate fuel reformer
importantissue. Carbon formation can occur when the SOFCand energy supply to this unit can be eliminated. This
is operated at low steam/hydrocarbon ratio. However, use ofconfiguration is expected to simplify the overall system
high steam/hydrocarbon ratio is unattractive as it lowers the design, making SOFC more attractive and efficient means
electrical efficiency of the SOFC by steam dilution of fuel of producing electrical power.
and the system efficien¢g]. Consequently, itis necessary to For IIR-SOFC, the reforming reaction occurs in the vicin-
optimize the suitable steam/hydrocarbon ratio at the carbonity of the cell stack. This enables heat transfer from the fuel
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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
toits 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 a
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 catalydi§ 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:

e Oxygen-conduction electrolyte:

anode: H + O = H,0 + 2¢ (3)

cathode: Q@ + 4e = 207~ (4)
e Hydrogen-conducting electrolyte:

anode: H = 2H" + 2¢e” (5)

cathode : 2H + 30, + 26~ = H,0 (6)

The difference between both electrolyte types is the lo-
cation of the water produced. With the oxygen-conducting
electrolyte, water is produced in the reaction mixture in the

anode chamber. In the case of the hydrogen-conducting elec-

trolyte, water appears on the cathode side. The number of
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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:

e Reforming chamber

nCH, = a — XR (7)
nco = XR — YR (8)
nco, = IR ©)
nH, = 3XR + )R (10)
nH,0 = bR — XR — )R (11)
5
Ntotal = Zni (12)
i-1

wherea andbg represent the inlet moles of methane and
water, respectively, angk andyr are the converted moles

in the reforming chamber associated to the reactions (1)
and (2), respectively.

Fuel cell chamber

t

NCH, = d — XR — XF (13)
nCo = XR — YR + XF — YF (14)
nco, = YR+ yF (15)
nH, =3xr+ YR+ 3XF+ yF — ¢ (16)
nH,0 = bR — XR — YR + bF — xF — YF

(for hydrogen-conducting electrolyte) 17)
nH,0 = bR —XR — YR+ DF —XF— yF+ ¢

(for oxygen-conducting electrolyte)

5

Ntotal = Z n; (18)

i—1

wherebr is the additional mole of water fed to the fuel cell
chamberxr andyr the converted moles in the fuel cell
chamber associated to the reactighyand (2), respec-
tively andc s the extent of the electrochemical reaction of
hydrogen. It should be noted that only hydrogen is assumed
to react electrochemically with oxygen supplied from the
cathode side. Then, the overall inleb®GYCH, ratio for
these modes is equal tbyg(+ bg)/a.
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2.2. DIR-SOFC activity is only the indicator for the presence of carbon in the
system. It does not give the information regarding the amount
For DIR-SOFC, as described, there is no requirement of of carbon formed. Finally, whes. < 1, carbon formation is
the separated reforming chamber in the system. All the reac-thermodynamically impossible.
tions mentioned earlier take place simultaneously in the fuel  In order to identify the range of SOFC operation, which
cell chamber. The number of moles of each component is does not suffer from the formation of carbon, the operating
given by the following expressions: temperature and the extent of the electrochemical reaction of
hydrogen are specified. Then the initial value of th&HCH,
ratio is varied and the corresponding valuesgfire calcu-
lated. The carbon formation boundary is defined as the value
of HoO/CHy whose value of (2«c) is approaching zero. This
nco, = yr (21) value represents the minimum inlet®/CH4 mole ratio at
which carbon formation in the equilibrium mixture is thermo-

NCH, = a — XF (19)

nco = XF — JF (20)

M, = 3+ yF — ¢ (22) dynamically impossible. For ER-SOFC and IIR-SOFC, the

nH,0 = bF — XF — Y+ ¢ calculations for both reformer and fuel cell chambers are re-
(for oxygen-conducting electrolyte) 23) quired. It should be noted that although recent investigators

nH,0 = bE — X — YF estimated the carbon concentration in the steam reforming
(for hydrogen-conducting electrolyte) reactions by the method of Gibbs energy minimization, the

principle of equilibrated gas to predict the carbon formation
5 in this study is still meaningful because the calculations are
Ntotal = Z ni (24) carried in order to determine the carbon formation boundary
i-1 where the carbon starts forming on the surface. In addition,
Calculations of the thermodynamic equilibrium composition Other possible factors such as mass and heat transfer or rate
are accomplished by solving a system of non-linear equationsOf reactions may also affect the prediction of the carbon for-
relating the moles of each component to the equilibrium con- Mation boundary. Local compositions, which allow the local

stants of the reactions. carbon formation, may exist although the carbon formation
The following reactions are the most probable reactions iS unfavorable according to the calculation based on equilib-

that lead to carbon formation in the reaction sysf&8i: rium bulk compositions. Moreover, other forms of carbona-

ceous compounds such agHy, may be formed and result

2C0=C0o + C (25) in comparable damages.

CHy = 2Hy + C (26)

CO+ Hp = HyO + C 27) 3. Results and discussion

The Boudard reaction (E§25)) and the decomposition of The influence of inlet steam/methane,(®ICH,) ratio on

methane (Eq(26)) are the major pathways for carbon for- equilibrium composition of species at the reformer section
mation at high operating temperat(te]. It should be noted ~ was firstly carried out as illustrated fig. 2 The molar frac-

that due to the exothermic nature of the water gas shift reac-tions of CQ, H,0 and H increased with increasing the inlet
tion (Eq.(2)), the amount of CO becomes significant at high steam/methane ratio, whereas the decrease in CO production
temperaturgl5]. All reactions are employed to examine the
thermodynamic possibility of carbon formation. The carbon 3
activities, defined in Eqg28)—(30) are used to determine

the possibility of carbon formation. 2
Pe g,
acco = K1—2 (28) e
Pco, i
PCH £
(3]
accH, = K2 3 (29) 2 |
PH2 =
o
PCOPH z
accoH, = K3——— (30) =

PH20

whereK1, K2 andK3 represent the equilibrium constants of
the reactiong25), (26) and(27), respectively, ang; is the
partial pressure of componentWhenac > 1, the system is
notin equilibrium and carbon formation is observed. The sys- rig. 2. Efect of inlet BO/CH, ratio on each component mole in the re-
tem is at equilibrium when = 1. It is noted that the carbon  former @=1mol,P=101.3kPa and=1173K).

[Steam/Methane] mole ratio
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Fig. 4. Influence of the operation mode on the requirement of il€&/BH,4

Fig. 3. Effect of inlet BO/CH ratio on carbon activity in the reformer ratio at different operating temperatures (oxygen-conducting electrolyte,
(a=1mol,P=101.3kPa and = 1173K). a=1mol andP=101.3kPa).

is observed. Apparently, the increasing of inletCH;, ra- of hydrogen. In contrast, for DIR-SOFC, hydrogen from the
tio moves both methane steam reforming (89) and water electrochemical reaction is converted to steam at the anode
gas shift reaction (Eg2)) into the forward direction. The  side, where the reforming reaction simultaneously takes place
number of mole for methane is very small since it is the re- and, consequently reduces the requirementd/&H, ra-
actant of the endothermic reaction, which proceeds in greattio in the feed. Itis particularly pronounced when DIR-SOFC
extent at high temperature. It should be noted that accord-is operated at high current density. Nevertheless, due to the
ing to Egs.(25)—(27) the presence of high molar fractions fact that DIR-SOFC requires anode material with sufficient
of CO, Hz and RO is effective for preventing the carbon catalytic activity for both reforming and electrochemical re-
formation in the system. actions whereas ER-SOFC and IIR-SOFC can employ two
Fig. 3shows the influence of inlet #/CH, ratio on the separated materials readily available for each reaction, ER-
corresponding values of the carbon activity calculated from SOFC and IIR-SOFC may be preferred at the moment. In
the equilibrium compositions. The initial high slope at the case that either ER-SOFC or IIR-SOFC with the oxygen-
low H,O/CH; ratio implies that the opportunity of the car- conducting electrolyte is employed, it should be noted that
bon formation is rapidly decreased with an addition of steam the damage from carbon deposition in the fuel cell chamber
into the system. The carbon formation becomes thermody-would be less likely, comparing to that in the reformer. Water
namically unfavored, as the carbon activity is less than one, produced from the electrochemical reaction in the fuel cell
when the HO/CH, ratio is approximately greater than one. It chamber in addition to the amount of water in the inlet stream,
is therefore indicated that the carbon formation is less likely which is already adjusted to avoid the formation of carbon
asthe HO/CH;y ratio is increased. It should also be noted that in the reformer, further decreases the possibility of carbon
the values of carbon activities calculated from Eg8)—(30) deposition in the fuel cell chamber.
are equal because the calculations are based on the gas phase For comparison, the requirement ob®/CH;, ratios to
compositions at equilibrium. This is also observed by other prevent the carbon formation for ER-SOFC, IIR-SOFC, and
investigatof16]. DIR-SOFC with the hydrogen-conducting electrolyte are also
Fig. 4 shows the HO/CH, ratio at the carbon forma-  carried out as shown iRig. 5. Independent of the operating
tion boundary for typical SOFCs with the oxygen-conducting modes, more inlet steam is required when the cell is operated
electrolyte for different operating modes and various extents at high extents of electrochemical reaction of hydrogen. It
of electrochemical reaction of hydrogen. It can be seen from should be noted that the benefit of steam generation at the
the figure that the required inlet;®/CH, ratio for avoid- cathode by the electrochemical reaction is not recognized for
ing carbon formation decreases with increasing operating this system. The disappearance of hydrogen from the anode
temperature and becomes constant at high temperature. Thiside by electrochemical reaction favors the carbon formation
similar behavior was reported in our previous works with and, consequently required higher steam in order to prevent
other types of fuel including ethan{®] and methano]9]. the formation of carbon species.
Therefore, raising the SOFC operating temperature is one From the above results, DIR-SOFC with the oxygen-
possibility to prevent carbon formation at the anode, how- conducting electrolyte seems to be a promising operation
ever, the cost of high temperature materials as well as themode due to the good heat utilization within the system and
problem of cell sealing must also be considered. Compari- the reduction of inlet HO/CH, ratio requirement. This sum-
son between different operating modes indicates that the re-mary is in contrast to one previous work, which reported
quired HO/CH;, ratios for ER-SOFC and IIR-SOFC are the thatthe SOFC with the hydrogen-conducting electrolyte pro-
same, independent of the extent of electrochemical reactionvides higher electrical efficiency than that with the oxygen-



80

(]

[Steam/Methane] mole ratio

ER. IIR. DIR

| ! | L | L | I | L | !
900 1000 1100 1200 1300 1400

1500

Temperature (K)

Fig. 5. Influence of operation mode on the requirement of inlgdCH,
ratio at different operating temperatures (hydrogen-conducting electrolyte,
a=1mol andP=101.3kPa).

conducting electrolyte because high partial of hydrogen is
maintained at the anode siffe7]. However, since the com-

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

It should be noted that although the thermodynamic cal-
culations can be used to predict the minimum inlgQHCH,
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 cokenfdy,,) 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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parison in that work was based on the calculations using the References

same value of inlet HD/CH;, 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
H>O/CH, 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 inleb8/CH; 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 #0/CH, ratio is independent

of the SOFC operating modes for those with the hydrogen-
conducting electrolyte. On the other hand, for the SOFC with
the oxygen-conducting electrolyte, DIR-SOFC requires less
steam than both ER-SOFC and IIR-SOFC. In summary, the
DIR-SOFC with the oxygen-conducting electrolyte seems to
be a favorable choice for SOFC operation in the point of view
of the amount of steam required.
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