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Abstract 
 

Performance of a solid oxide fuel cell (SOFC) can be enhanced by converting thermal energy of its high 
temperature exhaust gas to mechanical power using a micro gas turbine (MGT). A MGT plays also an impor-
tant role to pressurize and warm up inlet gas streams of the SOFC. In this study, the influence of performance 
characteristics of the tubular SOFC on the hybrid power system is discussed. For this purpose, detailed heat 
and mass transfer with reforming and electrochemical reactions in the SOFC are mathematically modeled, and 
their results are reflected to the performance analysis. The analysis target is 220kWe SOFC/MGT hybrid sys-
tem based on the tubular SOFC developed by Siemens-Westinghouse. Special attention is paid to the ohmic 
losses in the tubular SOFC counting not only current flow in radial direction, but also current flow in circum-
ferential direction through the anode and cathode. 

Nomenclature 
 

A activation area   [m2] 
Fi-j shape factor between solid walls of i and j 
h convective heat transfer coefficient [kW/m2-K] 

( )h T  molar specific enthalpy at T   [kJ/kmol] 
j current density  [A/m2] 
ks thermal conductivity   [kW/m-K] 
LHV lower heating value   [kJ/kg] 
ṅ molar flow rate  [kmol/s] 
Q̇ heat transfer rate  [kW] 
T temperature  [oC or K] 
V voltage   [V] 
Ẇ power   [kW] 
∆x length of control volume   [m] 
 
Greek 
η efficiency 
 
Subscript 
0 standard state of each condition 

a air gas  
c tri-layer in fuel cell  
cond conduction 
conv convection 
f fuel gas 
FC fuel cell 
fp fuel feed plates 
ft air feed tube 
GT gas turbine 
m arithmetic mean value 
oc open-circuit 
rad radiation 
rw reformer wall 
SYS hybrid system 
x species of chemical component 

1. Introduction 

Theoretical feasibilities of the SOFC/MGT hybrid 
power system were investigated by multiple research 
groups since 1990’s. Among them, Harvey and Richter 
[1], who proposed a hybrid thermodynamic cycle com-
bining gas turbine and fuel cell, were pioneers in this 
field. In the process of technical evolution of the fuel cell 
/ gas turbine hybrid power system, both SOFC [2] and 
MCFC (Molten Carbonate Fuel Cell) [3] were consid-
ered as possible candidates for the fuel cell. However, 
recent studies are focused on SOFCs because of its ad-
vantage of higher thermal efficiency than MCFCs [4]. 
After Siemens-Westinghouse successfully demonstrated 
a 100kW class SOFC-based cogeneration power system 
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in 2001 using their commercial tubular SOFC, they initi-
ated to develop 220kW class SOFC/MGT hybrid power 
system [5,6].  

In spite of the appearance of many innovative cycles 
for the SOFC/MGT hybrid power system, its universal 
configuration is not yet fully established. Studies to de-
velop new system configurations are still under progress. 
Performance analysis of the hybrid system using mathe-
matical models is an essential tool to investigate per-
formance and operating characteristics of various con-
figurations. Mathematical thermodynamic models of the 
SOFC/MGT hybrid power system have been developed 
by many research groups. Among them, Massardo and 
Lubelli [4] investigated characteristics of the design 
point performance of the internal reforming SOFC/MGT 
hybrid power system. Kim and Suzuki [7] also conducted 
similar study with different mathematical models.  

In the present study, a quasi-2D model of the SOFC is 
proposed to improve the accuracy of the performance 
analysis of the SOFC/MGT hybrid power system. The 
analysis target is 220kWe SOFC/MGT hybrid system 
based on the tubular SOFC developed by Siemens-
Westinghouse. Special attention is paid to the ohmic 
losses in the tubular SOFC counting not only current 
flow in radial direction, but also current flow in circum-
ferential direction through the anode and cathode.  

2. System configurations 

A schematic diagram of the SOFC/MGT hybrid power 
system to be investigated in this study is shown in Fig. 1, 
which is the same as that of Siemens-Westinghouse [5,6]. 
Compressed fuel (methane) is fed to reformers, and sup-
plied to the anode side of the SOFC after reforming reac-
tions. Air supplied from the ambient is compressed by 
the compressor driven by the turbine, and heated in the 
recuperator by the hot gas stream of turbine exhaust. 
High temperature and high pressure air then enters the 
cathode side of the SOFC, and is electrochemically re-
acted at the electrode/electrolyte interfaces with fuel (hy-
drogen and carbon monoxide) supplied from the anode 
side of the SOFC producing electric power. Non-reacted 

fuel in the exhaust gas of the SOFC is burnt in the com-
bustor and expands in the turbine. Part of shaft power 
produced by the turbine is converted to electric power by 
electric generator. 

Fuel cell stacks in Fig. 2 are composed of bundles of 
multiple tubular SOFCs, which are tubes with a length of 
150 cm and 2.2 cm as a diameter [8,9]. Each SOFC bun-
dle is composed by 24 tubular SOFCs as 3 rows of 8 
serially connected ones. Each tubular SOFC is sealed at 
one end. Tube wall is composed of tri-layer; cathode 
(inner wall), electrolyte, and anode (outer wall).  

Supplied fuel is partially reformed in the pre-reformer 
whose role is to reduce reforming load of internal re-
forming processes. Partially reformed fuel at the exit of 
pre-reformer enters the indirect internal reformer (IIR) 
guided by fuel feed plates and reformed again by the aid 
of heat supplied from the SOFC through reformer walls. 
Reformed fuel entering the SOFC stacks flows along 
outside of the tube from the sealed bottom towards the 
open end. 

Air is fed through a thin air feed tube located centrally 
inside each tubular SOFC and, then, flows back up to the 
open end of the SOFC. 

Fuel and air streams along the longitudinal direction of 
the tubular SOFC participate into electrochemical reac-
tions and produce steam with generation of electric 
power. Temperatures of both streams are raised due to 
the exothermic electrochemical reaction. Some portion of 
effluent in depleted fuel plenum is recirculated to the 
inlet of pre-reformer supplying necessary steam and heat 
for the reforming reaction. The amount of recirculated 
steam, denoted by the steam-carbon ratio, is an important 
design parameter related to the system performance. 

3. Mathematical models 

3.1 Basic assumptions 
For the performance analysis of the SOFC/MGT hy-

brid power system, it is necessary to develop mathemati-
cal models that govern heat and mass transfer character-
istics of each component of the system. For this purpose, 
some basic assumptions are made as follows: 
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x
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Feed tube
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Three layers
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Fig. 2 Schematic diagram for quasi-2D model in the 
IIR-SOFC 

Fuel

Combustor

CompressorTurbine

Recuperator

Exhaust

Pre-reformer

Anode

CathodeP

Air

R A C

Indirect 
internal 
reformer

SOFC

 
Fig. 1 Schematic diagram of SOFC/MGT hybrid power 

system 
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(1) Supplied fuel to the system is methane (CH4). 
(2) Supplied air to the system is composed of 78.22% of 

nitrogen (N2), 20.74% of oxygen (O2), 0.03% of car-
bon dioxide (CO2) and 1.01% of water (H2O). 

(3) All chemical components of working fluids are 
treated as ideal gases. 

(4) Reforming processes in pre-reformer and IIR are 
steam reforming reactions. 

(5) Electrochemical reactions for both hydrogen (H2) 
and carbon monoxide (CO) occur at the wall of each 
tubular SOFC. 

(6) Operating cell voltage in each tubular SOFC is con-
stant. 

 
3.2 Quasi-2D model for IIR-SOFC system 

Inside the SOFC stacks, fuel stream flows in longitu-
dinal direction along the outer surface, i.e. anode, of each 
tubular SOFC. Air is supplied into the air feed tube lo-
cated in each tubular SOFC and flows also in longitudi-
nal direction through the annulus between outside of the 
air feed tube and the inner surface, i.e. cathode, of each 
tubular SOFC. On the other hand, heat is transferred not 
only through longitudinal direction but also through the 
direction perpendicular to flow streams. A quasi-2D 
model is named in this study as a model for mass and 
heat transfer analyses mainly in flow direction taking 
into account of heat transfer in its perpendicular direction. 
Using this model, flow streams in the SOFC are divided 
into multiple segments as shown in Fig. 2. Each segment 
is composed of control volumes separated by walls be-
tween various flow streams. Chemical compositions and 
temperature at the exit of the control volume can be 
computed based on mass and heat balances in each con-
trol volume. Chemical reaction processes, such as re-
forming and electrochemical reactions, contribute to the 
generation and/or sink of chemical components in each 
control volume. 

Parts of heat generated by electrochemical reactions in 
tubular SOFC stacks are consumed by direct reforming 
process occurring simultaneously with electrochemical 
reactions in the anode, and some part of it is transferred 
to the IIR. For the heat transfer analysis in flow channels 
including feed plate and reformer wall, conduction in 
solid walls, convection in flow channels and radiation 
among various heat sources must be taken into account. 

Energy balance equations governing heat transfer 
characteristics of control volume in each segment of the 
quasi-2D model are described as follows: 
 
Inside air feed tube: 

, , , , 1 , , 1 1 , , ,( ) ( ) ( )x i x a ft i x i x a ft i a ft ft i a ft mn h T n h T h A T T+ +∑ − ∑ = −  (1) 
 

where the right-hand side is the heat transfer rate be-
tween inner wall of the air feed tube and air flow stream. 

,x in  is the molar flow rate of x species at i-th segment. 
 

Between air feed tube and inner wall of tubular SOFC: 

, 1 , , 1 , , ,

2 , , , 3 , , , ,

( ) ( )

( ) ( )
x i x a c i x i x a c i

a c c i a c m a ft ft i a c m elec ox

n h T n h T

h A T T h A T T Q
+ +∑ − ∑

= − + − −
    (2) 

with 

( )2 2, H CO O , ,
1 ( )
2elec ox a c mQ z z h T= +  (3) 

 
representing the heat transfer caused by the migration of 
oxygen from the cathode channel to tri-layer (cathode). 
The first two terms of the right hand side in Eq. (2) rep-
resent convective heat transfer rates between air flow 
stream inside annulus and tube walls (SOFC tube and air 
feed tube, respectively). 

 
In the solid wall of air feed tube: 

1 , , , 3 , , ,( ) ( ) 0a c ft i a ft m a ft ft i a c mh A T T h A T T− + − =       (4) 
 

For simplicity, the convective heat transfer is only 
considered in the wall of the air feed tube. 
 
Between outer wall of tubular SOFC and reformer wall: 

, 1 , , 1 , , ,( ) ( )x i x f c i x i x f c in h T n h T+ +∑ − ∑  

1 , , , 2 , , , ,( ) ( )f c c i f c m f rw rw i f c m elec fuelh A T T h A T T Q= − + − −  (5) 
with 

2 2 2

2

, H H , , H O ,

CO CO , , CO ,

( ) ( )

            ( ) ( )

elec fuel f c m c i

f c m c i

Q z h T h T

z h T h T

⎡ ⎤= −⎣ ⎦
⎡ ⎤+ −⎣ ⎦

     (6) 

 
representing the heat transfer caused by the migration of 
hydrogen and carbon monoxide from the anode channel 
to tri-layer (anode), and by the migration of steam and 
carbon dioxide from the tri-layer to the anode channel. 

 
Inside tri-layer solid wall of tubular SOFC: 

, , ,

2 , , , 1 , , ,

2

, , 2

( ) ( )
elec fuel elec ox FC i

a c c i a c m f c c i f c m

c
rad s c s c

Q Q W

h A T T h A T T

d TQ k A x
dx

+ −

= − + −

+ − ∆

          (7) 

with 
( )4 4

, ,

1 1 11

N c i rw j
rad rad

c rwj

c i j rw

T T
Q A

F

σ ε ε
ε ε

=

−

−
=

− −
+ +

∑             (8) 

 
representing the radiative heat transfer rate between i-th 
segment of the SOFC wall and all segments of the re-
former wall. The last term of the right hand side in Eq. 
(7) represents the conductive heat transfer rate inside tri-
layer solid wall of the SOFC along longitudinal direction. 
 
Between fuel feed plates: 

, 1 , , 1 , , ,

, , ,

( ) ( )

( )
x i f fp i x i f fp i

fp fp fp i f fp m

n h T n h T

h A T T
+ +∑ − ∑

= −
 (9) 

 
where the right hand side is the convective heat transfer 
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rate between fuel stream and fuel feed plates. 
 

Between fuel feed plate and reforming wall: 
, , , , 1 , , 1( ) ( )x i x f rw i x i x f rw in h T n h T+ +∑ − ∑  

1 , , , 2 , , ,( ) ( )r rw rw i f rw m r fp fp i f rw mh A T T h A T T= − + −       (10) 
 

where, two terms in the right hand side represent con-
vective heat transfer rates between fuel stream and sur-
rounding walls. 

 
Inside fuel feed plate: 

2 , , , , , ,( ) ( ) 0r fp fp i f rw m fp fp fp i f fp mh A T T h A T T− + − =      (11) 
 
For simplicity, the convective heat transfer is only 

considered in the wall of fuel feed plate. 
 

Inside reforming wall: 
2 , , ,

2

1 , , , , , 2

( )

       ( )

rad f rw rw i f c m

rw
r rw rw i f rw m s rw s rw

Q h A T T

d Th A T T k A x
dx

= −

+ − − ∆
     (12) 

with 
( )4 4

, ,

1 1 11

N c j rw i
rad rad

c rwj

c i j rw

T T
Q A

F

σ ε ε
ε ε

=

−

−
=

− −
+ +

∑             (13) 

 
representing the radiative heat transfer rate between i-th 
segment of the reformer wall and all segments of the 
SOFC wall. The last term of the right hand side in Eq. 
(12) represents conductive heat transfer rate inside the 
reformer wall along longitudinal direction. 

The heat transfer characteristics in a segment of quasi-
2D model in the IIR-SOFC are summarized in Fig. 3. 

 

3.3 Lumped model for the MGT system 
Micro gas turbine (MGT) adopted for the SOFC/MGT 

hybrid power system is composed of four major compo-
nents; compressor, combustor, turbine and recuperator. 
Since compressor and turbine in the MGT are generally 
single stage centrifugal and radial types, respectively, it 
is good enough to handle them with lumped models. By 

considering energy balances in compressor and turbine 
with known inlet conditions, their exit conditions can be 
simply represented by functions of isentropic efficiencies. 
In the present study, it is assumed that the turbine inlet 
temperature (TIT) of the MGT is fixed during any oper-
ating conditions. 

 

3.4 System performance 
With the definition of 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 ex-
pressed as follows: 

 
FC cW V jA=       (14) 

2H CO2( ) /= +j z z F A             (15) 
 
where, zH2 and zCO represent the molar flow rate of elec-
trochemical reactions of hydrogen and carbon monoxide, 
respectively. 

Cell voltage is the difference between the open circuit 
voltage and voltage losses due to irreversibilities in the 
fuel cell: 

 
c oc lossV V V= − ∆      (16) 

 
where, ∆Vloss is the sum of voltage losses due to irre-
versibilities in the fuel cell. Irreversibilities in the fuel 
cell include activation polarization, ohmic losses, con-
centration loss, etc. At the high operating temperature of 
the SOFC, diffusion is a very efficient process, and thus 
the concentration loss is ignored [4]. In the present study, 
activation polarization and ohmic losses are only taken 
into considerations as below: 
 

loss act ohmV V V∆ = ∆ + ∆      (17) 
 

where ∆Vact is the activation polarization, and ∆Vohm is 
the ohmic losses.   

Activation polarization is caused by the slowness of 
the electrochemical reactions taking place on the surface 
of electrodes, which is very nonlinear and difficult to be 
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Fig. 3 Schematic diagram of energy flows in a segment of the quasi-2D model in the IIR-SOFC 
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expressed analytically. The model for activation polariza-
tion used in this study is adopted from Achenbach [10]: 

 

2 2

, ,

H ,H

act act a act c

c a

V V V

jr j r

∆ = ∆ + ∆

= +
              (18) 

with 

2

0

O1 4 exp
⎛ ⎞ ⎛ ⎞= −⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠

m
c

c
c

p EF k
r RT P RT

             (19) 

2

2
0

2

H
,H

,H

1 2 exp
⎛ ⎞ −⎛ ⎞= ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎝ ⎠⎝ ⎠

m
a

a
a

p EF k
r RT P RT

              (20) 

 
where, r represents the area specific electrical resistance. 
The influence of the partial pressure on the losses is ac-
counted by the slope of m=0.25. Each activation energy 
of the cathode and anode is set to Ec = 160kJ/mol and Ea 
= 110kJ/mol. And, the pre-exponential factors are given 
as kc = 1.49×1010, ka,H2 = 2.13×108A/m2. 

Ohmic losses occur due to the electrical resistance to 
the flow of electrons or ionic species. Figure 4 shows 
paths of the electron through the cathode, the oxygen ion 
through the electrolyte, and the electron through the an-
ode in a tubular SOFC. In this study, an ohmic loss 
model taking into account of realistic electron/ion paths 
is developed based on Tanaka et al. [11]. In Fig. 4, angle 
Aπ and Bπ are related to the extent of electrical contact 
on the half of the cell tube and the interconnector, re-
spectively. The final forms of ohmic losses in a tubular 
SOFC are represented as follows; anode, cathode, elec-
trolyte, and interconnector. 

 
( )2

, 8
∆ = a

ohm a
a

j A D
V

d
ρ π                         (22) 

( ) ( )
2

, 2 1
8

⎡ ⎤∆ = + − −⎣ ⎦
c

ohm c
c

jA D
V A A B

d
ρ π

           (23) 

,ohm e e eV j dρ∆ =                              (24) 

( ),
int

ohm int int
int

dV j A D
w

π ρ∆ =                      (25) 

 
where iρ , di, and D are the resistivity and thickness of 
component i, and the mean diameter of a tubular SOFC, 
respectively. wint is the width of the interconnector. Re-
sistivity of each layer of SOFC is treated to be a function 
of the local operating temperature [12]. 

4. Results and discussions 

Figure 5 show the influence of operating temperature 
and pressure on the tubular SOFC. The decrease of oper-
ating cell voltage with high current density is caused by 
the proportionality of voltage losses to current density. 
These figures also show that mathematical models used 
in this study reasonably predict the experimental data 
measured by Singhal [13,14]. However, due to the under-
prediction at low temperature, the electrochemical model 
used in this study should be modified if applied to the 
intermediate temperature SOFC whose operating tem-
perature is about 600~800oC.     

Number of segments in the quasi-2D model influences 
the performance analysis as indicated in Table 1. As 
number of segments in the quasi-2D model is increased, 
predicted results approach to the data released by Sie-
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Fig. 5 Influence of temperature and pressure on tubular SOFC performance 
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Fig. 4 A model for the calculation of ohmic losses in a 

tubular SOFC 
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mens-Westinghouse [6]. Also, it is clearly shown that the 
lumped model analysis under- or over-estimates the per-
formance data. It is proven that the quasi-2D model can 
predict the performance of the SOFC/MGT hybrid power 
system more accurately than lumped model, and its accu-
racy can be improved with increased number of seg-
ments. 

5. Conclusions 

In this study, more reliable design point performance 
of the tubular SOFC/MGT hybrid can be obtained by 
using the developed quasi-2D model. Detailed heat and 
mass transfer with reforming and electrochemical reac-
tions in the SOFC are mathematically modeled. Special 
attention is paid to the ohmic losses in tubular SOFC. 
Results verify that a quasi-2D model is more proper to 
calculate both the SOFC and SOFC/MGT hybrid system 
performance in comparison with a lumped model.  

As a future plan, effects of different internal construc-
tions of the SOFC system and design parameters such as 
current density and recirculation ratio on the system per-
formance will be investigate. Also, the quasi-2D model 
will be adapted to the performance analysis at part-load 
operating conditions. This model may provide useful 
information for the phenomena related to the fuel deple-
tion near the end of the tubular SOFC by predicting the 
amount of local fuel consumptions. 
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Table 1 Influence of number of segments in a quasi-2D model on the performance of the SOFC/MGT hybrid power 
system 

Number of segments Parameter Siemens-
Westinghouse [6] N=1 N=5 N=10 N=20 

Current density, A/m2 3200 3200 3200 3200 3200 
Operating cell voltage, Vc 0.610 0.540 0.607 0.611 0.613 
Pressure ratio 2.9 2.9 2.9 2.9 2.9 
Air flow rate, kg/s 0.5897 0.7128 0.5964 0.5898 0.5867 
TIT, oC 840 840 840 840 840 
SOFC DC power, kW 187 175.0 184.3 184.7 185.0 
SOFC 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. 
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