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Abstract

We evaluate two kinds of solid-oxide-fuel-cell (SOFC)—polymer-electrolyte-fuel-cell (PEFC) combined systems by numerical simulation to
investigate the effect of the fuel feeding method. In one, fuel for the system is reformed by using exhaust heat from the SOFC and is separately
supplied to the SOFC and PEFC (parallel SOFC—PEFC system). In the other, fuel is fed to the SOFC first and then SOFC exhaust fuel is fed to the
PEFC (series SOFC-PEFC system). The quality of the fuel gas in the SOFC is better in the latter system, whereas the quality of the fuel gas in
the PEFC is better in the former. We demonstrate that larger PEFC output can be obtained in the parallel SOFC-PEFC system, since more steam,
which is included in the SOFC anode exhaust gas, can be used for the reforming of the fuel for the PEFC. We show that the series SOFC-PEFC
system provides higher electrical efficiency because the fuel gas quality has a stronger influence on the electromotive force in the SOFC than in

the PEFC.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Power generating systems using solid oxide fuel cells
(SOFCs) provide higher electrical efficiency than systems using
other fuel cell because high-temperature SOFC exhaust heat
(&1073 K) is used for fuel reforming [1]. A system using SOFCs
only (simple SOFC system) has achieved 46% electrical effi-
ciency at 109 kW ac [2]. However, that power generation systems
in which an SOFC is used in combination with other generat-
ing equipment can provide higher electrical efficiency than the
simple SOFC system [1]. This is because the high-temperature
SOFC exhaust heat contributes to power generation in the other
generating equipment.

Although systems combining an SOFC and gas turbine
(SOFC-GT systems) are attracting attention [3,4], we focus on
systems combining an SOFC with a polymer electrolyte fuel cell
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(PEFC) [5,6]. This is because the SOFC-PEFC system is quieter
than SOFC-GT systems and because the cost of the auxiliary
equipment is lower [5]. In addition, SOFC-PEFC systems can
provide higher efficiency than SOFC—GT systems when the out-
put is relatively small, because the efficiency of the PEFC stack
remains almost constant even as the output decreases [5,6].
Various SOFC-PEFC system configurations are possible
[5-8]. We classity SOFC-PEFC systems into two types depend-
ing on the fuel feeding method. In one type, fuel for the system
is reformed using exhaust heat from the SOFC and is sepa-
rately supplied to the SOFC and PEFC. We refer this type of
SOFC-PEFC system as a parallel SOFC-PEFC system. In the
other type, all fuel is fed to the SOFC stack first and then SOFC
exhaust fuel is fed to the PEFC stack. We call this type of
SOFC-PEFC system a series SOFC—PEFC system. The basic
concept of both systems is the same. That is, higher electrical
efficiency is achieved in the SOFC-PEFC system than in the
simple SOFC system by using the SOFC exhaust heat for the
reforming of fuel for both the SOFC and PEFC. However, tem-
perature and gas component profiles in the cells, which influence
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Nomenclature

C constant

F Faraday’s constant (C mol~1)
AG Gibbs free energy change (Jmol™!)
J current density (A m~2)

L length of tubular SOFC (m)
m molar fraction

M molar flow rate (mols~1)

(0] amount of heat (W)

R gas constant (Jmol~! K—1)
U utilization (%)

\% cell voltage (V)

w output (W)

X coordinate along gas flow (m)
Greek letters

¢ overpotential (V)

n electrical efficiency (%)
Subscripts

AIR air

ANO  anode

AVE  average

CATH cathode

FUEL fuel

IN inlet

OUT  outlet

PARA parallel SOFC-PEFC system
PE PEFC

REF reform

SERIES series SOFC-PEFC system

SIMP  simple SOFC system
SO SOFC
TOT  total

cell performance, are not the same in these systems. In this study,
we quantitatively evaluate these SOFC—PEFC systems and clar-
ify the features of both.

2. System models and the exhaust heat utilization
mechanism

2.1. Models

A schematic diagram of the simple SOFC system [2,5] is
shown in Fig. 1. A sealless tubular SOFC stack with a depleted
fuel recycling plenum and steam reformer [2-5] is used for the
model of the SOFC. The steam reformer is installed adjacent
to the tubular SOFCs and SOFC exhaust heat is used for the
steam reforming of fuel for the SOFC. Reformed fuel is fed to
the SOFC stack and used for power generation. SOFC anode
exhaust gas is fed to the depleted fuel recycling plenum. Part of
the SOFC anode exhaust gas is recycled to the steam reformer
to feed steam. The remaining SOFC anode exhaust gas is fed to
the combustor and burnt off.
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Fig. 1. Simple SOFC system.

The parallel SOFC-PEFC system consists of SOFC and
PEFC stacks as shown in Fig. 2. A sealless tubular SOFC stack
with a depleted fuel recycling plenum and steam reformer is
also used for the model of the SOFC. In this model, the fuel for
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Fig. 2. Parallel SOFC-PEFC system.
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Fig. 3. Series SOFC—PEFC system.

SOFC and that for PEFC are fed to the steam reformer and they
are reformed using the SOFC exhaust heat. Part of the reformed
fuel is fed to the tubular SOFC and the rest is fed to the PEFC
stack. Part of the SOFC anode exhaust gas is recycled to the
steam reformer. The remaining SOFC anode exhaust gas and
the PEFC anode exhaust gas are fed to the combustor.

Fig. 3 is a schematic diagram of the series SOFC—PEFC sys-
tem. In this system, the fuel for SOFC and that for PEFC are
fed to the steam reformer. As in the parallel-feed system, the
SOFC exhaust heat is used for the steam reforming of fuels for
both stacks. All reformed fuel is fed to the tubular SOFC first
and used for power generation under the low fuel utilization
condition. (In this paper, the fuel utilization of SOFC is defined
as the rate of fuel used for power generation to the fuel fed to
the SOFC.) Then, part of the SOFC anode exhaust gas is fed to
the PEFC stack via shift converter and CO selective oxidizer.
The other part of the SOFC anode exhaust gas is recycled to the
steam reformer. The remaining SOFC anode exhaust gas and the
PEFC anode exhaust gas are fed to the combustor.

2.2. Exhaust heat utilization mechanism in the
SOFC-PEFC system

The SOFC exhaust heat utilization mechanism we used in
the simulation is illustrated in Fig. 4, where Qrgr is the SOFC
exhaust heat used in the steam reformer as reaction heat and
Oar is the SOFC exhaust heat discharged with air for SOFC.
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Fig. 4. SOFC exhaust heat utilization mechanism.

The point is how the SOFC exhaust heat is used for the reform-
ing of fuels for both the SOFC and PEFC in the SOFC-PEFC
systems when the SOFC operation temperature, i.e., the maxi-
mum temperature in the tubular SOFC, is kept constant at that in
the simple SOFC system. Part of the SOFC exhaust heat is used
for fuel reforming as Qrgr and part of it is discharged with the
air for the SOFC as Qa1r. The Qalr is almost as large as Orgr
in an actual 100-kW-class simple SOFC system [2]. Here, QAR
can be decreased by decreasing the air for the SOFC, since QAR
is almost proportional to the air flow rate. Therefore, Orgr can
be increased by converting the decrement of Qar to Orgr While
the SOFC operation temperature is kept constant. That is, Orgr
can be increased by decreasing the air for the SOFC, while the
SOFC operation temperature is kept constant. The SOFC anode
exhaust gas is recycled to the steam reformer to feed the steam.
Note that much more SOFC anode exhaust gas has to be recy-
cled to the steam reformer in the SOFC-PEFC systems than in
the simple SOFC system, since much more steam is needed to
reform the fuel for the SOFC and PEFC.

3. Simulation

The simulation was performed to quantitatively compare the
features of the two SOFC-PEFC systems and compare their
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Fig. 5. SOFC stack unit for the simple SOFC system.

features with those of the simple SOFC system. The cell area
of the SOFC stack is assumed to be same for all three sys-
tems in the simulation. The cell areas of the PEFC stacks in the
SOFC-PEFC systems are varied as the simulation parameter.

3.1. Sealless tubular SOFC stacks

The SOFC stack for the simple SOFC system consists of 1152
SOFC stack units like the one shown in Fig. 5. The active cell area
of the tubular SOFC is the same as that of the tubular SOFC in
an actual simple 100-kW-class SOFC system [2], which means
that the SOFC stack is 100-kW-class [2]. The total cell area
of the SOFC stack is listed in Table 1. The tubular SOFCs are
electrically connected to each other through Ni felt in the SOFC
stack [9]. The same quantity of fuel and the same quantity of
air are assumed to be supplied to each unit. All tubular SOFCs
are assumed to have the same characteristics in the simulation.
The fuel for the SOFC is fed to the tubular SOFC through the
reformer. The steam reforming reaction of methane,

CHy4 + H,O — CO + 3H,, (1)
and the shift reaction,

CO + HyO < CO, +Hy, 2)

Table 1
Total cell areas of the SOFC and PEFC stacks

SOFC stack PEFC stack PEFC stack PEFC stack
(100-kW- (25-kW- (50-kW- (75-kW-
class) class) class) class)

Total cell area (m?) 96.1 19.1 38.1 57.2

both occur in the reformer. The reaction rate of the steam reform-
ing is determined by the equation used in our previous work [5].
The shift reaction is assumed to be in thermodynamic equilib-
rium in the reformer [10]. The oxidation of hydrogen,

H; + 10, < H,0, 3)
the oxidation of carbon monoxide,

CO + 10, « €Oy, @
and the oxidation of methane,

CH4 +20; <> 2H,0 + COy, (5)

are assumed to occur in the tubular SOFC as cell reactions. The
partial pressure of each gas component is assumed to be in ther-
modynamic equilibrium at the anode side [11]. The temperature
profiles of the anode, cathode, and electrolyte are assumed to
be the same. The voltage drop in the tubular SOFC is assumed
to be caused by ohmic resistance of the cathode and contact
resistance between the tubular SOFC and Ni felt. The contact
resistance between the tubular SOFC and Ni felt was estimated
from the experimental results [2,12]. Overpotential is assumed to
be approximated to the ohmic resistance. The cell voltage Vg is
calculated so that the average current density of the SOFC stack
is 2000 A m~2 based on the equation:

Vso = Eso(x) — ¢so(x) — Jso(x)I; (6)

where ¢so(x) is the overpotential of the SOFC, Jso(x) the cur-
rent density of the SOFC, and I' is the area specified contact
resistance between each tubular SOFC [5]. The electromotive
force of the SOFC Egg is given by:

_ RTs0(x) | m50-AN0-0, (%)
4F MSO-CATH-0,(X)

Eso = (N

Part of the SOFC exhaust gas is recycled to the reformer to
feed steam. We choose the recycle gas flow rate so that the steam
to methane molar fraction (S/C ratio) at the reformer inlet is 3.0.
The remaining anode exhaust gas is burnt with cathode exhaust
gas in the combustor. Heat is assumed to be radiated only from
the combustor. The air is fed to the alumina tube installed in the
tubular SOFC and used for power generation at the cathode. The
combustion exhaust gas from the SOFC stack units are gathered
and treated as the combustion exhaust gas from the SOFC stack.

Fig. 6 shows the configuration of the SOFC stack unit for the
parallel SOFC-PEFC system. The number of SOFC stack units
is also 1152. The stack unit is the same as the one for the simple
SOFC system except that the part of the steam reformed fuel is
supplied to the PEFC stack and the PEFC anode exhaust gas is
fed to the combustor. The PEFC anode exhaust gas is assumed
to be distributed to each SOFC unit equally. The cell voltage is
calculated based on Eq. (6) so that the average current density
of the SOFC stack is kept constant at 2000 Am~> though the
fuel-and-air-feeding condition is changed in order to use SOFC
exhaust heat for the reforming of fuel for PEFC. The flow rate
of the reformed fuel fed to the PEFC MREgg-pE is:

MREF.PE = MREF — MREF-SIMP- (8)
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Fig. 6. SOFC stack unit for the parallel SOFC-PEFC system.

where MREgr is the flow rate of the reformed fuel and MRgg-stMp
is that of the reformed fuel in the simple SOFC system. That
is, the flow rate of reformed gas fed to the tubular SOFC is
kept constant in the parallel SOFC-PEFC system, which means
that fuel utilization is the same for both the simple and parallel
systems.

In the series SOFC-PEFC system, the SOFC stack consists of
1152 SOFC stack units like the one shown in Fig. 7. The SOFC
stack unit is the same as one for the simple SOFC system except
that the part of SOFC anode exhaust gas is supplied to the PEFC
and the PEFC anode exhaust gas is fed to the combustor. As in
the parallel SOFC-PEFC system, the PEFC anode exhaust gas
is assumed to be distributed to each SOFC unit equally. The cell
voltage is calculated based on Eq. (6) so that, again as in the
parallel SOFC-PEFC system, the average current density of the
SOFC stack is kept constant at 2000 A m~2. The flow rate of the
SOFC anode exhaust gas fed to the PEFC stack Mso-ANO-PE i:

Mso.ANO-PE = Mso-aNO — Ms0-ANO-SIMP 9)

where Mso-ano is the flow rate of the SOFC anode exhaust gas
and Mso-aNo-svp is that of the SOFC anode exhaust gas in the
simple SOFC system. The fuel utilization of the SOFC is lower
in the series system than in the simple and parallel systems.

The energy balance equations and mass balance equations
are same as those used in the previous study [5]. The constants
are the same as well [5].
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Fig. 7. SOFC stack unit for the series SOFC-PEFC system.

3.2. PEFC stacks

The cell areas of the PEFC stacks were varied as the simu-
lation parameter. The cell areas of the PEFC stacks were deter-
mined so that the rated net ac outputs would be 25, 50 or 75 kW,
based on actual PEFC stack performance [13]. The rated net ac
output is defined as the output when the cell voltage is 0.75V
and the current density is 2000 A m~2 [13]. We refer to the cell
voltage of 0.75 V as the designed voltage for the PEFC. The cell
areas are listed in Table 1. The cell reaction in the PEFC stack is
the oxidation of hydrogen only [14]. The operation temperature
of the PEFC is assumed to be 343 K. The partial pressure of
steam in the fuel and air fed to the PEFC stack is the saturation
vapor pressure. The electromotive force of the PEFC is assumed
to be average of those at the PEFC inlet and outlet. The voltage
drop in the PEFC stack is assumed to consist of a term that is a
linear function of current density and a term that is a logarithm
function of current density, where the former corresponds to the
ohmic overpotential and the latter to the activation overpoten-
tial. That is, from the electromotive force of the PEFC Epg and
the average current density of the PEFC Jpg-avE, the cell voltage
VpE is calculated so that the average current density of the PEFC
stack is 2000 A m~? using the equation:

JPE-AVE
VpE = Epg — C1JpE-AVE — C2 In . (10)
3

where C|, C; and C3 are constants whose values are estimated
tobe 2.12 x 1073, 4.07 x 1072 and 1.35, respectively, from the
1-V characteristics of the actual PEFC stack [13]. The Epg is
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where AG is Gibbs free energy change, Tpg the PEFC operation
temperature, R the gas constant. Here, MPE-H,-IN> MPE-0,-IN and
MPpE-H,0-IN are the molar fractions of hydrogen, oxygen and
steam at the PEFC stack inlet, and mpg-H,-oUT, MPE-0,-oUT and
MPpE-H,0-0UT are those molar fractions at the PEFC stack outlet.

3.3. Simple SOFC system and SOFC—PEFC systems

The configuration of the simple SOFC system is shown in
Fig. 8. The fuel is assumed to be pure methane. The combus-
tion exhaust gas from the SOFC stack is supplied to the heat
exchanger and used for raising the air temperature. Gross dc
output of the SOFC stack is converted to gross ac output by the
inverter. Net ac output is determined by subtracting the power
consumed in auxiliary machines from the gross ac output.

The configuration of the parallel and series SOFC-PEFC sys-
tems are shown in Fig. 9. The fuels for both cell stacks are also
assumed to be pure methane. The reformed fuel is fed to the
shift converter in the parallel SOFC-PEFC system, whereas the
SOFC anode exhaust gas is fed to it in the series SOFC-PEFC
system. The flow rate of methane for the PEFC is determined
so that the fuel utilization of the PEFC stack is 70%, which is
the fuel utilization in an actual simple PEFC system [13]. The
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Fig. 9. Configuration of the SOFC-PEFC systems.

fuel utilization of the PEFC stack Upg_pyEgL is assumed to be the
ratio of the hydrogen used for power generation to that fed to
the PEFC. That is, Upg-puEgL 1s defined as:

JPE-TOT

-, (12)
2FMpE.H,

Upe-ruEL = 1
where Jpg.Tot is total current of the PEFC stack, Mpg-H, the flow
rate of hydrogen in the gas fed to the PEFC stack, and F is the
Faradays constant. Ninety-nine percent of the carbon monoxide
in the gas fed to the shift converter is converted to carbon dioxide
according to the shift reaction in the shift converter. The fuel
passes through the shift converter and is fed to the CO selective
oxidizer. Carbon monoxide in the gas fed to the CO selective
oxidizer is completely oxidized to carbon dioxide. The reaction
in the CO selective oxidizer is the oxidation of carbon monoxide
only. The fuel from the CO selective oxidizer is supplied to the
condenser to decrease the fuel temperature and to remove excess
water. The fuel from the condenser is supplied to the PEFC
stack. The SOFC stack and the PEFC stack have an inverter and
auxiliary machines. Like the net ac output of the SOFC stack,
that of the PEFC stack is determined by subtracting the power
consumed in auxiliary machines from the gross ac output, which
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is converted from gross dc output by using the inverter. The net
ac output and electrical efficiency at net ac are calculated by the
same equations as in our previous study [5].

4. Results and discussion
4.1. Comparison of simulation with experimental results

We compared the simulation result for the simple SOFC sys-
tem with the experimental result for an actual simple SOFC
system [2,15]. The comparison is summarized in Table 2. The
simulation result agreed with the experimental result, which
indicates that our simulation can estimate the electrical effi-
ciency, output, and temperature distribution in the simple SOFC
system. The simulation result and the experimental result for
the I-V characteristic of the PEFC stack are shown in Fig. 10.
The simulation result agreed with the experimental result. Our
simulation can estimate the performance of the PEFC stack.
Consequently, we concluded that our simulation could estimate
the performance of the SOFC—PEFC systems.

4.2. Simulation results for the parallel SOFC-PEFC system

The simulation results for the parallel SOFC-PEFC system
are summarized in Table 3. The reforming heat Qrgr increases
with increasing rated output, since the SOFC exhaust heat is
used for the reforming of fuel for PEFC increases. The SOFC
voltage Vso in the parallel SOFC-PEFC system is as same as
that in the simple SOFC system when the rated net ac output
of the PEFC stack is 25 or S0kW. On the contrary, the Vgo in

Table 2
Comparison of experimental and simulation results for the simple SOFC system
Experimental [12] Simulation
Electrical efficiency at net ac (%) 46 47
Net ac output (kW) 109 114
Cell voltage (V) 0.66 0.65
Recycling gas temperature (K) 1173 1083
Pre-reformed gas temperature (K) 823 772
Average cell temperature (K) 1203 1202
Maximum cell temperature (K) 1273 1273
Minimum cell temperature (K) 1083 1114
1.2
= | —— Simulation
® Experimental [13]
Lo : .
2
g
s
e | | | |
0 1000 2000 3000 4000 5000

Current density [A m™]

Fig. 10. Comparison of experimental and simulation results for the PEFC stack.

Table 3
Simulation results for the parallel SOFC-PEFC system

Orer  Vso Wsoae  VPE WpE-ac  7ac (%) Wsys-ac
kW) (V) kW) (V) (kW) (kW)
Simple SOFC 47 0.65 114 47 114
system
25-kW-class 63 0.65 115 0.75 25 49 140
PEFC stack
50-kW-class 77 0.65 115 0.75 50 50 165
PEFC stack
75-kW-class 90 0.64 116 0.75 75 51 191
PEFC stack

the parallel SOFC-PEFC system is slightly lower than that in
the simple SOFC system when the rated net ac output of the
PEFC stack is 75 kW. That is, the Vg slightly decreases with
increasing Qrgp. This is because the temperature gradient of
the solid oxide electrolyte increases with increasing Orgr and
because the molar fraction of the oxygen at the cathode side of
the tubular SOFC decreases with increasing QRrgr.

The temperature profile of the solid oxide electrolyte in the
paralle]l SOFC-PEFC system is shown in Fig. 11. We refer to the
region where x/L is smaller than 0.5 as the bottom side and refer
to that where x/L is larger than 0.5 as the top side. The temper-
ature of solid oxide electrolyte Tso decreases with increasing
OrEF at the top side. This is because the steam reforming reac-
tion mainly occurs there, since the reaction rate of the steam
reforming decreases as the reaction proceeds [5,16]. Note that
x/L of the steam reformer inlet is 1.0. On the contrary, the Tso
increases with increasing Qrgr at the bottom side, where the
steam reforming reaction does not occur. This is because the
SOFC exhaust heat is mainly absorbed in the air flow at the bot-
tom side, and the SOFC exhaust heat discharged with the air
flow Qar decreases with increasing Orgr as shown in Fig. 4.
The decrement of the Tso for Orgr at the top side is larger,
which means the temperature gradient increases with increasing
Orgr. The lager temperature gradient leads to lower average
temperature and cell performance since the maximum 7so is
kept constant at 1273 K.

The molar fraction of the oxygen at the cathode side of tubu-
lar SOFC decreases with increasing reforming heat Qrgr, since
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1323 : 1 ;
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T3 b RN
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Fig. 11. Temperature profile of the solid oxide electrolyte in the simple SOFC
and parallel SOFC-PEFC systems.
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Table 4
Averaged molar fraction of each gas component at the cathode and anode side
of the tubular SOFC in the parallel SOFC-PEFC system

Table 6
Simulation results for the series SOFC-PEFC system

Orer  Vso Ws0-ac  VPE WeE-ac  Mac (%) Wsys-ac
0O, H; H,O CO CO, &W) (V) &W) (V) (kW) (kW)
Simple SOFC system 0.18 0.25 0.42 0.14 0.19 Simple SOFC 47 0.65 114 47 114
25-kW-class PEFC stack 0.18 0.25 0.42 0.14 0.19 system
50-kW-class PEFC stack 0.16 0.25 0.42 0.14 0.19 25-kW-class 67 0.69 122 0.74 25 50 147
75-kW-class PEFC stack 0.15 0.25 0.42 0.14 0.19 PEFC stack
50-kW-class 77 0.70 124 0.74 49 54 173
PEFC stack

the air fed to the tubular SOFC is decreased to increase the Qrgr
as shown in Fig. 4. The electromotive force of the SOFC Egg is
lower when the molar fraction of the oxygen at the cathode side
of the tubular SOFC is lower (see Eq. (7)). The lower electromo-
tive force leads to lower cell voltage when the current density is
constant. The averaged molar fractions of oxygen at the cathode
side of the tubular SOFC are listed in Table 4, which also lists
the averaged molar fraction of each gas component at the anode
side. The averaged molar fraction of each gas component at the
anode side of tubular SOFC is same for all systems listed in
Table 4. This is because the flow rate of the reformed fuel fed
to the tubular SOFC in the parallel SOFC-PEFC system is the
same as that in the simple SOFC system regardless of the rated
output of the PEFC stack (see Eq. (8)). Note that methane also
exists at the anode side of the tubular SOFC, though it is not
listed in Table 4. The molar fraction of methane is on the order
of 1073, so its effect is negligible.

As shown in Table 3, the net ac output of the SOFC stack
Wso-ac slightly increases with increasing QORrgr, although the
Vso in the parallel SOFC-PEFC system slightly decreases with
increasing Qrgp. The reason for this is as follows. The gross
dc output of the SOFC stack decreases with increasing Qrgr
since Vs decreases. However, the auxiliary power consumption
decreases with increasing Orgr, since the power consumption of
the air blower, which is dominant power consumption, decreases
with increasing Orgr (see Fig. 4). The decrement of the auxil-
iary power consumption exceeds the decrement of the gross dc
output. The Ws0.4¢, the gross ac output minus auxiliary power
consumption, therefore increases with increasing QREgr.

The PEFC voltage Vpg is constant at 0.75 V, which is same
as the designed cell voltage for the PEFC. This means that the
molar fraction of hydrogen in the reformed gas fed to the PEFC
stack is high enough to operate the PEFC stack at the designed
point. The molar fraction of each gas component in the reformed
gas fed to the PEFC stack in the parallel SOFC-PEFC system
is listed in Table 5. The net ac outputs of the PEFC stacks are
the rated output in all parallel SOFC—PEFC systems listed in
Table 2, since the PEFC stack is operated at the designed cell
voltage of 0.75 V.

Table 5
Molar fraction of each gas component in the gas fed to the PEFC stack in the
parallel SOFC-PEFC system

H, H,0 CO,
25-kW-class PEFC stack 0.44 0.31 0.25
50-kW-class PEFC stack 0.44 0.31 0.25
75-kW-class PEFC stack 0.44 0.31 0.25

The electrical efficiency 71, increases with increasing Qrgr,
since the utilization of SOFC exhaust heat contributes to the
electrical efficiency [5,6]. The n,’s are 49, 50 and 51% when
the rated output of the PEFC stack is 25, 50 and 75 kW, respec-
tively. Note, that there is a limit to how far the rated output of the
PEFC stack can be increased. This is because we cannot supply
the sufficient steam required for the steam reforming reaction
by recycling the SOFC anode exhaust gas when the rated PEFC
output exceeds a certain limit. When the rated PEFC output is
75 kW for the 100-kW-class SOFC stack, almost all SOFC anode
exhaust gas is recycled to the reformer to feed the steam. This
means a PEFC stack that has rated output larger than 75 kW can-
not be operated at the designed point in the parallel SOFC-PEFC
system.

Net ac outputs of the parallel SOFC—PEFC system are 140,
165 and 191 kW when the rated output of the PEFC stack is 25,
50 and 75 kW, respectively.

4.3. Simulation results for series SOFC—PEFC system

The simulation results for the series SOFC-PEFC system are
summarized in Table 6. There is also some limit on the PEFC out-
put in the series SOFC—PEFC system. The limit is lower for the
series SOFC-PEFC system than for the parallel SOFC-PEFC
system. This is because the molar fraction of steam in the SOFC
anode exhaust gas is lower in the series SOFC-PEFC system,
since the fuel utilization of the SOFC in the series SOFC-PEFC
system is lower than in the parallel SOFC-PEFC system as men-
tioned above. We have to recycle much more SOFC exhaust gas
to feed sufficient steam for the same amount of fuel for the
PEFC in the series SOFC-PEFC system. Therefore, the maxi-
mum rated output of the PEFC stack that can be operated in the
series SOFC-PEFC system is lower.

The reforming heat Qrgr increases with increasing rated out-
put also in the series SOFC—PEFC system. The amount of Orgr
for the same rated PEFC stack output is almost the same in the
parallel and series SOFC-PEFC systems. This is because the
amount of fuel for the PEFC is almost the same when the rated
output of the PEFC stacks is the same. The cell voltage of the
tubular SOFC Vgg in the series SOFC-PEFC system increases
with increasing Orgr. This tendency is quite different from that
in the parallel SOFC-PEFC system. In what follows, we will
explain the reason for this using the temperature profiles of the
solid oxide electrolyte and the molar fraction of each gas com-
ponent.
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Fig. 12. Temperature profile of the solid oxide electrolyte in the simple SOFC
and series SOFC-PEFC systems.

The temperature profiles of the solid oxide electrolyte in
the series SOFC-PEFC system are almost the same as those
in the simple SOFC system independent of the rated output of
the PEFC stack as shown in Fig. 12. Although the temperature
profile of the solid oxide electrolyte in the series SOFC-PEFC
system slightly changes as the Qrgr changes like in the par-
allel SOFC-PEFC system, the magnitude of the temperature
shift is certainly smaller in the series SOFC-PEFC system.
This difference is attributed to the difference in the SOFC
exhaust heat utilization mechanism between the parallel and
series SOFC-PEFC systems. The whole decrement of Qarr is
converted to Qrgr in the parallel SOFC-PEFC system, whereas
part of Qalr is converted to Qrgr in the series SOFC-PEFC
system, as shown in Fig. 13. The rest of Q1R is converted to
OrugL in the series SOFC-PEFC system, since the all reformed
fuel is fed to the tubular SOFC as shown in Fig. 3. Here, QrugL
is the SOFC exhaust heat absorbed into the fuel flow. The tem-
perature gradient in the series SOFC-PEFC system is smaller,
because the amount of QrygL is larger and because the fuel flow
takes heat both from the top and bottom side. The temperature
shift is not a dominant factor in the SOFC voltage.

The averaged molar fraction of each gas component at the
cathode and anode side of the tubular SOFC in the series
SOFC-PEFC system is listed in Table 7. The averaged molar
fraction of the oxygen at the cathode side of tubular SOFC
decreases with increasing reforming heat Orgr, also in the series
SOFC-PEFC system. The averaged molar fraction of oxygen for
the same rated output of the PEFC stack is smaller in the series
SOFC-PEFC system than in the parallel SOFC-PEFC system
(compare Tables 4 and 7). This is because the whole decrement
of Qa1r is converted to Orgr in the parallel SOFC-PEFC sys-
tem, whereas part of Qarr is converted to Qrgr in the series

Table 7
Averaged molar fraction of each gas component at cathode and anode side of
the tubular SOFC in the series SOFC-PEFC system

0, H; H,O CO CO,

Simple SOFC system 0.18 0.25 0.42 0.14 0.19
25-kW-class PEFC stack 0.17 0.34 0.32 0.19 0.15
50-kW-class PEFC stack 0.14 0.38 0.29 0.21 0.12

Simple SOFC system
QA[R

QREF

QFUEL

Decreasing

QA[R

Parallel SOFC-PEFC system
QAIR QREF

P

QF UEL

i

Series SOFC-PEFC system
QAIR QREF

QF UEL

Fig. 13. Difference in the SOFC exhaust heat utilization mechanism between
parallel and series SOFC-PEFC systems.

SOFC-PEFC system, as mentioned above by using Fig. 13.
So, the decrement of air fed to the tubular SOFC has to be
larger in the series SOFC-PEFC system when Qrgf in both
systems is the same. In contrast to the parallel SOFC-PEFC
system, the averaged molar fractions of hydrogen and carbon
monoxide at the anode side of tubular SOFC increase with
increasing Qrgr and those of steam and carbon dioxide decrease
with increasing Qrgr in the series SOFC—PEFC system. This is
because the fuel utilization of SOFC decreases with increasing
OREF, since all reformed fuel is fed to the tubular SOFC in the
series SOFC-PEFC system and the average current density of
the tubular SOFC is kept constant. In the series SOFC-PEFC
system, the change of molar fraction with increasing Qrgr at
the cathode side of the tubular SOFC has a negative contri-
bution to cell voltage, though those at the anode side have a
positive contribution. The latter effect exceeds the former. That
is, the Vgo in the series SOFC-PEFC system increases with
increasing OREF-

The net ac output of the SOFC stack Wso.oc in the series
SOFC-PEFC system increases with increasing Qrgr as shown
in Table 6. This is because the cell voltage of the tubular SOFC
Vso in the series SOFC—PEFC system increases with increasing
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Table 8
Molar fraction of each gas component in the gas fed to the PEFC stack in the
series SOFC-PEFC system

H, H,0 CO,
25-kW-class PEFC stack 0.38 0.31 0.31
50-kW-class PEFC stack 0.41 0.31 0.28

OrEer as mentioned above, and because the auxiliary power con-
sumption decreases with increasing QRrg.

The cell voltage of the PEFC VpE in the series SOFC-PEFC
system is 0.74 V for both the 25 and 50-kW-class PEFC stack.
This voltage is slightly lower than the designed voltage for the
PEFC, which is 0.75V (Section 3.2). This means that molar
fraction of hydrogen in the SOFC anode exhaust gas fed to the
PEFC stack is not high enough to operate the PEFC stack at
the designed point. The molar fraction of the each gas compo-
nent in the SOFC anode exhaust gas fed to the PEFC stack in
the series SOFC-PEFC system is listed in Table 8. In the series
SOFC-PEFC system, the molar fraction of hydrogen is higher
when the rated output of the PEFC stack is 50 kW than when
it is 25 kW. This is because the molar fraction of hydrogen in
the SOFC anode exhaust gas is higher when the rated output of
the PEFC stack is 50 kW. However, the molar fraction of hydro-
gen in the SOFC anode exhaust gas in the series SOFC-PEFC
system is lower than that in the reformed gas in the parallel
SOFC-PEFC system, even though the rated output of the PEFC
stack is 50 kW (compare Tables 5 and 8). The net ac outputs of
the PEFC stacks are 25 and 49 kW in the series SOFC-PEFC
system when the rated output of the PEFC stack is 25 and 50 kW,
respectively. That is, the 25-kW-class PEFC stack is operated at
the designed output in the series SOFC-PEFC system, though
the VpE is slightly lower than the designed value. However, the
net ac output of the 50-kW-class PEFC stack is slightly lower
than the rated net ac output since the Vpg is slightly lower than
the designed value.

The electrical efficiency n,. increases with increasing Orgr
also in the series SOFC—PEFC system. The 1, is 50 and 54%
when the rated output of the PEFC stack is 25 and 50 kW, respec-
tively. The 1, for the same rated output of the PEFC stack is
higher in the series SOFC-PEFC system than in the parallel
SOFC-PEFC system (compare Tables 3 and 6). This is because
the cell voltage of the SOFC is certainly higher in the series
SOFC-PEFC system, though the cell voltage of the PEFC is
slightly lower than in the parallel SOFC-PEFC system. Here,
we will explain the reason. The Vsg is higher and the Vpg lower
in the series SOFC-PEFC system (compare Tables 3 and 6).
The differences in the cell voltages mainly depend on the dif-
ferences in the molar fractions of the gas components, which
determine the electromotive force by the Nernst equation (Egs.
(7) and (11)). It is clear that the effect of the molar fractions on
electromotive force becomes pronounced when the operation
temperature is high. Thus, Vs is clearly higher in the series
SOFC-PEFC system, though the Vpg is slightly higher in the
parallel SOFC-PEFC system because of the low operation tem-
perature. Therefore, the difference in the molar fractions of the
gas components in the gas fed to the SOFC causes the clear dif-

ference in Vso, though that in the gas fed to the PEFC cause
little difference in Vpg.

Net ac outputs of the series SOFC-PEFC system Wgys_,c are
147 and 173 kW when the rated outputs of the PEFC stack is 25
and 50 kW, respectively. The Wsys_,c for the same rated output of
the PEFC stack is larger in the series SOFC-PEFC system than
in the parallel SOFC—PEFC system (compare Tables 3 and 6).
This is because the net ac output of the SOFC stack Wso.ac
for the same rated output of the PEFC stack is larger in the
series SOFC-PEFC system. However, we have to emphasis
that the 75-kW-class PEFC stack can be operated in the par-
allel SOFC—PEFC system and the net ac output of the parallel
SOFC-PEFC system with the 75-kW-class PEFC stack is higher
than that of the series SOFC—PEFC system with the 50-kW-class
PEFC stack.

5. Conclusion

We quantitatively evaluate performance of a series-fuel-
feeding-type SOFC-PEFC system (series SOFC—PEFC system)
and a parallel-fuel-feeding-type SOFC-PEFC system (parallel
SOFC-PEFC system). The main results are as follows. Larger
PEFC output can be obtained in the parallel SOFC-PEFC sys-
tem when the same SOFC stack is used, which means that the
parallel SOFC-PEFC system is appropriate for larger output. On
the contrary, the series SOFC—PEFC system can provide higher
electrical efficiency than the parallel SOFC—PEFC system when
the same SOFC stack and the same PEFC stack are used.
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