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A quasi-two dimensional (quasi-2D) model is proposed as a tool to predict the performance of solid oxide fuel cell (SOFC) system
f bundles of tubular SOFCs and internal reformers. The model is developed by considering heat and mass transfer characteri
long the longitudinal direction of the system, and the electrochemical reaction in its perpendicular direction. With this model, the te
istribution in the fuel and the air streams along the longitudinal direction of the bundles of tubular SOFCs and internal reforme
asily predicted. The predicted cell temperature along the longitudinal direction of the tubular SOFC shows important phenome

nclude the temperature rise near the entrance of the fuel cell by the electrochemical reaction and its decrease due to heat transfe
uel cell to the internal reformer that absorbs heat in reforming reactions. Also, it is found that different system arrangements and
haracteristics influence significantly the heat-transfer characteristics, and possibly the system performance. The results from t
odel are applied to the performance analysis of a tubular SOFC/micro gas turbine (MGT) hybrid system.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Fuel cells are considered to be good candidates for next-
eneration power sources because of their high-thermal ef-
ciencies and ultra-low emissions. The performance charac-
eristics of a fuel cell are greatly dependent on its operating
emperature. Low-temperature types such as the proton ex-
hange membrane fuel cell (PEMFC) are suitable for automo-
ive applications because of their relatively rapid response to
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varying load demands. On the other hand, high-temper
types such as the molten carbonate fuel cell (MCFC) an
solid oxide fuel cell (SOFC) are suitable for stationary pow
generation systems due to their high-thermal efficiency.
other important advantage of a high-temperature fuel
comes from the high-temperature exhaust gas, which c
used as an additional heat source for other purposes[1]. In a
solid oxide fuel cell/micro gas turbine (MGT) hybrid pow
system, the high-temperature exhaust gas of the SOFC i
as the source of energy for operating the micro gas turbi
boost power with the same fuel consumption. The theore
feasibilities of such hybrid power systems have been in
tigated by numerous research groups since the mid-1
Harvey and Richter[2], who proposed a hybrid thermod
namic cycle combining a gas turbine and a fuel cell, are
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Nomenclature

A active area (m2)
d thickness (m)
D diameter (m)
EN Nernst potential (V)
F Faraday constant
g molar Gibbs free energy (kJ kmol−1)
h heat transfer coefficient (kW m−2 K−1)
h̄ molar enthalpy (kJ kmol−1)
LHV lower heating value of CH4 (kJ kmol−1)
ṅ molar flow rate (kmol s−1)
N number of segments
p pressure (kPa)
Q heat transfer rate (kW)
RR recirculation rate
SCR steam–carbon ratio
T temperature (K or◦C)
U utilization factor
Vact activation polarization (V)
Vc operating cell voltage (V)
Vohm ohmic loss (V)
w width (m)
Wfc electrical work (kW)

Greek
ε emissivity
ρ resistivity (�m)
σ Stefan–Boltzmann constant (W m−2 K−4)

Subscript
a air gas or anode
c fuel cell or cathode
e electrolyte
f fuel gas
int interconnection
r reforming fuel gas
rw reformer wall
fp fuel feed passage
ft air feed tube

pioneers in this area. In the technical evolution of the fuel
cell/gas turbine hybrid power system, both SOFCs[3] and
MCFCs[4] have been considered as possible candidates for
the fuel cell. Recent studies have, however, focused on the
SOFC because of its higher thermal efficiency[5].

In 2001, Siemens–Westinghouse successfully demon-
strated a 100-kW class tubular SOFC-based cogeneration
power system. That work was followed by the development of
a 220-kW class tubular SOFC/MGT hybrid power system[6].
A demonstration unit developed by Siemens–Westinghouse
has been undergoing performance trials at the National
Fuel Cell Research Center (NFCRC) of the University of

California, USA, since 2000[6,7]. Other reports of the
Siemens–Westinghouse systems have also been published
[8–10].

In spite of the introduction of many innovative cycles for
the SOFC/MGT hybrid power system, its universal configu-
ration is not yet fully established. Studies to develop new sys-
tem configurations for better performance are still in progress.
Performance analysis of the hybrid system using mathemati-
cal models is an essential tool to investigate the performance
and operational characteristics of the various configurations.
Mathematical thermodynamic models of the SOFC/MGT hy-
brid power system have been developed by numerous re-
search groups. Among them, Massardo and Lubelli[5] inves-
tigated the characteristics of the design point performance of
an internal reforming SOFC/MGT hybrid power system. Kim
and Suzuki[11] conducted a similar study but used different
mathematical models. Their models were recently improved
by taking into consideration other physical phenomena of
practical importance such the heat transfer inside the SOFC
[12].

In the present study, a new model is proposed to en-
hance the accuracy of the performance analysis of a tubular
SOFC/MGT hybrid power system by taking into account the
length effect of tubular SOFCs. In addition, the model can be
applied for different configurations and/or characteristics of
t
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. System configurations

A schematic diagram of the tubular SOFC/MGT hyb
ower system under investigation is given inFig. 1(a). It is

he same as that of the Siemens–Westinghouse design[6,7].
he SOFC module is divided into two parts, namely, bun
f tubular SOFCs and reformers. A bundle of tubular SO

s composed of tubes with a length of 150 cm and a diam
f 2.2 cm[13,14]. Each tubular SOFC is sealed only at
nd. The wall of the tubular SOFC comprises three lay
athode (inner wall), electrolyte, and anode (outer wall)
he other hand, the MGT module is composed of a com
or, a combustor, a turbine, and a recuperator that repre
regenerative Brayton cycle.
The compressed fuel (methane) is fed into the reform

.e., a pre-reformer and an indirect internal reformer, an
hen supplied to the anode side of each tubular SOFC.
ient air is compressed by a compressor that is driven b

urbine, and then heated in the recuperator by the ho
tream from the turbine exhaust. High-temperature and
ressure air enters the cathode side of each tubular S
nd electrochemically reacts with fuel supplied from the
de side in the wall of each tubular SOFC. Exhaust gas

he SOFC module is burnt in the combustor to raise its
erature and expanded by the turbine in the MGT mo

o produce shaft power. Since the SOFC module is ope
nder high-pressure conditions, the system is called a ‘
urized hybrid system’.
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Fig. 1. Schematic diagrams of tubular SOFC/MGT hybrid power system: (a) whole system and (b) SOFC module.

The fuel and air streams in the SOFC module are shown in
Fig. 1(b) and include a pre-reformer, an indirect internal re-
former, the SOFC bundles, and a combustor. Here, the com-
bustor can be treated either as an afterburner in the SOFC
module or a combustor in the MGT. After being reformed
in both the pre-reformer and the indirect internal reformer,
the fuel that enters the SOFC module flows along the out-
side of each tubular SOFC from the sealed bottom towards
the open end. This fuel is then partially reformed in the pre-
reformer so as to reduce the reforming load of the internal
reforming process. Here, the latter process is defined as the
reforming process, which uses the generated heat from the
fuel cell. There are two types of reforming process: (i) a pro-
cess in an indirect internal reformer, which is located outside
of the fuel cell and (ii) a direct internal reforming process
in the anode of the fuel cell. Partially reformed fuel at the
exit of the pre-reformer enters the indirect internal reformer
guided by fuel feed plates and is reformed again by the aid

of heat supplied from the bundles of tubular SOFCs through
the reformer wall. During the reforming process, the exhaust
gas from the indirect internal reformer contains mainly hy-
drogen and carbon monoxide together with a small quantity
of un-reformed methane. The un-reformed methane with the
other chemical components flowing into the SOFC module
is reformed to hydrogen in the anode.

The air enters through a thin tube that is located centrally
inside each tubular SOFC and is then made to flow back up to
its open end. In general, approximately 80% of the supplied
fuel (mainly hydrogen) is consumed by the electrochemical
reaction in the fuel cell. This prevents possible fuel depletion
from occurring near the fuel cell exit. Non-reacted fuel in the
exhaust gas of the SOFC module, which is controlled by the
fuel utilization factor, is burnt in the combustor.

Fuel and air streams along the longitudinal direction of
the tubular SOFC participate in the electrochemical reaction
to produce steam and the generation of electric power. The
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temperatures of both streams are increased due to the exother-
mic electrochemical reaction. Some of the SOFC effluent in
the depleted fuel plenum is recirculated to the inlet of the
pre-reformer to provide necessary steam and heat for the re-
forming reaction. The amount of recirculated steam, denoted
by the recirculation ratio, is an important design parameter
that determines the system performance. On the other hand,
the fuel stream in the depleted fuel plenum is oxidized in
the combustor with the air stream at the exit of the bundles
of tubular SOFCs. The high-temperature exhaust gas of the
combustor is then supplied to the turbine to produce shaft
power.

3. Mathematical models

3.1. Basic assumptions

For the performance analysis of the tubular SOFC/MGT
hybrid power system described the above, it is necessary to
develop mathematical models that govern the heat- and mass-
transfer characteristics of each component of the system. For
this purpose, some basic assumptions are made, as follows:

(i) the fuel supplied to the system is methane (CH4);
(ii) the air supplied to the system is composed of 78.22%
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in Fig. 2(a). Each segment is composed of several control
volumes that are separated by walls between various flow
streams. The chemical compositions and temperature at the
exit of the control volume can be computed based on the mass
and heat balances in each control volume. Chemical reaction
processes, such as reforming and electrochemical reactions,
contribute to the generation and/or consumption of chemical
components in each control volume.

The fuel is reformed to hydrogen and carbon monoxide
through steam reforming processes in the reformers and the
anode of the SOFC. These processes involve two chemical
reactions:

fuel reforming : CH4 + H2O ↔ CO+ 3H2 (1)

steam shifting : CO+ H2O ↔ CO2 + H2 (2)

The fuel reforming reaction is slow and highly endother-
mic, whereas, the steam shifting reaction is fast and weakly
exothermic. Thus, the entire reforming process is dominated
by the endothermic fuel reforming reaction that requires heat
supplied from other sources. The steam shifting reaction is as-
sumed to occur under chemical equilibrium conditions. This
means that the steam shifting reaction occurs instantaneously
and reaches equilibrium spontaneously. On the other hand,
since the fuel reforming process is relatively slow, it is as-
sumed that this reaction occurs at a finite rate. The reaction
r in the
r odel
p te
o

r

the
s ical
r

h

c

med
i ner-
a
a de to
t sents
t cell,
n

U

ar-
t d by
nitrogen (N2), 20.74% oxygen (O2), 0.03% carbon diox
ide (CO2), and 1.01% water (H2O);

iii) all chemical components of working fluids are trea
as ideal gases;

(iv) the electrochemical reactions for both hydrogen (2)
and carbon monoxide (CO) occur at the wall of e
tubular SOFC;

(v) the operating cell voltage in each tubular SOFC is c
stant.

.2. Quasi-2D model for SOFC module

Inside the SOFC bundle, fuel flows in a longitudinal
ection along the outer surface, i.e., anode, of each tu
OFC. Air is supplied into the tube located at the centr
ach tubular SOFC. This air flows in a longitudinal direc

hrough the annulus between the outside of the air-feed
nd the inner surface, i.e., cathode, of each tubular S
he electrochemical reaction occurs in a radial directio

he three-layer wall, which is composed of the cathode
er wall), electrolyte and anode (outer wall), of each tub
OFC. This reaction is subject to the characteristics of

ransfer and also influences the characteristics of heat
er. In this study, the model for mass- and heat-transfer
ses, the so-called the quasi-2D model, is conducted m
n the flow direction, and takes taking into account the eff
n the perpendicular directions related to the electroch
al reaction. Using this model, flow streams along the
itudinal direction of the indirect internal reformer and

ubular SOFC are divided into multiple segments, as sh
ate is very sensitive to the materials and catalysts used
eformers and the anode of a SOFC. In this study, the m
roposed by Achenbach[15] is adopted for the reaction ra
f the fuel reforming reaction, namely:

˙CH4 = kCH4pCH4 exp

(−ECH4

RT

)
(3)

Both hydrogen and carbon monoxide generated by
team reforming process participate in the electrochem
eactions in SOFC, i.e.,

ydrogen : H2 + 1

2
O2 → H2O (4)

arbon monoxide : CO+ 1

2
O2 → CO2 (5)

The amounts of hydrogen and carbon monoxide consu
n the SOFC are directly related to the amount of ge
ted electric power. The fuel utilization factor,Uf , defined
s the ratio of consumed hydrogen and carbon monoxi

he amount of supplied fuel, is a parameter that repre
he efficiency of the electrochemical reaction of the fuel
amely:

f ≡ zH2 + zCO

4ṅCH4,supplied
= (I/2F )

4ṅCH4,supplied

= jA

8FṅCH4,supplied
(6)

As shown in Eqs.(1) and(2), steam is a necessary p
icipant in the reforming processes. It can be produce
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Fig. 2. Quasi-2D model for SOFC module: (a) multiple segments along longitudinal direction and (b) energy balances in control volumes in each segment.

the by-products of electrochemical reaction in the fuel cell.
Therefore, the amount of recirculated exhaust gas, denoted
as the recirculation ratio (RR) and defined as the ratio of the
amount of recirculated gas to total amount of exhaust gas
from the anode channel of the SOFC, is directly related to
the steam–carbon ratio (SCR), which is defined as the ratio
of steam to the supplied fuel. Thus:

RR ≡
(
ṅCH4,supplied

ṅH2O,cell exit

)
SCR (7)

Part of the heat generated by the electrochemical reaction
in the tubular SOFC bundles is consumed by the direct re-
forming process that occurs simultaneously with the electro-
chemical reactions in the anode of the tubular SOFC, and part
of the heat is transferred to the indirect internal reformer. The

remainder is then used to raise the cell temperature. For heat-
transfer analysis in flow streams that include the feed plate
and the reformer wall, conduction in the solid walls, convec-
tion in the flow streams and radiation between tubular SOFCs
and the reformer wall must all be taken into account, as il-
lustrated inFig. 2(b). Energy-balance equations governing
the heat-transfer characteristics of control volumes in each
segment of the quasi-2D model can be described as follows.

Inside air-feed tube∑
ṅx,ih̄x(Ta,ft,i) −

∑
ṅx,i+1h̄x(Ta,ft,i+1)

= ha1Aft (Tft,i − Ta,ft,m) (8)

where the right-hand side is the convective heat-transfer rate
between the inner wall of the air-feed tube and the air-flow
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stream; ˙nx,i represents the molar flow rate ofx species at the
ith segment.

Between air-feed tube and inner wall of tubular SOFC∑
ṅx,i+1h̄x(Ta,c,i+1) −

∑
ṅx,ih̄x(Ta,c,i)

= ha2Ac(Tc,i − Ta,c,m) + ha3Aft (Tft,i−Ta,c,m) − Q̇elec,ox

(9)

with

Q̇elec,ox = 1

2
(zH2 + zCO)h̄O2(Ta,c,m) (10)

representing the heat transfer caused by the consumption of
oxygen for the electrochemical reaction in the tubular SOFC
wall. The first two terms of the right-hand side in Eq.(9) are
the convective heat-transfer rates between the air flow stream
inside the annulus and the tube walls, e.g., SOFC tube and
air-feed tube, respectively.

At wall of air-feed tube

ha1Ac(Tft,i − Ta,ft,m) + ha3Aft (Tft,i − Ta,c,m) = 0 (11)

With the assumption of a thin air-feed tube, heat conduction
is not considered in this case.

Between outer wall of tubular SOFC and reformer wall∑ ∑

w

Q
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h n of
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t

w

Q
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s last
t at
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represents the convective heat transfer with air and fuel flow
streams, respectively.

Between fuel-feed plates∑
ṅx,i+1h̄(Tf,fp,i+1) −

∑
ṅx,ih̄(Tf,fp,i)

= hfpAfp(Tfp,i − Tf,fp,m) (16)

where the right-hand side is the convective heat transfer be-
tween the fuel stream and the fuel-feed plates.

Between fuel-feed plate and reforming wall:∑
ṅx,ih̄x(Tf,rw,i) −

∑
ṅx,i+1h̄x(Tf,rw,i+1)

= hr1Arw(Trw,i − Tf,rw,m) + hr2Afp(Tfp,i − Tf,rw,m)

(17)

where two terms on the right-hand side represent convective
heat-transfer rates between the fuel stream and the surround-
ing walls.

At the fuel-feed plate

hr2Afp(Tfp,i − Tf,rw,m) + hfpAfp(Tfp,i − Tf,fp,m) = 0 (18)

As denoted in case of the air-feed tube, fuel-feed plates are
also assumed to be very thin so that the conduction effect is
negligible.

At the reforming wall

Q
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ṅx,i+1h̄x(Tf,c,i+1) − ṅx,ih̄x(Tf,c,i)

= hf1Ac(Tc,i − Tf,c,m)

+hf2Arw(Trw,i − Tf,c,m) − Q̇elec,fuel (12)

ith

˙ elec,fuel = zH2[h̄H2(Tf,c,m) − h̄H2O(Tc,i)]

+ zCO[h̄CO(Tf,c,m) − h̄CO2(Tc,i)] (13)

epresenting the heat transfer caused by the consumpt
ydrogen and carbon monoxide and by the generatio
team and carbon dioxide in the electrochemical reacti
he tubular SOFC.

At wall of tubular SOFC:

Q̇elec,fuel + Q̇elec,ox − ẆFC,i

= ha2Ac(Tc,i − Ta,c,m) + hf1Ac(Tc,i − Tf,c,m)

+ Q̇rad − ks,cAs,c�x
d2Tc

dx2
(14)

ith

˙ rad = σArad

N∑
j=1

(T 4
c,i − T 4

rw,j)
1−εc
εc

+ 1
Fi−j + 1−εrw

εrw

(15)

epresenting the radiative heat transfer rate between tith
egment of the SOFC wall and the reformer wall. The
erm of the right-hand side in Eq.(14) represents the he
onduction rate inside wall of the tubular SOFC in a lon
udinal direction. The first two terms of the right-hand s
˙ rad = hf2Arw(Trw,i − Tf,c,m) + hr1Arw(Trw,i − Tf,rw,m)

− ks,rwAs,rw �x
d2Trw

dx2
(19)

ith

˙ rad = σArad

N∑
j=1

(T 4
c,j − T 4

rw,i)
1−εc
εc

+ 1
Fi−j + 1−εrw

εrw

(20)

epresenting the radiative heat-transfer rate between tith
egment of the reformer wall and the SOFC wall. The
erm of the right-hand side in Eq.(19) represents the co
uctive heat-transfer rate inside the reformer wall alon

ongitudinal direction. The first two terms of the right-ha
ide in Eq.(19)represents heat convection with two fuel fl
treams around the reformer wall.

.3. Lumped model for MGT system

The micro gas turbine adopted for the tubular SOFC/M
ybrid power system is composed of four major com
ents, namely: compressor, combustor, turbine, and rec
tor. Since the compressor and turbine in the MGT are
rally single-stage centrifugal and radial types, respecti

he lumped model can be applied. By considering energy
nces in compressor and turbine with known inlet conditi

he exit conditions can be easily computed with the funct
f isentropic efficiencies. In the present study, it is assu

hat the turbine inlet temperature (TIT) of the MGT is fix
uring operation of the system. The role of the combustor
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burn the effluent gas of the SOFC, which contains hydrogen,
carbon monoxide and methane, and to raise the exit temper-
ature to the TIT. The chemical reactions in the combustor
are:

hydrogen : H2 + 1

2
O2 → H2O (21)

carbon monoxide : CO+ 1

2
O2 → CO2 (22)

methane : CH4 + 2O2 → CO2 + 2H2O (23)

By applying a lumped model to the combustor, the com-
positions of the chemical components of the combustor ex-
haust gas and its temperature can be computed based on mass
and energy balance equations. The recuperator preheats com-
pressed air before entering the pre-reformer through the high
temperature of the exhaust gas of the turbine. Therefore, the
air temperature entering the pre-reformer can be expressed
as a function of the heat-exchange effectiveness of the re-
cuperator and the temperatures of entering streams to the
recuperator.

3.4. System performance

The maximum available power that can be produced by the
e e in
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t ltage
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W
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t xide
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p

W

cuit
v

V

w ir-
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ization, ohmic losses, concentration loss, etc. At the high-
operating temperature of the SOFC, the concentration loss
can be ignored because the diffusion is a very efficient process
[16,17]. In the present study, only the activation polarization
and ohmic losses have been taken into consideration:

�Vloss = �Vact +�Vohm (28)

where�Vact is the activation polarization and�Vohm is the
ohmic loss. The empirical equations by Achenbach[15] are
adopted for the activation polarization. The ohmic losses in
the tubular SOFC are considered not only with current flow
in the radial direction, but also with circumferential current
flow through the anode and cathode. Detailed mathematical
deviations of the ohmic losses are described inAppendix A.

The efficiencies of the SOFC and related SOFC/MGT hy-
brid power system are defined, respectively, as follows:

ηFC = ẆFC

ṁCH4(LHV)CH4

(29)

ηSYS = ẆFC + ẆGT

ṁCH4(LHV)CH4

(30)

4. Results and discussions
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a As
s nd
lectrochemical reaction in the fuel cell is the differenc
he Gibbs free energy between the products and reacta
he reaction that can be converted to the open-circuit vo
s follows:

˙ FC max = −�Ġ = −(zH2 + zCO)�ḡ

= 2(zH2 + zCO)FVoc (24)

Since the chemical components are considered to be
ases, the difference in the Gibbs free energy per one
f hydrogen can be expressed as:

�ḡ = −�ḡ0 + RT ln

[
PH2/P0(PO2/P0)1/2

PH2O/P0

]
(25)

The difference of Gibbs free energy per one mole of ca
onoxide is equal to that of hydrogen[15]. This means tha

he open-circuit voltages of hydrogen and carbon mono
ave the same value.

By defining the current density,j, as the rate of electro
ransfer per unit activation area of the fuel cell, the ele
ower produced by the fuel cell can be expressed by:

˙ FC = VcjAc (26)

The cell voltage is the difference between open-cir
oltage and voltage losses in the fuel cell, i.e.,

c = Voc −�Vloss (27)

here�Vloss is the sum of the voltage losses due to
eversibilities in the fuel cell that include activation po
The mathematical formulations discussed in the prev
ection were applied to the performance analysis of a tu
OFC/MGT hybrid power system. Most of the reference
sed in this study (Table 1) are based on published data
iemens–Westinghouse products[7,18,19]. Some of thos
alues, including compressor and turbine efficiencies,
ssumed by their up-to-date general performance trend

The purpose of the above work is to investigate the
uence of system characteristics on the design-point pe
ance of the system. Here, the design-point perform
eans that all components in the hybrid system are
ted with their design-point condition. Therefore, the
esign performance with different operating conditions f

he design-point performance has been excluded from
cope of this study.

To investigate the influence of the component charac
ics on the hybrid system clearly, the total produced pow
he system was fixed. Under such a condition, the impa
ifferent values of the parameters on the performance of

he SOFC and the MGT can be clearly determined. Als
s assumed that the hybrid system is operated with a
urbine inlet temperature. Details of the computational
edures are described elsewhere[20].

.1. Feasibility of quasi-2D model

The computational accuracy of the quasi-2D model
ends on the appropriate choice of the number of segm
long the longitudinal direction of the tubular SOFC.
hown inFig. 3, the distributions of cell temperature a
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Table 1
Reference data for performance analysis (quoted from Siemens–Westing-
house[7,18,19])

Parameter Value

Physical conditions
System

Ambient conditions (◦C, atm) 15, 1
System power (kW) 220

Fuel cell
Steam–carbon ratio 2.5
Fuel utilization factor 0.85
Average current density (A m−2) 3200
Fuel inlet temperature (◦C) 15

Gas turbine
Pressure ratio 2.9
Turbine inlet temperature (◦C) 840
Compressor adiabatic efficiency (%) 78
Turbine adiabatic efficiency (%) 82
Recuperator effectiveness (%) 89

Geometry of tubular SOFC
Cathode thickness (mm) 2
Electrolyte thickness (�m) 40
Anode thickness (�m) 125
Interconnector thickness (�m) 100
Interconnector width (cm) 0.9

Numerical conditions
Number of segments along longitudinal direction of

the tubular IIR-SOFC system

current density along the longitudinal direction of the tubu-
lar SOFC converge to form specific patterns as the number of
segments increases. It is noted that the mean value of the con-
verged cell temperature in the quasi-2D model (929.40◦C) is
much higher than the value calculated by the lumped model
(899.90◦C). The latter is the same as that when the number
of segments is one in the quasi-2D model. In addition, it can
be seen that there exists a considerable temperature differ-
ence along the length (74.12◦C) of the SOFC that cannot be
predicted by the lumped model. This value can be used to
assess the thermo-mechanical strength of the SOFC. Also,
Table 2shows that some important parameters related to the
performance of the hybrid system converge as the number of
segments increases.

4.2. Different characteristics of system components

As shown by the data inFigs. 1 and 2, the SOFC module
of the hybrid system considered in this study is composed of
many components, namely: bundles of tubular SOFCs, a pre-
reformer, an indirect internal reformer, and a combustor. The
performance characteristics of the SOFC and also the entire
hybrid system are greatly dependent on the configurations
of the components and their arrangements within the sys-
tem. For example, the directions in which the air and the fuel
s cter-
i ction
a rder

Fig. 3. Distributions of cell temperature and current density along longitu-
dinal direction of tubular SOFC with different number of segments: (a) cell
temperature and (b) current density.

to provide adequate directions, it is important that the vari-
ous components in the SOFC module are properly arranged.
Also, as described in previous sections, in spite of the direct
internal reforming capability in the anode of the SOFC, re-
forming reactions at either the pre-reformer or the internal
reformer prior to the SOFC are essential. Therefore, it is also
necessary to investigate the impact of the characteristics of
these reformers on the performance and operating character-
istics of the hybrid system.

4.2.1. Different flow paths of supplied fuel to SOFC
Two different structures of the SOFC module, as shown

in Fig. 4, have been considered to investigate the influence
of directions of flow streams along the tubular SOFC. The
same case as the original one described inFig. 2is shown in
Fig. 4(a). This case, which is the so-called co-flow condition,
can be seen to flow in the same direction as the air and fuel
streams along the wall of the tubular SOFC. For the counter-
flow case (Fig. 4(b)), the direction of the fuel stream along the
outer wall of the tubular SOFC is seen to show an opposing
trend to the co-flow case (Fig. 4(a)). Different directions of
the fuel stream along the outer wall of the tubular SOFC are
similarly applied to those in the fuel feed and the internal
reforming streams.
treams flow in the tubular SOFC influences the chara
stics of heat and mass transfer, the electrochemical rea
nd, consequently, the fuel cell performance. Thus, in o
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Table 2
Computational results of system performance with different number of segments along longitudinal direction of SOFC module

Parameter Siemens–
Westinghouse[7]

Number of segments

N= 1 N= 5 N= 10 N= 20

Current density (A m−2) 3200 3200 3200 3200 3200
Cell operating voltage (V) 0.610 0.540 0.607 0.611 0.613
Pressure ratio 2.9 2.9 2.9 2.9 2.9
Air mass flow rate (kg s−1) 0.5897 0.7128 0.5964 0.5898 0.5867
TIT (◦C) 840 840 840 840 840
SOFG dc power (kW) 187 175.0 184.3 184.7 185.0
SOFG ac power (kW) 176 166.4 175.0 175.5 175.7
GT ac power (kW) 47 55.4 46.7 46.2 45.9
Net ac power (kW) 220 220 220 220 220
System efficiency (%) 57 56.0 59.8 60.1 60.2
Cell active area (m2) 96 101.3 94.9 94.5 94.3

Bold characters are given values.

In both cases, the temperatures of both the air and the fuel
streams along the tubular SOFC increase on their entry into
the SOFC due to the exothermic electrochemical reaction,
and to decrease in the downstream region of the SOFC due
to the heat transferred from the SOFC to the indirect inter-
nal reformer. A comparison of the temperature distributions
in the flow streams in both the co-flow and the counter-flow
cases is presented inFig. 5. It can be seen that the temperature
of the fuel stream on entering the SOFC in the counter-flow
case falls earlier than the co-flow case. This is because the re-
gion of low temperature near the bottom of the SOFC reduces
the amount of heat required for the reforming process in the
indirect internal reformer. This could cause a delay in the re-
forming process in the indirect internal reformer. As shown in

F OFC
m case.

Fig. 6, the cell temperature of the counter-flow case has a peak
value near the entrance, i.e., the top of the SOFC, and is lower
than that of the co-flow case at the bottom of the SOFC. This
causes the maximum difference in the cell temperature along
the SOFC in the counter-flow case (144.25◦C) to become
almost double compared with the other case (72.12◦C). On
the other hand, the mean cell temperature of the counter-flow
case (903.41◦C) is lower than the co-flow case (929.40◦C).

Fig. 5. Temperature distributions in SOFC module with different directions
of fuel streams along longitudinal direction of tubular SOFC: (a) co-flow
case (same as original case) and (b) counter-flow case.
ig. 4. Schematic diagrams for different directions of fuel streams in S
odule: (a) co-flow case (same as original case) and (b) counter-flow
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Fig. 6. Distributions of cell temperature and current density along longitu-
dinal direction of tubular SOFC with different directions of fuel streams in
SOFC module: (a) cell temperature and (b) current density.

The distributions of current density are very similar to those
of cell temperature.

The low mean cell temperature of the counter-flow case
may reduce the cell voltage and the fuel cell efficiency, but
its influence is not very significant, as shown inTable 3. For
the hybrid system, however, because of the reduction, in the
power generated by the fuel cell (high-efficiency module) due
to the low cell temperature and the increase in gas turbine (low
efficiency module) power to meet the required total power,
the reduction in efficiency is dominant in the counter-flow
case.

4.2.2. Existence of a pre-reformer
A pre-reformer, located at the front of the indirect internal

reformer, as shown inFig. 1, converts supplied fuel (methane)

Table 3
Comparisons of system performance with different flow directions along the
longitudinal direction of SOFC module

Case Co-flow Counter-flow

Cell voltage (V) 0.611 0.584
ηFC (%) 47.9 47.6
WFC/WGT 3.80 3.47
ηSYS (%) 60.1 57.7

Fig. 7. Temperature distributions along flow streams in SOFC module: (a)
with pre-reformer (same as original case) and (b) without pre-reformer.

to hydrogen and carbon monoxide by the steam-reforming
reaction. The steam and heat is supplied by the recirculated
exhaust gas stream from the anode of the SOFC. The role of
the pre-reformer to reduce the reforming load of the indirect
reforming processes in both the indirect internal reformer
itself and the anode of the SOFC. To investigate the influence
of a pre-reformer on the system performance, analyses were
conducted with and without a pre-reformer and the respective
results were compared.

As shown inFig. 7, when a pre-reformer is eliminated, the
temperature of the fuel stream entering between the fuel-feed
plates is higher than in the case with a pre-reformer. This is
due to the heat-absorbing process in the pre-reformer. The
high-temperature fuel stream when not using a pre-reformer
also increases the cell temperature (Fig. 8(a)). The mean cell
temperatures with and without a pre-reformer are 929.40
and 943.00◦C, respectively. The maximum differences in
the cell temperature along the SOFC length in the two cases
are almost the same, i.e., 74.12◦C with a pre-reformer and
72.41◦C without a pre-reformer. As shown inTable 4, the
high-cell temperature without a pre-reformer assists the rise
in the cell voltage and thereby to improve the efficiency of
the fuel cell. As a result, it contributes to the enhancement
of the efficiency of the hybrid system mainly through an in-
crease in fuel cell power. On the other hand, the pre-reformer
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Fig. 8. Influence of pre-reformer on cell temperature and amount of methane
in indirect internal reformer: (a) cell temperature and (b) amount of methane
in indirect internal reformer.

is a very helpful device in that it relaxes the reforming load
of the indirect internal reformer. In addition, it reduces the
amount of methane that enters the flow channel of the SOFC
and thus reduces the possibility of carbon deposition at the
anode.

4.2.3. Catalyst density of indirect internal reformer
In this study, more than 99% of the supplied methane was

reformed to hydrogen and carbon monoxide in both the pre-
reformer and the indirect internal reformer. As the perfor-
mance analysis showed that 25–30% of the supplied methane
was reformed by the pre-reformer, it can easily be concluded
that the indirect internal reformer that processes the remain-
ing methane plays a very important role. The capability of a
reformer depends on the amount of the catalyst. To investi-
gate the influence of the reforming capability of the indirect
internal reformer on the system performance, the reforming

Table 4
Influence of existence of a pre-reformer on system performance

Case With a pre-reformer Without a pre-reformer

Cell voltage (V) 0.611 0.620
ηFC (%) 47.9 48.7
WFC/WGT 3.80 3.93
ηSYS (%) 60.1 60.6

Fig. 9. Influence of catalyst density of indirect internal reformer on mass and
heat transfer characteristics in indirect internal reformer: (a) distributions of
amount of methane and (b) distribution of temperature of reformer wall.

reaction expressed by Eq.(3) is revised as follows:

ṙCH4 = CrefkCH4pCH4 exp

(−ECH4

RT

)
(31)

Here,Cref can be treated as a parameter that governs the
amount of the reforming reaction in the indirect internal re-
former and, therefore, it is assumed that the catalyst density
is proportional to this value. A highCref value represents a
high-catalyst density.

As shown inFig. 9, Cref influences the distribution of
methane and the temperature of the fuel stream along the
longitudinal direction of the indirect internal reformer. In ad-
dition, it can be seen that the reforming reaction occurs as
soon as methane enters the indirect internal reformer and
is concentrated near the entrance at a high-catalyst density.
Furthermore, due to the endothermic characteristics of the
reforming reaction, the temperature of the fuel stream falls
sharply in the same region where the reforming reaction is
dominant.

The catalyst density is also strongly related to the dis-
tributions of the cell temperature and the current density, as
illustrated inFig. 10. The difference in cell temperature along
the longitudinal direction of the SOFC becomes large at a low
catalyst density. As demonstrated inTable 5, a high-catalyst
density in the indirect internal reformer causes an improve-
m tly, to
t d be
ent in the performance of the SOFC and, consequen
he performance of the related hybrid system. It shoul
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Fig. 10. Influence of catalyst density of indirect internal reformer on distri-
butions of cell temperature and current density along longitudinal direction
of tubular SOFC: (a) cell temperature and (b) current density.

Table 5
Influence of catalyst density of indirect internal reformer on system
performance

Case Cref

0.2 0.6 1.0 1.2

Cell voltage (V) 0.527 0.600 0.611 0.613
ηFC (%) 41.4 47.1 47.9 48.1
WFC/WGT 2.88 3.67 3.80 3.81
ηSYS (%) 55.3 59.5 60.1 60.1

noted that a low catalyst density gives rise to a significant
deterioration in system performance.

5. Conclusions

A quasi-2D model has been introduced and takes into ac-
count the heat and mass transfer characteristics of tubular
SOFCs and related reforming processes. Performance anal-
ysis of a tubular SOFC/MGT hybrid power system has been
conducted based on this quasi-2D model. The model makes it
possible to predict the temperatures of the fuel and the air flow
streams along the longitudinal direction of a SOFC module
that is composed of bundles of tubular SOFCs and an indirect

internal reformer. Feasibility studies for the quasi-2D model
prove that the computational results converged to certain val-
ues and/or patterns with increase in the number of segments
along the longitudinal direction of the SOFC module.

Different flow directions of the fuel streams outside of
tubular SOFCs showed different patterns of cell temperatures
along the longitudinal direction and are found to influence the
performance of the system itself. It is expected that the co-
flow case will provide a high mean cell temperature, which
in turn, will enhance the system performance compared with
the counter-flow alternative. If a pre-reformer, located prior
to the indirect internal reformer, is eliminated then the cell
temperature will increase. It is found that the pre-reformer
plays an important role in reducing the load of the indirect
internal reformer. Finally, it is shown that the catalytic density
of the indirect internal reformer influences significantly the
system performance.

Appendix A. Loss Models in a Tubular SOFC

Activation polarization is caused by the slowness of the
electrochemical reactions taking place on the surface of elec-
trodes. It is very non-linear and difficult to express analyti-
cally. The model for activation polarization used in this study
i

�

w

w . The
i y the
s and
a
r as
k

o the
fl s
o ions
t the
a odel
t ped
b on
fl de is
u rm
i
A t on
t vely.
T are
r e and
s adopted from Achenbach[15], i.e.,

Vact = �Vact,a +�Vact,c = jrc + jH2ra,H2 (A.1)

ith

1

rc
= 4F

RT
kc

(
pO2

P0

)m
exp

(
− Ec

RT

)
(A.2)

1

ra,H2

= 2F

RT
ka,H2

(
pH2

P0

)m
exp

(−Ea

RT

)
(A.3)

herer represents the area specific electrical resistance
nfluence of partial pressure on the losses is accounted b
lope ofm= 0.25. The activation energy of the cathode
node is set toEca= 160 kJ mol−1 andEan= 110 kJ mol−1,
espectively. The pre-exponential factors are given
ca= 1.49× 1010 A m−2 andkan,H2 = 2.13× 108 A m−2.

Ohmic losses occur due to the electrical resistance t
ow of electrons or ionic species.Fig. A1 shows the path
f (i) the electrons through the cathode, (ii) the oxygen

hrough the electrolyte, and (iii) the electrons through
node in a tubular SOFC. In this study, an ohmic loss m

aking into account realistic electron/ion paths is develo
ased on Tanaka et al.[21]. It is assumed that the electr
ux at the entrance of the cathode or at the exit of the ano
niform in the circumferential direction, and that an unifo

onic flux penetrates the entire electrolyte. InFig. 3, angles
π andBπ are related to the extent of electrical contac

he half of the cell tube and the interconnector, respecti
he final forms of the ohmic losses in a tubular SOFC
epresented as follows for the anode, cathode, electrolyt
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Fig. A1. Electronic/ionic flows in tubular SOFC.

interconnector, respectively:

�Vohm,a = σρa(AπD)2

8da
(A.4)

�Vohm,c = σρc(πD)2

8dc
A[A+ 2(1− A− B)] (A.5)

�Vohm,e = jρede (A.6)

�Vohm,int = j(πD)ρint
dint

wint
(A.7)

whereρi anddi , are the resistivity and thickness of component
i,D the mean diameter of the tubular SOFC, andwint the width
of the interconnector. The resistivity of each layer of SOFC is
treated as a function of the local operating temperature[22].
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