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Abstract

We propose a system that combines a seal-less planar solid oxide fuel cell (SOFC) stack and polymer electrolyte fuel cell (PEFC) stack. i
the proposed system, fuel for the SOFC (SOFC fuel) and fuel for the PEFC (PEFC fuel) are fed to each stack in parallel. The steam reforme
for the PEFC fuel surrounds the seal-less planar SOFC stack. Combustion exhaust heat from the SOFC stack is used for reforming the PEF
fuel. We show that the electrical efficiency in the SOFC-PEFC system is 5% higher than that in a simple SOFC system using only a seal-les
planar SOFC stack when the SOFC operation temperature is higher than 973 K.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction A system combining an SOFC with a polymer electrolyte
fuel cell (PEFC) is also attracting attentiph-6]. We have
Power generating systems in which a solid oxide fuel demonstrated by numerical simulation thatthe SOFC-PEFC
cell (SOFC) is used in combination with other generating system can provide higher electrical efficiency than simple
equipment (SOFC combined systems) provide high electri- SOFC system§5]. The main reason for this is that SOFC
cal efficiency exceeding 5094]. Higher electrical efficiency ~ exhaust heat is used for the reforming of both the SOFC fuel
can be achieved in SOFC combined systems than in powerand the PEFC fuel. Much more SOFC exhaust heat is used
generating systems using an SOFC only (simple SOFC sys-effectively in the SOFC—PEFC system. Unlike the electrical
tem) since high-temperature SOFC exhaust hed0{ 3 K) efficiency in the SOFC-GT system, which decreases when
contributes to the electrical efficiency. the system output decreases, that in the SOFC-PEFC system
Systems that combine an SOFC with a gas turbine (GT) remains almost constant when the system output decreases
provide higher electrical efficiency than a simple SOFC sys- because the energy conversion efficiency in the fuel cells
tem because they use the SOFC exhaust heat for the GTremains almost constant.
[2,3]. However, the electrical efficiency of the SOFC-GT In previous studies, a SOFC and a PEFC were connected
system decreases when the system output decr§a8ds by feeding the SOFC exhaust fuel to the PERBE6]. We
since energy conversion efficiency in the GT decreases withcall this type of SOFC—PEFC system a series SOFC-PEFC
decreasing system output. system, since both cells were connected by series fuel feed-
ing. A schematic diagram of a series SOFC-PEFC system
[6] is shown inFig. 1 Both the SOFC fuel and PEFC fuel
* Corresponding author. Tel.: +81 46 240 2572; fax: +81 46 270 2702. IS fed to a steam reformer installed inside the SOFC stack.
E-mail address: m.yokoo@aecl.ntt.co.jp (M. Yokoo). SOFC exhaust heat is used for the steam reforming of both

0378-7753/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jpowsour.2005.03.136



M. Yokoo et al. / Journal of Power Sources 153 (2006) 18-28 19

Nomenclature EXC  excess

a constant (K) EXH exhaust

b constant FUEL fuel

C isopiestic specific heat (J molK) IN inlet

d distance between edge of circular planar SOFC INS heat insulator

and heat insulator MAX  maximum

E electromotive force (V) OTHER other than air blower

F Faraday’s constant (C not) OUT  outlet

h heat transfer coefficient (W M K1) OX oxygen

AH enthalpy change &&=ntH (J mol’l) ()4 oxidation

J current density (A m?) PE PEFC

K equilibrium constant PRE preheating

l thickness (m) RAD radiation heat

L energy loss ratio to gross AC output REF  reforming

M molar flow rate (mols?) SHIF  shift reaction

N number of SOFC stack units in seal-less plangr SIMP  simple SO state

SOFC stack SO SOFC

Nu non-dimensional heat transfer coefficient SR steam reformer

P partial pressure (MPa) SRR  steam reforming reaction

0 amount of heat (W) VAP  vaporization

r radial coordinate (m)

ro radius of the circular planar SOFC (m)

R gas constant (J mol®) . . .

T temperature (K) fuels. The stack conflgurgtlon of the SOFC is assumed tq pe

U utilization rate (%) a seal-less tubular type with a depleted fuel plenu_m, anditis

v cell voltage (V) assumed that part of SOFC anode exhaust gas is fed to the

W output (W) _PEFC stacK6]. Another part of the exhaust gas is recycled
in order to feed steam to the steam reformer. The remaining

Greek letters SOFC anode exhaust gas is burnt with SOFC cathode exhaust

b ohmic voltage drop of SOFC (V) gas in the combustion plenum.

r contact resistance between circular plangr

SOFC and interconnectaf2(m?)

n electrical efficiency (%) SOFC fuel PEFC fuel

channel height (m
f hegt andle,lg[ivtit(y ()VV ml K—l) L J Seal-less tubular SOFC stack
0 resistivity of solid oxide electrolyte at 1073 K Anode Electrolyte

(2m) v | Cathode
¢ dc/ac conversion efficiency Reformed gas T

Steam Air
Subscripts reformer
ac alternating current y
. SOFC

AIR ar exhaust Anode Cathode
AMB ambient heat exhaust’) exhaust
ANO anode of SOFC gas gas
AUX  auxiliary machine Recycling
AVE  average A
BLOW air blower \—ﬁ‘
CATH cathode of SOFC \\
CEG combustion exhaust gas Depleted fuel I Combustion
COM  combustion plenum ¥ plenum
dc direct current PEFC
ELE electrolyte stack

ENTH enthalpy

Fig. 1. Schematic diagram of a series SOFC—PEFC system using a seal-less
tubular SOFC stack with a depleted fuel plenum.
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The seal-less planar SOFC stack without a depleted fuel <Side View>
plenum has been eagerly studied because of its high electrical Seal-less planar
efficiency of 40% at 1 kW gross dc and simple configuration SOFC stack Steam reformer
[7,8]. In such a stack, all of the SOFC anode exhaust gas is
burnt with the SOFC cathode exhaust gas around the cells, o \
which makes it impossible to construct a series SOFC-PEFC e
system. Nonetheless, an SOFC combined system using the
seal-less planar SOFC stack is one of the candidates for power
sources of the next generation. Here, we propose another type
of fuel-feeding SOFC—PEFC system that can use the seal-less
planar SOFC stack. We evaluated performance of the system :
quantitatively by numerical simulation.

Section2 briefly reviews the configurations of the seal- ,
less planar SOFC stack without depleted fuel plenum and the E
SOFC-PEFC system that can use it. Sect@usd 4describe E

|
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the simulation models and fundamental equations, respec-
tively. Section5 discusses the simulation results. Finally,
Section6 summarizes the paper.

2. Configurations

The seal-less planar SOFC stack without a depleted fuel St
plenum consists of a lot of SOFC stack units as shown in Heat insulator
Fig. 2 Each SOFC stack unit consists of a circular pla-
nar SOFC and a metallic interconnecter. The circular planar Fig. 3. Seal-less planar SOFC stack without a depleted fuel plenum and
SOFC consists of an anode, electrolyte, and cathode. Fuel andea™m reformer for PEFC fuel.
air fed to the center of the circular planar SOFC through a
feeding tube are used for power generation as they flow from
the center of the circular planar SOFC to its edge. Surround- fuel is fed to the steam reformer and converted to reformed
ing the circular planar SOFC is a combustion plenum where gas by the steam reforming reaction. The reformed gas pro-
unused fuel is burnt with unused oxygen. The steam reformerduced in the steam reformer is fed to the PEFC stack and
surrounds the seal-less planar SOFC stack as shokig.if, used for power generation. Combustion exhaust heat from the

so that the stack can be combined with the PEFC stack. PEFGs€al-less planar SOFC stack is used for the steam reforming
reaction. We call this type of SOFC—PEFC system a parallel

SOFC-PEFC system, since both fuels are fed to each stack
Combustion in parallel. A schematic diagram of the parallel SOFC-PEFC

Feeding tube ?ff;fjfjﬁnem plenum system is shown ifig. 4. Steam for the steam reforming has
: / to be produced by using the combustion exhaust heat in the
Z J‘j 28 L/ parallel SOFC-PEFC system since SOFC anode exhaust gas
| ———— ——— can not be recycled when the seal-less planar SOFC stack has
Z ‘[ w ll; o no depleted fuel plenum.
. -j---Eel Fesbites It is reasonable to have the steam reformer surround the
: ﬁ L ‘Il SOFC seal-less planar SOFC stack since this configuration is similar
. ‘ L[] stack to that of an actual reformg®], in which the combustion
11 . A— || unit plenum is inside the steam reforming plenum.
ERE o -1 Metal
° :/%/ wall
1L i |- Anode 3. Simulation models
: m ﬁ': 1~ Electrolyte
R 7 Ay 3.1. Seal-less planar SOFC stack without depleted fuel
: "7 7@: [~ Cathode plenum
R fre————- 8

Foel gg;‘(l:lar planar A The seal-less planar SOFC stack consists of 41 SOFC
stack units. The circular planar SOFC has an electrolyte-
Fig. 2. Seal-less planar SOFC stack without a depleted fuel plenum.  supported structure with a radius of 0.06 m. The SOFC stack
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SOFC fuel PEFC fuel IV) The metallic interconnector is madreporite, which has
SOFC water ~ PEFC water neither electrical nor fluid resistance. And the metal
wall has no electric resistance.
4—@—> V) The feeding tube and flow inside the feeding tube have
A no influence on the flow and thermal field in the metallic
Co}fnb“:“on interconnector.
exhaust gas , VI) A voltage drop in the circular planar SOFC is caused
Combustion . . .
lectrolyte | oxhaust heat by ohmic resistance of the electrolyte and contact resis-
Anodg tance between the circular planar SOFC and metallic
/ interconnector. Overpotential is included in the ohmic
v/ / Air \ 4 resistance.
7T/ i | VII) Heat is radiated from the steam reformer surrounding
eam reformer o )
1 the seal-less planar SOFC stack. The heat radiation is
/ | proportional to the difference between the SOFC oper-
Reformed ation temperaturéso and ambient temperatuféws
as (298 K)
Anode Combustion
exhaust plenum PEFC stack 3.2. Parallel SOFC-PEFC system

gas

Cathode

Cathode
exhaust gas

The configuration of the parallel SOFC—PEFC system is
shown inFig. 5. Methane (SOFC methane + PEFC methane)
is fed to heat exchanger HE1 and preheated. Water (SOFC
Fig. 4. Schematic diagran_1 of the parallel SOFC-PEFC system using seal-yater + PEFC water) is fed to the vaporizer. The molar ratio of
less planar SOFC stack without a depleted fuel plenum. the SOFC methane and water is the same as that of the PEFC
methane and water, i.e. 3.0. Steam from the vaporizer is fed to
heat exchanger HE2 and preheated. Preheated methane and
steam are mixed and a part of the mixture gas is fed to the
seal-less planar SOFC stack. The rest of the mixture gas is
fed to the steam reformer. The steam reforming reaction of
methane,

Seal-less planar SOFC stack

units are electrically connected to each other through a metal-
lic interconnector and metal wall.

The operation temperature of the circular planar SOFC
Tso, which is the maximum temperature in the circular planar
SOFC, isthe simulation parameter, and itis changed from 873
to 1073 K. TheT'spis function of average current density in
the circular planar SOFZso.ave and heat transfer area of
heat exchangers.

We made the following assumptions for the simulation of
the seal-less planar SOFC stack.

CHg + H20 = CO+ 3H, )

PEFC anode
exhaust gas

I) The SOFC air and the mixture gas of SOFC methane

and steam are distributed to every SOFC stack unit Reformed gas S - <
. cam rerormer Y
equally and each circular planar SOFC has the same HE3
rforman Seal-less planar jg——
perio .a _Ce- SOF SOFC stack
II) The oxidation of hydrogen, ir
Combustion
Hy + 102 = H,0 (1) exhaust gas 3 HE2 HE1
0, = ,
2 gaOtIC:rC Vaporizer |Steam
carbon monoxide, water & Methane
PEFC (SOFC
1 methane +
CO+-0,2C 2 water) )
+ 502 = COp, (2) PEFC
2 Y
methane)
and methane, HEI HE2§ HE3
PEFC
N
CHz 420, = 2H0 + COy, (3) Air Water air¢
h 4

occur as cell reactions. The partial pressure of each
gas component is in thermodynamic equilibrium at the
anode side of circular planar SOFQ)].

[lI) There is notemperature distribution along with vertical

direction in the circular planar SOFC.

Shift CO selective iCondenser—
lconverter | [oxidizer stack

PEFC

HE: Heat exchanger

Fig. 5. Parallel SOFC-PEFC system.
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and the shift reaction,

CO+ H,0O = CO, + Ho, )

occur in the steam reformer. The combustion exhaust heat
is used for the steam reforming as mentioned in Se@ion
The split ratio of the mixture gas is equal to the molar ratio
of the SOFC methane and PEFC methane. SOFC air is fed.
to the seal-less planar SOFC stack through heat exchanger
HE3. Reformed gas is fed to the PEFC stack via the shift .
converter, CO selective oxidizer, and condenser. The PEFC.
anode exhaust gas, which contains the hydrogen, is fed to

the seal-less planar SOFC stack and burnt in the combustion
plenum. Combustion exhaust gas is fed to the vaporizer and
combustion exhaust heat is used for vaporizing. Exhaust gas

M. Yokoo et al. / Journal of Power Sources 153 (2006) 18-28

Simple SO state: State generating electricity only in the
seal-less planar SOFC stack.

SO-PE state: State generating electricity both in the seal-
less planar SOFC and PEFC stacks.

e Oso-com Combustion exhaust heat of the SOFC fuel.
e Oso-pre Part of Oso-comthat is used for preheating of

SOFC gases and vaporization of SOFC water.
OexnH-aR: Part of Oso.comthat is discharged with SOFC
air.

Osr-raD: Radiation heat from steam reformer.

Ope-vap: Heat used for vaporization of PEFC water.

e Ope.sg Reaction heat used in the steam reformer for the

PEFC fuel.

e Ope-rer Heat used for PEFC fuel reformin@ge-vap

+ QOPE-SR.

from the vaporizer is divided and fed to HE1-HE3. The gases

Oso-com= {

fed to HE1-HE3 are used for preheating the methane,

0s0-PRE+ OSR-RAD + QEXH-AIR
05s0-PRE+ Osr-RAD + QEXH-AIR + OPE-REF

Combustion heaPso-comis expressed as:

in simple SO state

. (6)
in SO-PE state

First, we will show thaQexn-air + Ope-rReriS almost totally
dominated by the SOFC operation temperatlige. We

steam, and air for the SOFC, respectively. Gross dc out- assumed that the molar flow rate of SOFC methane at the
puts of both stacks are converted to gross ac outputs byseal-less planar SOFC stack indgo-cH,-in, the molar flow

inverters. Net ac output is determined by subtracting the
power consumed in an auxiliary machine from the gross ac
output.

The heat used for PEFC fuel reformigige.reris a sSim-
ulation parameter and controlled by the air flow rate at the
seal-less planar SOFC stack indto-ar-iN- IN wWhat fol-
lows, we will describe the control scheme @pe.rerusing
Fig. 6. Definitions of terms are as follows:

Discharged with air
(not used effectively)

Simple SO state
Used for SOFC

SO-COM
QS( )-PRE

QEXI 1-AIR .
Air

Oso-com
SO-PE state

Qgxr.ar Air

QPE-REF

Oso-com
@ QE)(II—AIR\@
\ Orr-rer
SR-RAD

QPE*REF = Q[’E*SR + Q[’E*I’AP

Air

Fig. 6. Schematic diagram of the combustion exhaust heat utilization mech-
anism.

rate of SOFC water at the seal-less planar SOFC stack inlet
Mso-n0-IN, radiation heaDsr.rap, and combustion heat
Oso-comare only functions of'so:

Mso-cHy-IN = Mso-chy-IN(Ts0), (7
Ms0-1,0-IN = Ms0-1,0-IN(Ts0), 8
Osr-rAD = QOsr-RAD(TS0), ©)
Oso-com= Qso-coMTs0)- (10)

Since the amount of fuel and water fed to the seal-less planar
SOFC stack is a function @fso [Eq. (7) and(8)], preheating
heatQso-preis almost completely dominated ligo:

05s0-PREX Qs0-PRETS0). (11)

From Eq.(6), (9)—(11) itis clear thalDexH-AIR + OPE-REFIS
almost constant for givefiso:

QexH-AR + OpPe-REF~ D1(Ts0), (12)

whereD1 is only a function ofTso. SinceQpg-reris 0 in
the simple SO state, the constant is equ&teH-air in the
simple SO state:

D1(Tso) = QexH-ARIsiMp(Ts0). (13)

Next, we will show howQpe-reris controlled by air flow
rateMso-air-IN- Combustion exhaust heat discharged with air

OExH-AR IS almost proportional to air flow ratéso-alr-IN:
QexH-AR ~ D2(Tso)Mso-AR-IN (14)

whereD; is only a function off'sp. From Eqs(12)—(14) itis
clear thatQpe-reris almost solely a function d¥/sp-air-IN
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for givenTso: Table 1
Constants used in the simulation
OPE-REF ~ Dl(TSO) — OEXH-AR Constant Value Constant Value
~ QexH-AR|sIMP(Ts0) — D2(Ts0) Mso-AIR-IN- a 6815K NUueL 24
b —6.35 70 6x102m
(15) Cch, 61.9JmottK-1 Tams 298K
. o o Cco 31.8Imot* K=t Tpyy 1073K
Reforming heaQpe.reris increased by decreasing air flow  cco, 50JmotlK-1 UpE-FUEL 85%
rateMso-ar-IN- The molar flow rate of PEFC methane atthe Cw, 29.9 mOl’F1 Kl‘l Vee 0.75V[18] .
steam reformer inleMsg-cp.-in and that of PEFC water at €0 44Jmol”K°" - AHcnox —8.03x 1053m°r1
the steam reformer inlé increase with increasin N, 314 Jmot” K~ AHco-ox ~2.82x 167 Jmol”
SR-H0-IN 9 ¢ 33.3JmotlK1  AHu,ox —2.49% 10P JmolL
OPE-REF . _ _ _ d 5x1072m AHsHiE —3.22x 104 Imol?
We made the following assumptions for the simulation of a0 5x10°m AHsR 2.26x 10° Jmol?
the parallel SOFC—PEFC system: leah 5x107°m ¢ 2x10°%m
IeLE 2x10“m r 3.5x 1075 Qm? [6]
1) Both the steam reforming reaction of methane and the Ins 1x10'm NSIMP-dc 40%
shift reaction are in thermodynamic equilibrium. Iso 1x102m AR 0.073Wn’ K~
Il) The cell reaction in the PEFC stack is the oxidation of Lauxre 093 Aano 6Wm f 1
hvd | LeLow 0.04 ACATH 11Wnm K
ydrogen only{11]. N LOTHER 0.03 AELE 2.7WnriKk-1
[II) The PEFC cell voltagéd/pg, the PEFC auxiliary power r 96484 C mot? AFUEL 0.48WnriK-1!
consumption ratio to the net ac outplfyx-pe, and N 41 0 0.1672m
the PEFC fuel utilization ratid/pe.pugL are constant  Nuar 24 ¢ 0.94

and independent of the current density, thoudo,
Laux-so, and Uso-rueL are determined based on the  f,e| reformingQpe.rer Constants used in the simulation are
fundamental equations, which will be described in |isted inTable 1

Section4. The reason for this is that the electrical
efficiency at net ac of the actual simple PEFC sys-
tem using a PEFC stack only, which is proportional
to (1— Laux-pe)VpeUpPE-FUEL IS almost constaritL2].

This assumption is reasonable when the PEFC stack is
operated within the designed current density region. The
simulation shows the performance of the SOFC-PEFC

4.1. Seal-less planar SOFC stack without a depleted fuel
plenum

Equilibrium constants of the oxidation of hydrogen, car-
bon monoxide, and methane are expressed by:

system using a PEFC stack, which is properly designed K (T ") PH,0(r) (16)
for the SOFC stack. Hz—OXILIFUELV)) = :
PHy(r)\/ PaNO-0,(r)
IV) Ninety-nine percent of the carbon monoxide in the ? ?
reformed gas for the PEFC is converted to carbon (TrueL(r) = pco,(r) (17)
dioxidet according to the shift reaction in the shift O OXIVFUELI = pco(r)y/pano—o,(r)’
converter.
V) Carbon monoxide in the gas fed to the CO selective and
oxidizer is completely oxidized to carbon dioxide. The Pﬁ o) pcoy(r)
reaction in the CO selective oxidizer is the oxidation of Kch,—oxi(TFueL(r)) = 2 (18)

>
carbon monoxide only. PcHa(r)Pano—o,(r)
V1) The parallel SOFC—PEFC system cannot be constructed,;sing the partial pressure of each gas component at the anode

when the temperature of the exhaust giag is lower side of circular planar SOFC. The mass and energy balance

than 373K. This assumption influences the electrical 4 the anode side of the circular planar SOFC are expressed
efficiency, butthe influence is very small. This is because by:

heat below 373 K can be used only for preheating gases
up to 373K and because the heat needed for preheating 9 M oM M -0 19
gases up to 373K is very small. ar[ H20(r) + 2Meny(r) + M, ()] = 0, (19)
0
5, [Mcoy(r) + Mch, (r) + Mco(r)] = 0, (20)
. r
4. Fundamental equations

We use a one-dimensional radial coordinate. The elec- 1
trical efficiency at the net ac of the parallel SOFC-PEFC —5
systenacis obtained from Eqg16)—(49)as the variable of
SOFC operation temperatufgo and the heat used for PEFC —hruel[Truel(r) — Tete(r)] = 0, (22)

and
G] TeLe(r) 0
Y Ci—Mi(n)T; NG M;
" i i5 l(r) FUEL(r)+ oy : io l(r)
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wherei represents methane (G} hydrogen (H), steam
(H20), carbon monoxide (CO), and carbon dioxide (O
The heat transfer coefficient of the flow at the anode side of

the circular planar SOF@Gryg| is given by[13]:
A Nu
hFUEL = %. (22)

The mass and energy balances at the cathode side of circulart®’®

planar SOFC are expressed by:

0 1 1 0
P 2Mch,(r) + EMHZ(”) + EMCO(V) = arMCATH-Oz(r)
(23)
and
d
—%5[MCATH-Oz(r)C02TA|R(r) + MN,CN, TAIR(F)]
Co,TeLe(r)
—s "M N
o o Mcatho, (r)
—haR[TAR() — TeLe(r)] = 0. (24)

The heat transfer coefficient of the flow at the cathode side
of the circular planar SOF@so.-ar is expressed by:

AaRNUAIR

(25)
¢

har =

The energy balance in the circular planar SOFC is given by:

heuel[Truel(r) — TeLe(r)] + har[TaR(r)

[TeLe(r) — TenTH]

—TeLe(r)] — -

d d
X zl: CigMi(r) + COggMCATH-Oz(r)

AHcH,-0x1 9
iac Sy Yt
L CH, (1)
AHy,.ox1 0 AHco.-ox| 9
+ = — Muy(r) + ———— — Mco(r)
2y or 2nr O

n (laNoAaNO + IcaTHACATH + [ELEAELE)

.
[r
where the temperature for the definition of enthalpy change

TentH is 1073 K. The current density of the circular planar
SOFCJso(r) is given[14]:

0

or

OTeLE(r)

or (26)

} = Jso(r)Vso,

F o

Jso(r) = —— —McaTH-0,().

Tr or (27)

The cell voltage of the circular planar SOMgois given by:

Vso = Eso(r) — ¢so(r) — Jso(r)I; (28)

M. Yokoo et al. / Journal of Power Sources 153 (2006) 18-28

Table 2
Relationship between SOFC operation temperafyggsand average current
density in the seal-less planar SOFC stagk ave

Tso (K) Jso-ave (Am=2)
873 1600
923 2100
973 2600
1023 3000
3300

where the electromotive force of the circular planar SOFC
Eso(r) is calculated by the following Nernst equatif®]:

_ RTele(r) | PANO-0,(r)
4F PCATH-0,(r)

Eso(r) = (29)
The ohmic voltage drop of the circular planar SO§&p is
given by:

_a b] Jsolr), (30)

TeLe(r)
wherea andb are constants whose values are estimated to be
6815 and-6.35, respectively, from thie-V characteristics of
the circular planar SOFC at 973 and 107815].

The average current density in the circular planar SOFC
Jso-avE is given by:

2 [T
— / rJso(r) dr.
0

¢so(r) = leLep EXP[

JSO-AVE = — (31)
)
The fuel utilization rate in the seal-less planar SOFC stack
Uso-rFUEL the oxygen utilization rate in the seal-less planar
SOFC stack/so-ox, and the gross dc output of the seal-less

planar SOFC stacWsp-gcare given by:

Nrr2Jso.
(MSO—CI-k—IN - W)
Uso-rueL = 100 ; (32)
Mso-cHy-IN
Nrr2Jso.-
( Mso-om — 7%4;0AVE)
Uso-ox = 100 ) (33)
Mso-0-IN
and
ro
Wso-dc= 27NVso / rJso(r) dr, (34)
0

whereN is the number of SOFC stack units in the stack and
ro is the radius of the circular planar SOFC. We determined
the combustion exhaust ha@§o.comas:

100— Uso-FUEL
100

The relationship betweefso andJ/aye is determined so that
the electrical efficiency in the simple SO state, where elec-
tricity is generated only in the seal-less planar SOFC stack,
nsimp-dc iS 40%. The relationship is summarizedTiable 2

Oso-com= Mso-ch-INAHcH,-ox1- (35)
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The energy balance in the combustion plenum of the seal-Table 3

less planar SOFC stack is expressed by: Relationship between SOFC operation temperafiggs and heat transfer
area of the heat exchangers (HE1-HE3)
— QOcoM-Exc Tso (K) Heat transfer area (fi

— A Hch,-ox1(Mso-cH-ouT + MpE-CH-0UT) HEL HE2 HE3
873 0.262 0.468 2.66
— A Hp,-0x1(Ms0-+,-0UT + MPE-H,-0UT) 923 0.338 0.614 3.43
— AHeoMeocootr= Co. Mco.o. 973 0.429 0.792 4.33
CoMSo-co-out 02 1SO-Q-OUT 1023 0.544 1.02 5.49
x (Tcom-out — Ts0-AIR-OUT) 1073 0.674 1.28 6.81

+ CN,y,Mso-np-ouT(Tcom-out — Tso-AIR-0UT)
the cell voltage of the PEF@pg, and Mpg.H,-in USING the

+ Z CiMsoi-out(Tcom-ouT — Ts0-FUEL-0UT) following equation:

1

+ Z CiMpei-out(Tcom-out — Tre-FUEL-0UT).  (36) WpE-dc= ZMPE'W'IN[;&E)'FUELVPEF. (43)
i
The energy balance in the vaporizer is given by:
4.2. Parallel SOFC-PEFC system (Tcom-out — Tvar-ouT)CcEGMCEG
Equilibrium constants of the steam reforming reactionand ~ ~ [Cho0(Tuap — Tams) + Qvar]
shift reaction are expressed by: x (Ms0-H,0-IN + MSR-+,0-IN), (44)
Ksrr(TS0-FUEL-OUT) = p%R-Hz-OUTPSR'CO'OUT 37) where Qwap is heat of water vaporization

(=4.2x 10*IJmol1). Temperatures of the methane,

steam, and air at the seal-less planar SOFC stack inlet are
(38) calculated using the energy balance equation in the heat

exchangers and the equation for determining amount of
using the partial pressure of each gas component at the stearxchanged heat in the heat exchangéfsThe relationship

PSR-CH;-OUT PSR-H,0-OUT ,
PSR-CQ-OUTPSR-H-OUT
PSR-CO-OUTPSR-H,0-0OUT 7

KsHir(Tso-FUEL-OUT) =

reformer outlet. Excess heat of combust®@gsom-exc is: betweenTspo and heat transfer area of HE1-HE3 are
determined so thal/sp-ox in the simple SO state, where
Qcom-Exc electricity is generated only in the seal-less planar SOFC
= Ope-sr— (CcHMsr-cr-IN + CH,0 MSR-0-IN) itat;:lk,?:s equal to 30%. The relationship is summarized in
able
X (Tsr-IN — Tsr-ouT) + OSR-RAD; (39) The net ac output of the SOFC stadlo-acand that of

where the reaction heat used in the steam reformer for PEFCthe PEFC stack/pg-acare given by:

fuel Ope sris given by: Wso-ac= ¢(1 — Laux-so) Wso-do (45)

Ope-sR = AHsR(MsR-CH-IN — MSR-CH,-OUT)
+AHsHiF(Msr-cg-ouT — Msrco-IN),  (40)

WpE-ac= ¢(1 — Laux-PE) WrE-do (46)

where the ratio of the power consumption in the auxiliary

and radiation heat from the steam reforrdeik-rap is [16]: machine to the gross ac output of the seal-less planar SOFC
0 27 Nisorins(Tso) . _— stackLayx-so is calculated by:
SR-RAD = so — Tavs).
In[(ro + d + Iins)/(ro + d)] 30LgLow
(41) Lpux-so = ————— + LOTHER (47)
Uso-ox

The thermal conductivity of the ceramic fiber blankeT]

The electrical efficiency at the gross dc of the SOFC-PEFC
is used for the thermal conductivity of the heat insulator 4 g

systemngyc and that at the net ac of the SOFC—-PEFC system

Mins(T'so0)- are given by:
The molar flow rate of hydrogen in the gas fed to the PEFC ac g y:
stackMpg-pp,-iN is given by: 100(Wpg-de+ Ws0o-do
N o M y’ (48)
MPE-Hp-IN = MsR-rp-oUT + 0.99Msr-co-ouT (42) CRaOXIVTSO-CRIN SR-CH-N
The gross dc output of the PEFC stae.qcis calculated . — 100Wpe-act Wso-ad (49)

from the fuel utilization rate in the PEFC staélee.rueL AHchy-ox1(Mso-ch-IN + MsR-Chy-IN)
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Table 4 discharged with aiQexH-aIR, as expressed in E@L5). On
Comparison of simulation and experimental results the other hand, the net ac output of the SOFC SHHEK.aciS
Wso-ac(W) nac (%) almost constant as shownhig. 7. The gross dc output of the
Experimenta[8] 1029 40 SOFC stacksp.go Which is the direct output from the stack,
Simulation 1032 40 decreases with increasiipe-rer Since the molar flow rate

of SOFC airMso.ar-iN IS decreased in order to increase
Ore-Rer though the molar flow rate of SOFC methane is
kept constant. The electromotive force of the SOFC skagk
decreases with decreasimso-air-IN, Since the partial pres-
sure of the oxygen at the cathode side of the circular planar
SOFC decreases with decreasMigo-air-IN- The decrement

of Esp causes the decrement of the SOFC cell voltige

5. Results and discussion
5.1. Comparison of simulation with experimental results

We compared the simulation result in the simple SO state,

where electricity is generated only in the seal-less planar
. ) . and that of the gross dc output of the SOFC stitlo-qc
SOFC stack, with the experimental result for a simple SOFC However, the ratio of the auxiliary power consumption to the

system using a seal-less planar SOFC stack without adepleteﬁiIet ac outpuLaux.so decreases with decreasimo ar-i
fuel plenum{B]. The results are summarizedTable 4 The since the power consumption of the blower for the SbFC
simulation result agreed with the experimental result, from air, which is included in the auxiliary power consumption
which we cong:lude t.h"?‘t our simulation can estimate the out- de’creases. Consequently, the net ac output of the SOFC st,ack
putand electrical efficiency of the system. Wso-acis almost constant. Reforming h&gte-reris limited

to 250 W. This is because the temperature of the exhaust gas
5.2. Influence of heat for PEFC fuel reforming on TexH decreases with decreasing exhaust kigsaiy.ar and
electrical efficiency becausd@exn reaches the temperature limit (373 K, assump-

tion Vin Section3.2) whenQpg-reris 250 W:
Higher electrical efficiency is expected for the paral-
lel SOFC-PEFC system than for a simple SOFC system Qpe-RerF-MAX= Max QOpe-Rer= OPE-REATexH=373K-
. . Mso-AIR-IN
using only the seal-less planar SOFC stack since combus- (50)
tion exhaust heat is used for the reforming of the PEFC fuel

in the former. Much more combustion exhaust heat is used The electrical efficiencyacincreases with increasinjpe-ac

effectively in the parallel SOFC—PEFC system. as shown irFig. 7. This is because the utilization of the com-
As shown inFig. 7, the net ac output of the PEFC stack bustion exhaust heat contributes to the electrical efficiency.
WpE-acis proportional to PEFC fuel reforming he@pe-rer The maximurmmacis 40%, which is 5% higher than electrical

This is because the PEFC fuel, which is reformed in the steamefficiency at the net ac of the parallel SOFC—PEFC system in
reformer and fed to the PEFC stack, increases with increasingthe simple SO states)vp.ac This means that the electrical
Ope-rer though the PEFC cell voltagég, the ratio of PEFC efficiency in the parallel SOFC—PEFC system is 5% higher
auxiliary power consumption to the net ac outputx-pg, than that of the simple SOFC system since the former gener-
and the PEFC fuel utilization ratibpe.FyeL were assumed  ates electricity only in the seal-less planar SOFC stack in the
to be constant. Th&pg.acand Opg.rerare 0 in the simple  simple SO state. Whei,c is maximum, the net ac output of
SO stateQpe-reris increased from the value in the simple the parallel SOFC—PEFC system is 1400W56.a 920 W;
SO state (0 W) by decreasing the combustion exhaust heatWpg_a; 480 W).

The parallel SOFC—PEFC systems provide higher elec-

Tso= 1073 K trical efficiency than the simple SOFC system, though
o m— _._;.. ,,,,,,, Tl the exhaust heat utilization mechanism in the parallel
395 Weowe —P o — 900 SOFC-PEFC system is different from that of the series
390 800 X SOFC-PEFC system using the seal-less tubular SOFC stack
S igg o ‘_J/',/ i 2% with a depleted fuel plenur6]. However, the increment of
: 375 » ; 500 § nacis smaller in the parallel SOFC-PEFC system than in the
370 400 3 series SOFC-PEFC system. This is because part of combus-
;gg Ly Vo ] ;% = tion exhaust heat has to be used for water vaporization in the
355 100 parallel SOFC—PEFC system as mentioned in Se&ion
B0 s 100 150 2w 25 300
A Oprrer [W] A 5.3. Influence of SOFC operation temperature on
Simple SO State Ore-rer-max electrical efficiency

Fig. 7. Influence of the heat used for PEFC fuel reforniipg.greF0n net ac . . .
output of the SOFC stadkso.as On net ac output of the PEFC statke.ac Inthis subsection, the influence of h€ite reFON Wee-ac

and on electrical efficiency at net ac of the parallel SOFC-PEFC sygtem ~ and on electrical efficiencyac is discussed for various oper-
(SOFC operation temperatufeo is 1073 K). ation temperaturefso usingFigs. 8 and 9
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Fig. 8. Influence of the heat used for PEFC fuel reformiipg.rec0n net ac
output of the PEFC stacWpg-acfor various SOFC operation temperatures
Tso (Qpe-rerandWpe_gcare normalized by the combustion exhaust heat of
the SOFC fUEQso_COM).

Normalized poweWpg-ad Oso-comis proportional to nor-
malized heatQpe.RedQso-cowm for variousTsp as shown
in Fig. 8 The normalized poweWpe.adOso-com and heat

Ope-ReFOso-com are 0 in the simple SO stat@pe-Rrer
is increased from the value in the basic state (OW) by

0.30
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g _
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Fig. 10. Relationship between maximum heat used for PEFC fuel reforming
Ope-rRer-max and combustion exhaust heat discharged withQgigy-air

in the simple SO statedpe-rer-max and Qexn-air are normalized by the
combustion exhaust heat of the SOFC f@eb-cowm)-

decreases as shownrhig. 8 The reason for this is as follows.
The methane conversion rate in the steam reformer decreases
with decreasind’sp as shown irFig. 11 The unreformed
methane goes to the combustion plenum in the seal-less pla-
nar SOFC stack via the shift converter, CO selective oxidizer,
condenser, and PEFC stack. The unreformed PEFC methane
is burnt in the combustion plenum. The combustion exhaust

decreasing the combustion exhaust heat discharged With,oat of the unreformed PEFC methane is also used for the

air Oexn-ar [EQ. (15)). On the other hand, normalized
power Wso-adOso-com is almost constant (not shown in
Fig. 8. Normalized maximum reforming he@pe-Rer-MaAxX
as expressed in Eq50) Ope-rer-max/Qso-com depends
on Tso. The Ope-rer-max'Qso-com has a strong relation
with the ratio of the exhaust he@lgxy-ar to the com-
bustion heatDso-com in the simple SO state as shown in
Fig. 10 This result agrees with E15). Note thatQpe-rer
is largest wherQexn-air, Which is almost proportional to
air flow rate Mso-ar-INs iS sSmallest. The gradient of nor-
malized outputWpe.adOso-com becomes large whefiso
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Fig. 9. Influence of the heat used for PEFC fuel refornihg.greFon elec-
trical efficiency at net ac of the parallel SOFC—PEFC sysjggfor various
SOFC operation temperaturéso (Qpe-reris normalized by the combus-
tion exhaust heat of the SOFC fuo-com)-

reforming of the PEFC methane. That is, combustion of the
unreformed PEFC methane contributes to the increment of
WpEe.ac Further, combustion exhaust heat of the unreformed
PEFC methane is not included ®@pe-rer and Oso-com
The gradient of normalized outpWpg-ad Oso-comtherefore
becomes large when the methane conversion rate decreases
with decreasind’so.

Electrical efficiencyyacis proportional to normalized heat
Ope-REFQOso-cowm for variousTso as shown irFig. 9. This
is because the increment Obg-rer contributes to theyae.
The proportional constants are approximately independent
of Tso. As a resultyac at Ope-rer-max for Tsp of 873, 923,
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Fig. 11. Influence of the SOFC operation temperafigg on the methane
conversion rate in the steam reformer.
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Table 5 exhaust heat has to be used for water vaporization in the par-
Net ac output of the parallel SOFC—PEFC system, net ac output of the seal-5||e] SOFC—PEEC system. We evaluated the influence of the
less planar SOFC stadkso-as netac output ofthe PEFC stalbe-as and - ge gneration temperature on the electrical efficiency and
electrical efficiency at net ac of the parallel SOFC-PEFC sysignfor . .. .
various SOFC operation temperatués, (These are the values when the ~Showed the electrical efficiency in the parallel SOFC-PEFC
heat used for PEFC fuel reformin@pe.reris largest) system is 5% higher than that of the simple SOFC system
Tso (K) Net ac output of parallel nac (%) when the SOFC operation temperature is higher than 973 K.

SOFC-PEFC system,

Ws0-a0 WeE-ac(W)

873 800, 440, 360 38 References
923 940, 580, 360 39
973 1120, 710, 410 40 [1] J. Larminie, A. Dicks, Fuel Cell Systems Explained, Wiley, 2000,
1023 1280, 820, 460 40 pp. 123-134.
1073 1400, 920, 480 40 [2] S.E. Veyo, W.L. Lundberg, Proceedings of the International Gas
Turbine and Aeroengine Congress and Exhibition, 1999, Paper 99-
GT-550.
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973, 1023, and 1073 K are 38, 39, 40, 40, and 40%, respec- berg, Proceedings of the International Gas Turbine and Aeroengine

; : : ; Congress and Exhibition, 2000, Paper 2000-GT-550.
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