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bstract

A solid oxide fuel cell (SOFC) test unit was constructed with YSZ electrolyte as the support, and with Ni-YSZ anode (Ni:YSZ = 3:5 in weight)
nd Pt cathode. Direct methane SOFC operation at 800 ◦C with 10% CH4 in argon was carried out. A new phenomenon of the generation of
he electrical current without the fuel was observed and termed the fuel-free current. An operation of intermittent methane supply was designed
o take advantage of three driving forces, i.e. methane in the gas phase, the deposited carbon at the anode surface, and a deficiency of the bulk
attice-oxygen concentration on the anode side, for the generation of the electrical current. A continuous generation of the electrical current is
btained with a methane pulse of only one-fifth of the total operation time. The operation of intermittent methane flow can reduce or even avoid

OFC deactivation by the carbon deposition; at the same time, the deposited carbon can be fully utilized for the power generation. It was also found

hat hydrogen from methane has been mostly evolved to the outlet gaseous product and the amount of CO formation is much higher than that of
O2; the operation of intermittent methane flow can further increase the amount of CO over that of CO2; these are beneficial for the co-generation
f synthesis gas.
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. Introduction

Methane decomposition occurs over the Ni anode in
direct methane solid oxide fuel cell (SOFC) [1,2].

ethane decomposition over Ni is usually considered as
H4 → CH3 + H → CH2 + H2 → CH + H + H2 → C + 2H2. At
igh temperatures, such as 800 ◦C, CH4 → C + 2H2 may occur in
ne step, similar to thermal cracking of methane. Thus, methane
ecomposition over Ni generally causes the carbon deposition
coking) [3], which may cause very rapid deactivation of the
node; consequently, the removal of the deposited carbon should
e important. Nevertheless, the deposited carbon can be utilized
s a fuel and this has led to the proposal of a carbon SOFC
4]. On the other hand, the deposited C species may lift the Ni
pecies off the surface [5] and thus the amount of C deposition

hould be controlled; this may be done by a low concentration
f methane, a short feeding time of methane, and a continuous
emoval of the deposited C species.

∗ Corresponding author. Tel.: +886 3 5716260; fax: +886 3 5715408.
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It is well known that the deposited carbon due to methane
ecomposition can be removed via gasification by steam [6] or
arbon dioxide [5]. Recently, Huang et al. [7–9] have shown
hat, with the oxygen-ion conducting materials as the support,
he nickel catalyst may exhibit a self de-coking capability, that
s, the gasification of the deposited carbon by the O species
upplemented from the bulk lattice. Notably, in an SOFC, self de-
oking is equivalent to an operation with the deposited carbon as
he fuel. In this work, the generally used Ni-YSZ, i.e. nickel asso-
iated with the oxygen-ion conducting YSZ, was employed as
he anode materials to study its self de-coking capability during
n operation of intermittent methane flow for the direct methane
OFCs.

During an SOFC operation with either the methane or the
eposited carbon as the fuel, the formation of carbon oxides, i.e.
O and CO2, is equivalent to the consumption of the oxygen

pecies, which should eventually come from the cathode-side
as phase oxygen via the oxygen-ion conducting electrolyte.

his leads to the generation of the electrical current. For the

ormation of carbon oxides, bulk lattice oxygen plays a very
mportant role [10]. During self de-coking, the concentration of
ulk lattice oxygen on the anode side may become deficient;
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his is indeed the case in this work, and a new phenomenon
f “fuel-free current” is observed. This fuel-free current is a
easured electrical current generated, in the absence of any fuel,

y the replenishment of oxygen from the cathode-side three-
hase boundary (TPB) to return the deficient bulk lattice-oxygen
oncentration on the anode side to its initial state. This fuel-free
urrent is considered to be due to an effect of electrochemical
romotion of bulk lattice-oxygen extraction [11].

In this work, an operation with intermittent methane flow was
esigned to take advantage of three driving forces for the gener-
tion of the electrical current, that is, methane in the gas phase,
he deposited carbon at the anode surface, and a deficiency of
he bulk lattice-oxygen concentration on the anode side. With a
yclic operation of intermittent methane flow, maximum utiliza-
ion of the fuel can be achieved with a reduced coking problem
nd with the generation of a continuous electrical current by the
ethane pulses.

. Experimental

.1. Preparation of Ni-YSZ powder

The Ni-YSZ powder for the anode is prepared by impreg-
ating the YSZ (8 mol% yttria) powder (1.68 �m, 99.9%,
igma–Aldrich Inc., USA) with an aqueous solution of
i(NO3)2·6H2O (98.0% purity, Showa Chemical Co., Japan)

n a ratio to make 60 wt% Ni with respect to YSZ. The mixture
s heated with stirring to remove excess water and then place
n a vacuum oven to dry overnight. The dried Ni-YSZ powder
s heated to 900 ◦C and then cooled down to room temperature.
fter milling, the Ni-YSZ powder with Ni:YSZ = 3:5 in weight
as obtained.

.2. Construction of test unit

The commercial YSZ tape (156 �m thickness, Jiuhow, Tai-
an) was employed to make an electrolyte-supported cell. A
isk of 1.25 cm diameter was cut from the tape. One side of the
isk was coated with the Ni-YSZ paste, which was made of the
bove Ni-YSZ powder, coin oil, polyvinyl butyral, and ethanol.
he other side of the disk was screen-printed with a thin layer
f Pt paste (C3605P, Heraeus) to make the cathode layer.

The coating of the Ni-YSZ paste to make the anode layer was
arried out by spinning coating with 2000 rpm for nine times.
hen, the both side-coated unit cell was heated in an oven, with
heating rate of 5 ◦C min−1, to 300 ◦C, which temperature was
eld for 2 h, then to 500 ◦C, which temperature was held for 2 h,
nd then to 1400 ◦C, which temperature was held for 2 h. The
hus-prepared unit cell has an area of 1 cm2, an anode thick-
ess of about 30 �m, an electrolyte thickness of 156 �m, and a
athode thickness of about 5 �m.

Both sides of the completed unit cell were closely connected
ith gold mesh wires (100 mesh) for the current collection, and
hen with the Pt wires to the current and voltage measurement
nits. The ceramic paste was used to seal the unit cell in a quartz
ube with a heat treatment of 400 ◦C for 1.5 h so as to complete
he preparation of the test unit with a single cell. The anode side

f

f
f
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f the unit cell is sealed in the quartz tube and the cathode side
s exposed to stagnant air.

.3. Test of unit cell

A circuit resistance of 1 �, which is the lowest adjustable
esistance of the load circuit in this work, was employed. The
est temperature is 800 ◦C throughout this work. The feed was
0% CH4 in argon. The flow rate was always 100 ml min−1

assing the anode side.
The test started with the anode reduction at 400 ◦C with 10%

2 for 2 h. Then, an argon flow was passed for 2 h to purge the
ystem. The test unit was then heated in argon to 800 ◦C at a
ate of 5 ◦C min−1. Then, 10% H2 was introduced for 30 min
nd the argon flow was followed until the measured electrical
urrent became zero. Methane test was then carried out with
ntroducing a CH4 flow for a designated time, followed by the
rgon flow until both CO and CO2 formations as well as the
easured current became zero. Then, 20% O2 was introduced

ntil the CO and CO2 formations became zero. Finally, an argon
ow was passed for 30 min to purge the system.

A new test started with the above-described introduction of
0% H2 for 30 min at 800 ◦C and with following argon flow
ntil the measured electrical current became zero. However, if
his H2 test result showed a deactivation of the used unit cell, a
resh unit cell would be used and the new test started with the
bove-described anode reduction at 400 ◦C.

Through out the test, the electrical current, the voltage, and
he outlet gas compositions were always measured. The com-
ositions of CO and CO2 were measured by CO-NDIR and
O2-NDIR (non-dispersive infrared analyzer, Beckman 880),

espectively. Other gas compositions were measured by two gas
hromatographs (China Chromatography 8900) on line.

. Results and discussion

.1. Phenomenon of a fuel-free current

Fig. 1 shows the profiles of measured and equivalent cur-
ent densities versus time with 30 min CH4 flow. The equivalent
urrent indicates the current which would be produced if the

species for COx, i.e. CO and CO2, formations at the anode
hree-phase boundary (TPB) come from the cathode TPB. This
Ox equivalent current is calculated with the total amount of O

pecies in forming CO and CO2, with each O species carrying
wo electrons. Notably, the equivalent current as shown in this
ork is equivalent to the formation rates of COx only; it should
e equivalent to the total formation rates of all the oxidation
roducts and thus the formation rate of other detectable oxida-
ion product, only H2O in this work, will be included if the total
mount of oxygen consumption is to be calculated. Neverthe-
ess, H2O formation was quite small during all the experiments
f this work and thus the amount of oxygen consumed by H2O

ormation is negligibly small.

Fig. 1 indicates that there is a region, designated as zone II,
or the generation of electrical current in the absence of any
uel, either methane in the gas phase or deposited carbon at
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Fig. 1. Profiles of current densities vs. time with 30 min CH4 flow. Zone I denotes
the area between the curves of equivalent and measured currents and extends
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rom time zero until these two curves meet. Zone II denotes the area under the
urve of the measured current and to the right of the curve of the equivalent
urrent.

he anode surface. Notably, zone II denotes the area under the
urve of the measured current and to the right of the curve of the
quivalent current. The evidence for the absence of any fuel is
hown in Fig. 2, which presents the outlet gas composition from
he anode side, i.e. the fuel side. It is seen that CH4 conversion
nd H2 concentration become zero well before switching to the
r flow. Separate gas chromatographic measurements show that

he CH4 concentration becomes zero in less than 2 min after
witching to the Ar flow, which means a very quick purge with
00 ml min−1 of Ar flow. On the other hand, there is no any fuel-
xidation product, i.e. CO, CO2, or H2O as detected in this work,
ssociated with the occurrence of zone II. Thus, the electrical
urrent as designated by zone II is indeed a current generated in
he absence of any fuel and can be termed a “fuel-free current”.

In this work, the fuel means both the methane and the
eposited carbon species from the decomposition of methane.

he evidence for the existence of the deposited carbon species
an be seen in Fig. 2, where the amounts of CO and CO2 forma-
ions exceed that allowed by the methane conversion after about

ig. 2. Outlet gas composition and methane conversion with 30 min CH4 flow.
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5 min of CH4 flow. The exceeding amounts of CO and CO2
ormations should be due to the oxidation of the deposited car-
on species. These carbon species are usually considered to be
urface CHx (x = 0–3) species, which are intermediates of CH4
ecomposition [12]. Notably, before about 15 min of CH4 flow,
he amount of COx formations are lower or much lower than that
llowed by the methane conversion, indicating the occurrence
f some methane decomposition without oxidation, which pro-
uces the deposited carbon species. However, since the amount
f H2O production after about 25 min of CH4 flow becomes zero,
he CHx species should be mostly the C species, which may cause
he coking problem and should be removed the sooner the better.
otably, also, with an anode thickness of about 30 �m in this
ork, the whole anode can be effective to utilize the deposited C

pecies to generate the electrical current so that the deposited C
pecies is removed continuously; this can lessen the problem of
oking to the anode. Abudula et al. [13] has reported an effective
node thickness of 70 �m for 4.6% of dry methane fuel in an
OFC.

The occurrence of fuel-free current is considered to be due
o the deficiency of the bulk lattice-oxygen concentration on
he anode side after oxidations of methane and deposited car-
on species, which have extracted additional amount of lattice
xygen from the anode bulk without replenishment from the
athode TPB. Consequently, a deficiency of the bulk lattice-
xygen concentration on the anode side occurs and is build up
uring the oxidation of fuel and thus the oxygen species migrate
rom the cathode TPB to the anode side to replenish the bulk
attice-oxygen concentration on the anode side to its initial state,
hich generates an electrical current. In copper oxide, the oxy-
en vacancy may be created via the lattice oxygen reduction and
igration when the lattice oxygen overcomes the energy barrier

y a specific electrical field [14]; this is a type of electrochemical
romotion [15], that is, the work function and thus the activa-
ion energy of the lattice oxygen reduction is reduced under a
otential (an electrical field) [16]. Similarly, the oxygen vacancy
n YSZ can be produced at 800 ◦C under the operating poten-
ial (voltage), since a decreased activation energy of the YSZ
attice-oxygen reduction can make the YSZ bulk reducible at this
emperature. Since the deficiency of bulk lattice-oxygen con-
entration is a consequence of electrochemically promoted bulk
attice-oxygen extraction [11], it can be concluded that the occur-
ence of fuel-free current is due to the effect of electrochemical
romotion of bulk lattice-oxygen extraction.

The quantity of fuel-free current is represented by the area
f zone II. Zone II indicates the amount of the O species which
ave been replenished with the oxygen species coming from
he cathode TPB, considering that one oxygen ion carries two
lectrons. Since the concentration difference becomes smaller
s the replenishing process is going on, the rate of replenish-
ent, which causes the fuel-free current, becomes increasingly

maller. This is indicated by a long tail of the measured current
s shown in Fig. 1.
Fig. 1 shows also that the equivalent current can reach a max-
mum rate very fast while the measured current needs some time
o reach the maximum. This is attributed to both the mobility of
attice oxygen in the bulk of oxygen-ion conducting materials
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Table 2
Variation of the self de-coking capability and the overall methane conversion
with the methane flow time

Methane flow
time (min)

Self de-coking
capabilitya (%)

Overall methane
conversion (%)

5 99.8 17.9
10 97.5 11.1
30 92.6 7.2

a Self de-coking capability = self de-coking amount/amount of total carbon
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nd the distance from the cathode TPB to the anode TPB. Addi-
ionally, zone I indicates the amount of lattice oxygen species
hich have been extracted from the anode-side bulk but have
ot been replenished from the cathode TPB; thus, the measured
urrent is lower than it should be if all the O species used for the
xidation come from the cathode TPB. Notably, a measured cur-
ent can occur only with the oxygen species, with each carrying
wo electrons, transported from the cathode TPB to the anode
PB. The current density and the oxygen transfer rate, i.e. the

eft and the right coordinate, respectively, as shown in Fig. 1, is
elated by 1 mA cm−2 to 0.31088 �mol O2− cm−2 min.

.2. Self de-coking

The oxidation of the deposited carbon species by the lattice
xygen species is termed “self de-coking” [10], i.e. de-coking
y the O species of the catalyst itself. As noted before, self de-
oking is equivalent to an operation with the deposited carbon
s the fuel. Self de-coking may be considered to have started
hen the amount of COx production exceeds that allowed by

he methane conversion and ended when COx becomes zero.
evertheless, some carbon species cannot be self de-coked and

hus have to be removed by oxidation with 20% oxygen, with the
esults shown in Table 1. The removal of the carbon species by
he lattice oxygen is termed “self de-coking” in this work in order
o discriminate it from the de-coking operation by a simulated
ir (20% O2), which is termed “O2 de-coking”. Notably, there is
ower generation during self de-coking but no power generation
uring O2 de-coking. This is because the O species for self de-
oking can come from the cathode TPB but those for O2 de-
oking come entirely from the anode-side gas phase.

Fig. 2 shows also that the methane conversion becomes zero
fter 25 min CH4 flow, indicating a complete deactivation of
he anode. Although the anode activity can be fully or partially
ecovered after O2 de-coking, the amount of deposited carbon
s better to be controlled. A shortening of the methane flow time
uring the process of intermittent methane flow, i.e. a CH4 flow
ollowed by an Ar flow, not only produces a smaller amount
f deposited carbon but also results in a faster removal of the
eposited carbon. Notably, a methane flow with a relatively short

uration can be termed a methane pulse.

Table 1 reveals that the amount of COx formation, which is
quivalent to the amount of the deposited carbon removed during
2 de-coking, decreases with decreasing methane flow time.

able 1
ariation of the carbon oxides formation and the time of O2 de-coking with the
ethane flow time

ethane flow
ime (min)

Carbon oxidesa formation during O2

de-cokingb (�mol cm−2 anode)
O2 de-coking
timec (min)

5 0.47 24
0 3.62 510
0 7.23 750

a Carbon oxides means CO and CO2.
b Removal of the remaining coke after self de-coking with 100 ml min−1 of
0% O2 in argon at 800 ◦C. Only CO2 was detected during O2 de-coking.
c The time for O2 de-coking until zero CO2 formation.
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eposition, where the amount of total carbon deposition equals the self de-coking
mount plus the O2 de-coking amount, both in terms of (amount of CO + amount
f CO2).

dditionally, the time needed for O2 de-coking also decreases,
hich means an easier removal of the deposited carbon. It is also

ound that, after the process of O2 de-coking, the SOFC activity
an be fully recovered for the cases of 5 and 10 min methane flow,
ut with about 10% deactivation for the case of 30 min methane
ow. These results indicate that an intermittent methane flow
ith a short methane pulse is beneficial not only for a better

uel utilization but also for lessening the coking problem. With
methane pulse short enough, the coking problem may be fully
voided.

As discussed above, the concentration of bulk lattice-oxygen
pecies should have some effect on the self de-coking capability.
dditionally, since the methane oxidation is also a process of

xtracting the bulk lattice-oxygen species, the concentration of
ulk lattice-oxygen species should also have some effect on the
ethane conversion. Since an increase of the methane flow time

esults in a decrease of the bulk lattice-oxygen concentration,
oth the self de-coking capability and the overall methane con-
ersion should decrease with an increased duration of methane
ow, as confirmed by the results shown in Table 2.

.3. Effect of lattice oxygen concentration

As discussed above, the variation of the bulk lattice-oxygen
oncentration was achieved by varying the flow time of methane.
ith the methane flow time decreased from 30 to 5 min,

able 3 shows that the amount of bulk lattice-oxygen extrac-
ion decreases. This would result in a decreased extent of
he deficiency of the bulk lattice-oxygen concentration on the
node side. Consequently, the bulk lattice-oxygen concentration
ncreases. With an increased bulk lattice-oxygen concentra-
ion, the self de-coking capability increases. Thus, the extent of
node deactivation decreases and the overall methane conversion
ncreases, shown in Table 2.

Fig. 1 shows also that, after about 20 min of methane expo-
ure, the equivalent current starts to decrease, but the measured
urrent does not. This is due to a decrease of the CO formation
ate, shown in Fig. 3. This is a consequence of the decrease of
he bulk lattice-oxygen concentration on the anode side. This is
ccording to that the CO formation needs the supply of lattice

xygen and its supply rate depends on the bulk lattice-oxygen
oncentration [10]. Nevertheless, for the cases of 5 and 10 min
ethane flow, the equivalent currents show no decrease during

he methane exposure, shown in Fig. 4. For the case of 10 min
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Table 3
Variation of the amounts of the lattice oxygen extracted and replenished with
the methane flow time

Methane flow
time (min)

Lattice oxygen extracteda

(102 �mol cm−2 anode)
Lattice oxygen replenishedb

(102 �mol cm−2 anode)

5 1.6 1.6
10 1.9 1.8
30 3.2 3.1

a The total amount of the lattice oxygen extracted as in zone I, after a modifi-
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ation with the amount of the O species in forming H2O.
b The total amount of the lattice oxygen replenished as in zone II. No H2O

ormation was observed during this period.

ethane flow, Fig. 4(a) shows that the equivalent current can
e kept constant for some time. These are attributed to a high
oncentration of the bulk lattice oxygen.

Fig. 4(b) reveals that zone I extends well into the argon flow
eriod. Notably, zone I denotes the area between the curves of
quivalent and measured currents and extends from time zero
ntil these two curves meet. This indicates that the bulk lattice-
xygen concentration on the anode side is high enough to be
xtracted during self de-coking. Table 3 indicates also that the
mount of the replenished O species is about the same as or
lightly less than that of the extracted O species, indicating that
he extracted lattice oxygen can be almost fully replenished.
otably, the amount of lattice O replenished is equivalent to the
uantity of fuel-free current. Thus, the advantage for utilizing the
uel-free current is not only for the generation of additional elec-
rical current but also for the replenishment of oxygen species to
he anode bulk so that the concentration of anode-side bulk lattice
xygen can be restored to its initial level. This enhances both the
elf de-coking capability and the overall methane conversion.

The above results indicate that the measured current occurs
ith three types of the driving forces, that is, the methane fuel in

he gas phase, the deposited carbon species at the anode surface,

nd the deficiency of the bulk lattice-oxygen concentration on
he anode side. A cyclic operation with an intermittent methane
ow is thus designed to take advantage of these three driving
orces for the generation of the electrical current.

ig. 3. Profiles of CO and CO2 formation rates vs. time with 30 min CH4 flow.
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ig. 4. Profiles of current densities vs. time: (a) with 10 min CH4 flow; (b) with
min CH4 flow. Zones I and II are defined as in Fig. 1.

.4. Cyclic operation with intermittent methane flow

With a 25 min cycle of 5 min of methane flow followed by
0 min of argon flow, the variations of the measured current and
he equivalent current during 18 cycles are shown in Fig. 5, and
hose of CO and CO2 formations shown in Fig. 6. It is seen that
he measured current can be sustained at relatively constant-
verage level after an initial drop. This is a case of a continuous
eneration of the electrical current with a methane pulse of only
ne fifth of the total operation time. Notably, the generation of
he fuel-free current is indicated by the region where there is

easured current but no equivalent current.
Fig. 5(a) indicates that the measured current needs some time

o reach the maximum for the first cycle, but it reaches the max-
mum very quickly in the following cycles. This is attributed to
hat the lattice O species needs some time to be transported from
he cathode TPB to the anode TPB to produce current initially.
evertheless, after the initial stage, the lattice O species is con-

inuously transported from the cathode to the anode and thus the

urrent can reach its maximum right after the introduction of
ethane flow.
Fig. 5(a) indicates also that the deficiency of the bulk lattice-

xygen concentration can be restored continuously, with the
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roduction of the fuel-free current. Nevertheless, although the
ormation rates of carbon oxides can be kept at a constant level
or some time during the first two cycles, the rates decrease
ight after they reach the highest point from the third cycle
nward, shown in Fig. 6(a). This is considered to be due to
hat the bulk lattice-oxygen concentration is not fully restored
nd thus not enough to sustain the carbon oxides formation at a
onstant level. After the last cycle of the cyclic operation of 18
ycles, the replenishment has been carried out until the fuel-free
urrent becomes zero, shown in Fig. 5(b); the amount of lattice
xygen thus replenished is 184 �mol cm−2 anode, higher than
hat for the case of 5 min methane flow as shown in Table 3.
otably, the COx formation behavior for the last cycle is similar

o the previous ones, shown in Fig. 6(b). This confirms that the
eplenishment of the lattice oxygen is indeed not fully restored
n the cycles before the last one, due to not enough time for the
eplenishment. This in turn confirms that the bulk lattice-oxygen
oncentration indeed has an important role in the performance

f direct methane solid oxide fuel cells.

On the other hand, Fig. 6 shows that the amount of CO for-
ation is much higher than that of CO2, especially during the
r flow period. This is similar to that for the case of 30 min

ig. 5. Variations of measured current and equivalent current with time during
yclic operation of intermittent methane flow: (a) first four cycles; (b) next 14
ycles until test ends. A cycle is 25 min, i.e. 5 min CH4 flow followed by 20 min
r flow.
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ig. 6. Variations of CO and CO2 formation rates with time during cyclic oper-
tion of intermittent methane flow: (a) first four cycles; (b) next 14 cycles. A
ycle is 25 min, i.e. 5 min CH4 flow followed by 20 min Ar flow.

H4 flow, shown in Fig. 3. Additionally, with very little H2O
ormation as shown in Fig. 2, most hydrogen dissociated from
ethane is evolved to the outlet gas phase without being oxi-

ized. This is also in agreement with that the mole percent of H2
ormation is about two times the CH4 conversion in accordance
o CH4 → C + 2H2. Thus, the direct methane SOFC with an
peration of CH4 flow followed by Ar flow favors the CO forma-
ion and thus is beneficial for the co-generation of the synthesis
as.

. Conclusions

A new phenomenon of the generation of electrical current
ithout the fuel was observed and this current has been termed

he fuel-free current. The occurrence of the fuel-free current is
ttributed to the deficiency of the bulk lattice-oxygen concen-
ration on the anode side by the before-hand fuel oxidation. An

peration of an intermittent methane supply was designed to take
dvantage of three driving forces for the generation of the elec-
rical current, that is, the methane in the gas phase, the deposited
arbon at anode, and the deficiency of the lattice oxygen



l of P

c
e
fi
fl
b
f
w
w
e
p
i
C
c

A

C
c
N
R
w

R

[
[

[

[

T.-J. Huang, M.-C. Huang / Journa

oncentration on the anode side. A continuous generation of the
lectrical current is obtained with a methane pulse of only one-
fth of the series time. The operation of intermittent methane
ow can reduce or even avoid the SOFC deactivation by the car-
on deposition; at the same time, the deposited carbon can be
ully utilized as the fuel for the generation of electrical current,
hich leads to a high utilization efficiency of methane fuel. It
as also found that hydrogen from methane has been mostly

volved to the outlet gaseous product and the amount of CO
roduction is much higher than that of CO2; the operation of
ntermittent methane flow can further increase the amount of
O production over that of CO2; these are beneficial for the
o-generation of synthesis gas.
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