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Abstract

A quasi-two dimensional (quasi-2D) model is proposed as a tool to predict the performance of solid oxide fuel cell (SOFC) system composec
of bundles of tubular SOFCs and internal reformers. The model is developed by considering heat and mass transfer characteristics main
along the longitudinal direction of the system, and the electrochemical reaction in its perpendicular direction. With this model, the temperature
distribution in the fuel and the air streams along the longitudinal direction of the bundles of tubular SOFCs and internal reformers can be
easily predicted. The predicted cell temperature along the longitudinal direction of the tubular SOFC shows important phenomena, which
include the temperature rise near the entrance of the fuel cell by the electrochemical reaction and its decrease due to heat transferred from t
fuel cell to the internal reformer that absorbs heat in reforming reactions. Also, it is found that different system arrangements and componen
characteristics influence significantly the heat-transfer characteristics, and possibly the system performance. The results from the quasi-2
model 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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1. Introduction varying load demands. On the other hand, high-temperature
types such as the molten carbonate fuel cell (MCFC) and the
Fuel cells are considered to be good candidates for next-solid oxide fuel cell (SOFC) are suitable for stationary power-

generation power sources because of their high-thermal ef-generation systems due to their high-thermal efficiency. An-
ficiencies and ultra-low emissions. The performance charac-other important advantage of a high-temperature fuel cell
teristics of a fuel cell are greatly dependent on its operating comes from the high-temperature exhaust gas, which can be
temperature. Low-temperature types such as the proton ex-used as an additional heat source for other purpddek a
change membrane fuel cell (PEMFC) are suitable for automo- solid oxide fuel cell/micro gas turbine (MGT) hybrid power
tive applications because of their relatively rapid response to system, the high-temperature exhaust gas of the SOFC is used
as the source of energy for operating the micro gas turbine to
boost power with the same fuel consumption. The theoretical

: _ feasibilities of such hybrid power systems have been inves-
_ E-mail addressessinglee@plazal.snu.ac.kr (T.W. Song), tigated by numerous research groups since the mid-1990s.
jlsohn@snu.ac.kr (J.L. Sohn), kjaechwan@kari.re.kr (J.H. Kim), . .
kts@inha.ac.kr (T.S. Kim), stro@snu.ac.kr (S.T. Ro), Harvey and Richtef2], who proposed a hybrid thermody-
ksuzuki@sic.shibaura-it.ac.jp (K. Suzuki). namic cycle combining a gas turbine and a fuel cell, are the
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California, USA, since 200Q6,7]. Other reports of the

Nomenclature Siemens—Westinghouse systems have also been published
[8-10]
A active area (rf) In spite of the introduction of many innovative cycles for
d thickness (m) the SOFC/MGT hybrid power system, its universal configu-
D diameter (m) ration is not yet fully established. Studies to develop new sys-
En Nernst potential (V) tem configurations for better performance are stillin progress.
F Faraday constant Performance analysis of the hybrid system using mathemati-
g molar Gibbs free energy (kJ knol) cal models is an essential tool to investigate the performance
h heat transfer coefficient (kwWnt K1) and operational characteristics of the various configurations.
h molar enthalpy (kJ kmot) Mathematical thermodynamic models of the SOFC/MGT hy-
LHV  lower heating value of Cll (kJ kmot~1) brid power system have been developed by numerous re-
n molar flow rate (kmols?) search groups. Among them, Massardo and Lufilinves-
N number of segments tigated the characteristics of the design point performance of
p pressure (kPa) aninternal reforming SOFC/MGT hybrid power system. Kim
Q heat transfer rate (kW) and Suzuk[11] conducted a similar study but used different
RR recirculation rate mathematical models. Their models were recently improved
SCR  steam-—carbon ratio by taking into consideration other physical phenomena of
T temperature (K ofC) practical importance such the heat transfer inside the SOFC
U utilization factor [12].
Vact activation polarization (V) In the present study, a new model is proposed to en-
Ve operating cell voltage (V) hance the accuracy of the performance analysis of a tubular
Vohm  ohmic loss (V) SOFC/MGT hybrid power system by taking into account the
w width (m) length effect of tubular SOFCs. In addition, the model can be
Whe electrical work (KW) applied for different configurations and/or characteristics of
the system components.

Greek
& emissivity
Jo resistivity 2 m) 2. System configurations
o Stefan—Boltzmann constant (WThK —4)

A schematic diagram of the tubular SOFC/MGT hybrid
Subscript power system under investigation is givenFig. 1(a). It is
a air gas or anode the same as that of the Siemens—Westinghouse dEsign
c fuel cell or cathode The SOFC module is divided into two parts, namely, bundles
e electrolyte of tubular SOFCs and reformers. A bundle of tubular SOFCs
f fuel gas is composed of tubes with a length of 150 cm and a diameter
int interconnection of 2.2cm[13,14] Each tubular SOFC is sealed only at one
r reforming fuel gas end. The wall of the tubular SOFC comprises three layers:
rw reformer wall cathode (inner wall), electrolyte, and anode (outer wall). On
fp fuel feed passage the other hand, the MGT module is composed of a compres-
ft air feed tube sor, a combustor, a turbine, and a recuperator that represents

a regenerative Brayton cycle.

The compressed fuel (methane) is fed into the reformers,
i.e., a pre-reformer and an indirect internal reformer, and is
pioneers in this area. In the technical evolution of the fuel then supplied to the anode side of each tubular SOFC. Am-
cell/gas turbine hybrid power system, both SOH8]sand bient air is compressed by a compressor that is driven by the
MCFCsJ[4] have been considered as possible candidates forturbine, and then heated in the recuperator by the hot gas
the fuel cell. Recent studies have, however, focused on thestream from the turbine exhaust. High-temperature and high-
SOFC because of its higher thermal efficieftgly pressure air enters the cathode side of each tubular SOFC,

In 2001, Siemens—Westinghouse successfully demon-and electrochemically reacts with fuel supplied from the an-
strated a 100-kW class tubular SOFC-based cogeneratiornode side in the wall of each tubular SOFC. Exhaust gas from
power system. That work was followed by the development of the SOFC module is burnt in the combustor to raise its tem-
a220-kW class tubular SOFC/MGT hybrid power sysfén perature and expanded by the turbine in the MGT module
A demonstration unit developed by Siemens—Westinghouseto produce shaft power. Since the SOFC module is operated
has been undergoing performance trials at the National under high-pressure conditions, the system is called a ‘pres-
Fuel Cell Research Center (NFCRC) of the University of surized hybrid system’.




32 T.W. Song et al. / Journal of Power Sources 142 (2005) 30-42

Fuel
d .
Combustor

Pre-reformer J: !
Cathode
C
SOFC Turbine | Compressor
Indirect 1 module
internal
reformer Anode
vy
Recuperator
* Exhaust
(a) Whole system
’ Air
| | / Air plenum
Exhaust el = Combustion
—] zone
|| x| |
J
/ TJ. ] o
Qll+-
Depleted fuel e B
plenum It )/ t hts
Methane
—

Int | ref 1 I
ntemal reformer Pre-reformer
(b) SOFC module

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 of heat supplied from the bundles of tubular SOFCs through
Fig. 1(b) and include a pre-reformer, an indirect internal re- the reformer wall. During the reforming process, the exhaust
former, the SOFC bundles, and a combustor. Here, the com-gas from the indirect internal reformer contains mainly hy-
bustor can be treated either as an afterburner in the SOFCdrogen and carbon monoxide together with a small quantity
module or a combustor in the MGT. After being reformed of un-reformed methane. The un-reformed methane with the
in both the pre-reformer and the indirect internal reformer, other chemical components flowing into the SOFC module
the fuel that enters the SOFC module flows along the out- is reformed to hydrogen in the anode.
side of each tubular SOFC from the sealed bottom towards The air enters through a thin tube that is located centrally
the open end. This fuel is then partially reformed in the pre- inside each tubular SOFC and is then made to flow back up to
reformer so as to reduce the reforming load of the internal its open end. In general, approximately 80% of the supplied
reforming process. Here, the latter process is defined as thduel (mainly hydrogen) is consumed by the electrochemical
reforming process, which uses the generated heat from thereaction in the fuel cell. This prevents possible fuel depletion
fuel cell. There are two types of reforming process: (i) a pro- from occurring near the fuel cell exit. Non-reacted fuel in the
cess in anindirect internal reformer, which is located outside exhaust gas of the SOFC module, which is controlled by the
of the fuel cell and (ii) a direct internal reforming process fuel utilization factor, is burnt in the combustor.
in the anode of the fuel cell. Partially reformed fuel at the Fuel and air streams along the longitudinal direction of
exit of the pre-reformer enters the indirect internal reformer the tubular SOFC patrticipate in the electrochemical reaction
guided by fuel feed plates and is reformed again by the aid to produce steam and the generation of electric power. The
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temperatures of both streams are increased due to the exothern Fig. 2a). Each segment is composed of several control
mic electrochemical reaction. Some of the SOFC effluent in volumes that are separated by walls between various flow
the depleted fuel plenum is recirculated to the inlet of the streams. The chemical compositions and temperature at the
pre-reformer to provide necessary steam and heat for the re-exit of the control volume can be computed based onthe mass
forming reaction. The amount of recirculated steam, denoted and heat balances in each control volume. Chemical reaction
by the recirculation ratio, is an important design parameter processes, such as reforming and electrochemical reactions,
that determines the system performance. On the other handgcontribute to the generation and/or consumption of chemical
the fuel stream in the depleted fuel plenum is oxidized in components in each control volume.

the combustor with the air stream at the exit of the bundles  The fuel is reformed to hydrogen and carbon monoxide
of tubular SOFCs. The high-temperature exhaust gas of thethrough steam reforming processes in the reformers and the
combustor is then supplied to the turbine to produce shaft anode of the SOFC. These processes involve two chemical

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 (H

(ii) the air supplied to the system is composed of 78.22%
nitrogen (N), 20.74% oxygen (©), 0.03% carbon diox-
ide (CQ), and 1.01% water (}D);

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

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

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

3.2. Quasi-2D model for SOFC module

Inside the SOFC bundle, fuel flows in a longitudinal di-
rection along the outer surface, i.e., anode, of each tubular
SOFC. Air is supplied into the tube located at the centre of
each tubular SOFC. This air flows in a longitudinal direction

reactions:
fuelreforming: CH + H>0 «<» CO+ 3H, (1)
steam shifting: COr H2O <> COp + Hap (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
upplied from other sources. The steam shifting reactionis as-
umed 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
rate is very sensitive to the materials and catalysts used in the
reformers and the anode of a SOFC. In this study, the model
proposed by Achenbadh5] is adopted for the reaction rate
of the fuel reforming reaction, namely:

—Ech,

i)

Both hydrogen and carbon monoxide generated by the
steam reforming process participate in the electrochemical
reactions in SOFC, i.e.,

S

®3)

rcH, = kcH, PcH, EXP<

1
hydrogen: H + 502 — H20 (4)

carbon monoxide :

(5)

The amounts of hydrogen and carbon monoxide consumed

1
Ca 502 —- CO,

through the annulus between the outside of the air-feed tubein the SOFC are directly related to the amount of gener-

and the inner surface, i.e., cathode, of each tubular SOFC.
The electrochemical reaction occurs in a radial direction in

ated electric power. The fuel utilization factdy;, defined
as the ratio of consumed hydrogen and carbon monoxide to

the three-layer wall, which is composed of the cathode (in- the amount of supplied fuel, is a parameter that represents
ner wall), electrolyte and anode (outer wall), of each tubular the efficiency of the electrochemical reaction of the fuel cell,

SOFC. This reaction is subject to the characteristics of mass

transfer and also influences the characteristics of heat trans-

fer. In this study, the model for mass- and heat-transfer anal-
yses, the so-called the quasi-2D model, is conducted mainly
in the flow direction, and takes taking into account the effects
on the perpendicular directions related to the electrochemi-
cal reaction. Using this model, flow streams along the lon-
gitudinal direction of the indirect internal reformer and the

namely:
U= SHetico (1/2F)
4ﬁCH4,suppIied 4’-1CH4,suppIied
JA

(6)

811:7-lCH4,suppIied

As shown in Egs(1) and (2), steam is a necessary par-

tubular SOFC are divided into multiple segments, as shown ticipant in the reforming processes. It can be produced by
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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. remainder is then used to raise the cell temperature. For heat-
Therefore, the amount of recirculated exhaust gas, denotedransfer analysis in flow streams that include the feed plate
as the recirculation ratio (RR) and defined as the ratio of the and the reformer wall, conduction in the solid walls, convec-
amount of recirculated gas to total amount of exhaust gastion in the flow streams and radiation between tubular SOFCs
from the anode channel of the SOFC, is directly related to and the reformer wall must all be taken into account, as il-
the steam—carbon ratio (SCR), which is defined as the ratiolustrated inFig. 2(b). Energy-balance equations governing

of steam to the supplied fuel. Thus: the heat-transfer characteristics of control volumes in each
) segment of the quasi-2D model can be described as follows.
RR = (M) SCR @) Inside air-feed tube
NH,0,cell exit

Part of the heat generated by the electrochemical reaction Z neihx(Tafi) = Z nitihx(Tafiv1)
in the tubular SOFC bundles is consumed by the direct re- = ha1Aq(T,i — Taftm) (8)
forming process that occurs simultaneously with the electro-
chemical reactions in the anode of the tubular SOFC, and partwhere the right-hand side is the convective heat-transfer rate
of the heat s transferred to the indirect internal reformer. The between the inner wall of the air-feed tube and the air-flow
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streamy, ; represents the molar flow ratex$pecies atthe  represents the convective heat transfer with air and fuel flow

ith segment. streams, respectively.
Between air-feed tube and inner wall of tubular SOFC Between fuel-feed plates
D ivirth(Tacitt) — ) it ih(Tac.) Y icirth(Tespivn) = Y i ih(Ti p.0)
= haZAc(Tc,i - Ta,c,m) + haSAﬁ(Tﬁ,i—Ta,c,m) - Qelecox = hprfp(Tfp,i - Tf,fp,m) (16)
9) where the right-hand side is the convective heat transfer be-

ith tween the fuel stream and the fuel-feed plates.
wit Between fuel-feed plate and reforming wall:

. 1 - _ _
Qelecox = 5 (eH, + 2c0)h0,(Tacm) (10) > i ih(Trw) = Y ivipth(Trow,i41)

representing the heat transfer caused by the consumption of = hr1Aw(Trw,i — Tt.ow,m) + hr2Atp(Tip,i — Tt,rw,m)
oxygen for the electrochemical reaction in the tubular SOFC (17)
wall. The first two terms of the right-hand side in £§) are
the convective heat-transfer rates between the air flow streamwhere two terms on the right-hand side represent convective
inside the annulus and the tube walls, e.g., SOFC tube andheat-transfer rates between the fuel stream and the surround-
air-feed tube, respectively. ing walls.

At wall of air-feed tube At the fuel-feed plate

halAc(Tft,i - Taft,m) + ha3Aft(Tft,i - Ta,c,m) =0 (11) hrZAfp(Tfp,i - Tf,rw,m) + hprfp(Tfp,i - Tf,fp,m) =0 (18)

With the assumption of a thin air-feed tube, heat conduction As denoted in case of the air-feed tube, fuel-feed plates are
is not considered in this case. also assumed to be very thin so that the conduction effect is

Between outer wall of tubular SOFC and reformer wall  negligible.

) — R At the reforming wall
Y iwirrhe(Trcive) = Y i ih(Tr c.i) _
Orad = hi2 Arw(Trw,i — T.com) + her Anw(Trw,i — Tt rw,m)
= hflAc(Tc,i - Tf,c,m)

+hi2Aw(Tw,i — Tr.c.m) — Qelecfuel (12) — ks,rwAs.rw AxW (19)
with with
Qelectuel = 2ho [ty (Tr.e.m) — 0T, . N (T4 — T4 )
eleciue 2[ 2_( Cm) 2_( C. 1)] Qrad _ o'AradZ — cj _ rw’g-ie (20)
+ zcolhco(Tt.c.m) — hco,(Te.i)] (13) e tES T

representing the heat transfer caused by the consumption ofepresenting the radiative heat-transfer rate betweeithhe
hydrogen and carbon monoxide and by the generation of segment of the reformer wall and the SOFC wall. The last
steam and carbon dioxide in the electrochemical reaction interm of the right-hand side in E¢19) represents the con-

the tubular SOFC. ductive heat-transfer rate inside the reformer wall along a
At wall of tubular SOFC: longitudinal direction. The first two terms of the right-hand
- . . side in Eq(19)represents heat convection with two fuel flow
Qelectuel + Qelecox — Wrc.i streams around the reformer wall.
= haZAc(Tc,i - Ta,c,m) + hflAc(Tc,i - Tf,c,m)
2T 3.3. Lumped model for MGT system
+ Orad — ks,cAs,chK; (14) , .
The micro gas turbine adopted for the tubular SOFC/MGT
with hybrid power system is composed of four major compo-
v 4 4 nents, namely: compressor, combustor, turbine, and recuper-
(Te; — Trw,j) ator. Since the compressor and turbine in the MGT are gen-

(15)

Orad = UAradZ Tz 1 Tt

. erally single-stage centrifugal and radial types, respectively,
j=1 & Fij Erw

the lumped model can be applied. By considering energy bal-
representing the radiative heat transfer rate betweerththe ancesin compressor and turbine with known inlet conditions,
segment of the SOFC wall and the reformer wall. The last the exit conditions can be easily computed with the functions
term of the right-hand side in E§14) represents the heat of isentropic efficiencies. In the present study, it is assumed
conduction rate inside wall of the tubular SOFC in a longi- that the turbine inlet temperature (TIT) of the MGT is fixed

tudinal direction. The first two terms of the right-hand side during operation ofthe system. The role of the combustoristo
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burn the effluent gas of the SOFC, which contains hydrogen, ization, ohmic losses, concentration loss, etc. At the high-
carbon monoxide and methane, and to raise the exit temper-operating temperature of the SOFC, the concentration loss
ature to the TIT. The chemical reactions in the combustor can be ignored because the diffusionis a very efficient process
are: [16,17] In the present study, only the activation polarization
and ohmic losses have been taken into consideration:

1
hydrogen: H+ =02 — H20 (22)
2 AVioss = AVact+ AVohm (28)
carbonmonoxide: CQ- }Oz - CO (22) whereAVat is the activation polarization antiVonm is the
2 ohmic loss. The empirical equations by Achenbids] are
methane: CH+20, - CO+2H20 (23) adopted for the activation polarization. The ohmic losses in

B Vi | d model to th b h the tubular SOFC are considered not only with current flow
y applying a lumped model to the combustor, the com- ;, yhe ragiq| direction, but also with circumferential current

positions of thg chemical components of the combustor ex- flow through the anode and cathode. Detailed mathematical
haust gas and its temperature can be computed based on Mass, jiations of the ohmic losses are describedppendix A

and energy balance equgtions. The recuperator preheats COM- The efficiencies of the SOFC and related SOFC/MGT hy-
pressed air before entering the pre-reformer through the hlghbrid power system are defined, respectively, as follows:
temperature of the exhaust gas of the turbine. Therefore, the ' '

air temperature entering the pre-reformer can be expressed Wrc

as a function of the heat-exchange effectiveness of the re-FC = ey (LHV) oy, (29)
cuperator and the temperatures of entering streams to the ) )
recuperator. Wec+ Wer

nsys = - (30)

mcH,(LHV) e,
3.4. System performance

The maximum available power that can be produced by the 4. Results and discussions
electrochemical reaction in the fuel cell is the difference in
the Gibbs free energy between the products and reactants of The mathematical formulations discussed in the previous
the reaction that can be converted to the open-circuit voltagesection were applied to the performance analysis of a tubular

as follows: SOFC/MGT hybrid power system. Most of the reference data
. . _ used in this studyTable ) are based on published data of
Wrcmax= —AG = —(zH, + zc0)Ag Siemens—Westinghouse produ§fs18,19] Some of those

= 2(zn, + 2c0) FVoc (24) values, including compressor and turbine efficiencies, were

assumed by their up-to-date general performance trends.
The purpose of the above work is to investigate the in-
Since the chemical components are considered to be ideafjyence of system characteristics on the design-point perfor-
gases, the difference in the Gibbs free energy per one molemance of the system. Here, the design-point performance

of hydrogen can be expressed as: means that all components in the hybrid system are oper-
ated with their design-point condition. Therefore, the off-
- Pu,/ Po(Poy,/ Po)Y/? : e : =)
—Ag=—Ag°+RT In 2 2 (25) design performance with different operating conditions from
Pr,0/ Po the design-point performance has been excluded from the

scope of this study.

To investigate the influence of the component characteris-
tics on the hybrid system clearly, the total produced power of
the system was fixed. Under such a condition, the impact of
different values of the parameters on the performance of both
the SOFC and the MGT can be clearly determined. Also, it
is assumed that the hybrid system is operated with a fixed
turbine inlet temperature. Details of the computational pro-
Wee = VejAc (26) cedures are described elsewh@@].

The difference of Gibbs free energy per one mole of carbon
monoxide is equal to that of hydrog€tb]. This means that
the open-circuit voltages of hydrogen and carbon monoxide
have the same value.

By defining the current density, as the rate of electron
transfer per unit activation area of the fuel cell, the electric
power produced by the fuel cell can be expressed by:

The cell voltage is the difference between open-circuit 4 1 Feasibility of quasi-2D model
voltage and voltage losses in the fuel cell, i.e.,

27) The computational accuracy of the quasi-2D model de-
pends on the appropriate choice of the number of segments

where AV|qss is the sum of the voltage losses due to ir- along the longitudinal direction of the tubular SOFC. As

reversibilities in the fuel cell that include activation polar- shown inFig. 3, the distributions of cell temperature and

Ve = Voc — AVigss
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Table 1 1000
Reference data for performance analysis (quoted from Siemens—Westing-
hous€[7,18,19)

Parameter Value

950

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

200

Temperature (°C)

B850
Fuel cell

Steam-—carbon ratio 2
Fuel utilization factor ®B5 200 . ———————
Average current density (Anf) 3200 0 25 50 75 100 125 150
Fuel inlet temperature C) 15 Cell length {cm)

Gas turbine (a) Cell temperature
Pressure ratio 2
Turbine inlet temperature C) 840 4000
Compressor adiabatic efficiency (%) 78 [
Turbine adiabatic efficiency (%) 82
Recuperator effectiveness (%) 89

T

1
I
B
[
H.

]
\
E

-

=

3500 |-

Geometry of tubular SOFC
Cathode thickness (mm) 2
Electrolyte thicknessm) 40
Anode thicknessym) 125
Interconnector thicknessun) 100
Interconnector width (cm) 0

3000

2500 |-

Current density (A/m?)

Numerical conditions 2000 L~
Number of segments along longitudinal direction of 0 25 50 75 100 125 150
the tubular IIR-SOFC system Cell length {cm)

(b) Current density

current density along the longitudinal direction of the tubu- Fig. 3. Distributions of cell temperature and current density along longitu-
lar SOFC converge to form specific patterns as the number of dinal direction of tubular SOFC with different number of segments: (a) cell
segments increases. Itis noted that the mean value of the contemperature and (b) current density.

verged cell temperature in the quasi-2D model (929@s

much higher than the value calculated by the lumped modelto provide adequate directions, it is important that the vari-
(899.90°C). The latter is the same as that when the number ous components in the SOFC module are properly arranged.
of segments is one in the quasi-2D model. In addition, it can Also, as described in previous sections, in spite of the direct
be seen that there exists a considerable temperature differinternal reforming capability in the anode of the SOFC, re-
ence along the length (74.12) of the SOFC that cannotbe forming reactions at either the pre-reformer or the internal
predicted by the lumped model. This value can be used toreformer prior to the SOFC are essential. Therefore, itis also
assess the thermo-mechanical strength of the SOFC. Alsonhecessary to investigate the impact of the characteristics of
Table 2shows that some important parameters related to thethese reformers on the performance and operating character-
performance of the hybrid system converge as the number ofistics of the hybrid system.

segments increases.

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

in Fig. 4, have been considered to investigate the influence

As shown by the data iRigs. 1 and 2the SOFC module  of directions of flow streams along the tubular SOFC. The

of the hybrid system considered in this study is composed of same case as the original one describdeign 2is shown in
many components, namely: bundles of tubular SOFCs, a pre-Fig. 4(a). This case, which is the so-called co-flow condition,
reformer, an indirect internal reformer, and a combustor. The can be seen to flow in the same direction as the air and fuel
performance characteristics of the SOFC and also the entirestreams along the wall of the tubular SOFC. For the counter-
hybrid system are greatly dependent on the configurationsflow case Fig. 4(b)), the direction of the fuel stream along the
of the components and their arrangements within the sys-outer wall of the tubular SOFC is seen to show an opposing
tem. For example, the directions in which the air and the fuel trend to the co-flow casd-{g. 4(a)). Different directions of
streams flow in the tubular SOFC influences the character-the fuel stream along the outer wall of the tubular SOFC are
istics of heat and mass transfer, the electrochemical reactionsimilarly applied to those in the fuel feed and the internal
and, consequently, the fuel cell performance. Thus, in order reforming streams.
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Table 2
Computational results of system performance with different number of segments along longitudinal direction of SOFC module
Parameter Siemens— Number of segments
Westinghous§7]

N=1 N=5 N=10 N=20
Current density (Am?) 3200 3200 3200 3200 3200
Cell operating voltage (V) 610 Q0540 Q607 0611 0613
Pressure ratio 2 29 29 29 29
Air mass flow rate (kgs?) 0.5897 Q07128 05964 05898 05867
TIT (°C) 840 840 840 840 840
SOFG dc power (kW) 187 176 1843 1847 1850
SOFG ac power (kW) 176 166 1750 1755 1757
GT ac power (kW) 47 58 467 462 459
Net ac power (kW) 220 220 220 220 220
System efficiency (%) 57 56 598 601 602
Cell active area (%) 96 1013 949 945 943

Bold characters are given values.

In both cases, the temperatures of both the air and the fuelFig. 6, the cell temperature of the counter-flow case has a peak
streams along the tubular SOFC increase on their entry intovalue near the entrance, i.e., the top of the SOFC, and is lower
the SOFC due to the exothermic electrochemical reaction, than that of the co-flow case at the bottom of the SOFC. This
and to decrease in the downstream region of the SOFC duecauses the maximum difference in the cell temperature along

to the heat transferred from the SOFC to the indirect inter- the SOFC in the counter-flow case (144°25 to become
nal reformer. A comparison of the temperature distributions almost double compared with the other case (72Q)20n

in the flow streams in both the co-flow and the counter-flow the other hand, the mean cell temperature of the counter-flow

casesis presentedHig. 5. It can be seen that the temperature case (903.41C) is lower than the co-flow case (929.40).

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- 1100

gion of low temperature near the bottom of the SOFC reduces stesesoes Air Stream
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Fig. 5. Temperature distributions in SOFC module with different directions
Fig. 4. Schematic diagrams for different directions of fuel streams in SOFC of fuel streams along longitudinal direction of tubular SOFC: (a) co-flow

module: (a) co-flow case (same as original case) and (b) counter-flow case.case (same as original case) and (b) counter-flow case.
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dinal direction of tubular SOFC with different directions of fuel streams in

SOFC module: (a) cell temperature and (b) current density.

to hydrogen and carbon monoxide by the steam-reforming

The distributions of current density are very similar to those reaction. The steam and heat is supplied by the recirculated

of cell temperature.

exhaust gas stream from the anode of the SOFC. The role of

The low mean cell temperature of the counter-flow case the pre-reformer to reduce the reforming load of the indirect
may reduce the cell voltage and the fuel cell efficiency, but reforming processes in both the indirect internal reformer

its influence is not very significant, as shownliable 3 For

itself and the anode of the SOFC. To investigate the influence

the hybrid system, however, because of the reduction, in theof a pre-reformer on the system performance, analyses were
power generated by the fuel cell (high-efficiency module) due conducted with and without a pre-reformer and the respective
tothe low celltemperature and the increase in gas turbine (low results were compared.

efficiency module) power to meet the required total power,

As shown inFig. 7, when a pre-reformer is eliminated, the

the reduction in efficiency is dominant in the counter-flow temperature of the fuel stream entering between the fuel-feed

case.

4.2.2. Existence of a pre-reformer

A pre-reformer, located at the front of the indirect internal
reformer, as shown iRig. 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) 0611 0584

nrc (%) 479 476

Wec/WaT 3.80 347

nsys (%) 601 577

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 temperatUfay( 8(@)). The mean cell
temperatures with and without a pre-reformer are 929.40
and 943.00C, respectively. The maximum differences in
the cell temperature along the SOFC length in the two cases
are almost the same, i.e., 7412 with a pre-reformer and
72.41°C without a pre-reformer. As shown ifable 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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in indirect internal reformer.
reaction expressed by E) is revised as follows:

is a very helpful device in that it relaxes the reforming load —Ech,
of the indirect internal reformer. In addition, it reduces the 7CHs = CretkCH,PCH, exp( RT ) (31)
amount of methane that enters the flow channel of the SOFC

and thus reduces the possibility of carbon deposition at the Here, Crer can be treated as a parameter that governs the
anode. 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 higlef value represents a
high-catalyst density.

As shown inFig. 9, Cret influences the distribution of
methane and the temperature of the fuel stream along the

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 Eeformer. As t_he perfor- longitudinal direction of the indirect internal reformer. In ad-
mancefanaly:s shhowed tha}t 25_30./00fthe s?pg lied mtha':j%ition, it can be seen that the reforming reaction occurs as
was reforme Yt e pre-reformer, it can easily be conclu €ds00n as methane enters the indirect internal reformer and
that the indirect internal reformer that processes the remain-i. .o centrated near the entrance at a high-catalyst density:
m? metha(ljne plaé/s av:zhry |mp0rta}[ntfr3:e. Tr;elcafa_lrblll_ty Off_‘ Furthermore, due to the endothermic characteristics of the
retformer depends on the amount ot the catalyst. 10 Investi- reforming reaction, the temperature of the fuel stream falls

gate the influence of the reforming capability of the mdwept sharply in the same region where the reforming reaction is
internal reformer on the system performance, the reforming

dominant.
The catalyst density is also strongly related to the dis-

Table 4 tributions of the cell temperature and the current density, as
Influence of existence of a pre-reformer on system performance illustrated inFig. 10 The difference in cell temperature along
Case With a pre-reformer Without a pre-reformer  the longitudinal direction of the SOFC becomes large at a low
Cell voltage (V) 0611 0620 catalyst density. As demonstratedTiable § a high-catalyst

nrc (%) 479 487 density in the indirect internal reformer causes an improve-
Wec/Wer 3.80 393 ment in the performance of the SOFC and, consequently, to

nsys (%) 601 606

the performance of the related hybrid system. It should be
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Table 5
Influence of catalyst density of indirect internal reformer on system
performance
Case Cref
0.2 0.6 1.0
Cell voltage (V) 0527 Q600 0611
nec (%) 414 471 479
Wec/WeT 2.88 367 380
nsys (%) 553 595 601

noted that a low catalyst density gives rise to a significant

deterioration in system performance.

5. Conclusions

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, itis 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
is adopted from Achenbadh5], i.e.,

AVact = AVacta+ AVacte = jre + jHaraH; (A1)
with
1 4fF m E
— = —ke POz exp =< (A.2)
Tc RT Po RT

1 2F " —E

= —kaH, (@> exp( a) (A.3)

TaH, RT Py RT

wherer represents the area specific electrical resistance. The
influence of partial pressure on the losses is accounted by the
slope ofm=0.25. The activation energy of the cathode and
anode is set t&E.;=160kJ mot?! and E;,=110kJ mot1,
respectively. The pre-exponential factors are given as
kca=1.49x 1010 AnT? andkanp, =2.13x 108 Anr 2,

Ohmic losses occur due to the electrical resistance to the
flow of electrons or ionic speciefig. Al shows the paths
of (i) the electrons through the cathode, (ii) the oxygen ions
through the electrolyte, and (iii) the electrons through the
anode in a tubular SOFC. In this study, an ohmic loss model
taking into account realistic electron/ion paths is developed

A quasi-2D model has been introduced and takes into ac-based on Tanaka et gR1]. It is assumed that the electron
count the heat and mass transfer characteristics of tubularflux at the entrance of the cathode or at the exit of the anode is
SOFCs and related reforming processes. Performance analuniform in the circumferential direction, and that an uniform
ysis of a tubular SOFC/MGT hybrid power system has been ionic flux penetrates the entire electrolyte.Rig. 3, angles
conducted based on this quasi-2D model. The model makes itAzr andBr are related to the extent of electrical contact on
possible to predict the temperatures of the fuel and the air flow the half of the cell tube and the interconnector, respectively.
streams along the longitudinal direction of a SOFC module The final forms of the ohmic losses in a tubular SOFC are
thatis composed of bundles of tubular SOFCs and an indirectrepresented as follows for the anode, cathode, electrolyte and
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Fig. Al. Electronic/ionic flows in tubular SOFC.

interconnector, respectively:

opa(AmD)?
AVohma= ———— (A.4)
ohma 8dy
opc(wD)?
AVohme = ope(D)” A[A +2(1— A — B)] (A.5)
8d.
AVohme = Jpede (A-G)
. d;
AVohmint = J(Tl'D),Oint—llnt (A-7)
Wint

wherep; andd;, are the resistivity and thickness of component
i, Dthe mean diameter of the tubular SOFC, angthe width
of the interconnector. The resistivity of each layer of SOFC is
treated as a function of the local operating temperd2g
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