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This paper presents analysis results for the hybrid power system combining a solid oxide fuel
cell and a gas turbine. Two system layouts, with the major difference being the operating pres-
sure of the fuel cell, were considered and their thermodynamic design performances were com-
pared. Critical temperature parameters affecting the design performances of the hybrid systems
were considered as constraints for the system design. In addition to energy analysis, exergy
analysis has been adopted to examine the performance differences depending on system layouts
and design conditions. Under a relaxed temperature constraint on the cell, the ambient pressure
system exhibits relatively larger power capacity but requires both higher cell temperature and
temperature rise at the cell for a given gas turbine design condition. The pressurized system
utilizes the high temperature gas from the fuel cell more effectively than the ambient pressure
system, and thus exhibits better efficiency. Under a restricted temperature constraint on the cell,
the efficiency advantage of the pressurized system becomes manifested.
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Nomenclature
AR [ Air bypass ratio LHV L heati lue [kJ/kg]
e . Specific exergy [kJ/kmol] - Lower heating value g

W : Mass flow rate [kg/s]

. Molar flow rate [kmol/s]
. Pressure [bar]

PWR : Power ratio

Q . Heat transfer rate [kW]
SCR : Steam carbon ratio
SOFC : Solid oxide fuel cell

Es  : Exergy destruction rate [kW]

E; : Fuel exergy input rate [kW]

F . Faraday constant [96,486 C/mol]
FCT : Fuel cell temperature [C]

FR ! Additional fuel supply ratio

GT [ Gas turbine

n . Molar specific enthalpy [kJ/kmol]
I

oS

. Mol kJ/kmolK
 Current [A] S : olar entropya[ J/kmolK]
T . Temperature [C ]
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Superscripts
ch . Chemical
bh . Physical

Subscripts

0 . Reference (ambient) condition
a D Air

AC ! Alternating current
aux  Auxiliary

C . Compressor

C > Cell

conv : Conversion

DC ! Direct current

f . Fuel

gen . Generator

HS > Hybrid system

i . Composition

j : Location

in . Inlet

m . Mechanical

out : Outlet

ref . Reformer

T . Turbine

1. Introduction

Fuel cells have rapidly gained worldwide atten-
tion as future power sources in diverse applica-
tions. In particular, the solid oxide fuel cell is con-
sidered very suitable for the electric power plant
application. One of its attractive features is its
high operating temperature (600~ 1000°C ), which
allows favorable combination with a heat engine
such as a gas turbine. Consequently, R&D efforts
for the SOFC/GT hybrid system have been ini-
tiated worldwide and a few systems are under de-
velopment for commercialization (Veyo et al., 2003 ;
Agnew et al., 2005) . Various system analyses have
also been initiated considering diverse system con-
figurations and design options (Liese and Gemmen,
2003 ; Song et al., 2005 ; Yang et al., 2005) . Since
the hybrid system combines the two sub-systems
(fuel cell and gas turbine) which are totally dif-
ferent in principle to produce synergetic effects,
the most important step in designing the entire sys-
tem is the system layout design. Often, a ther-
modynamically optimal system design cannot be

achieved due to the difficulty in matching the sub-
systems smoothly. This is also true for the hybrid
system, where two totally different sub-systems
are to be matched. The operating pressure of the
fuel cell is one of the primary factors that affect
the system layout (White, 1999). Depending on
the operating pressure of the fuel cell, the system
layout is classified into two cases : ambient pres-
sure system and pressurized system.

This study aims to analyze design performances
of both the ambient pressure system and the pre-
surized system, focusing on the influence of ma-
jor design parameters on the system performance.
System performances are examined in terms of the
design constraints on the cell, and performance li-
mitations due to the matching of main design para-
meters are investigated. The design performances
of the two layouts and effect of critical design con-
straint of the cell on the performances of both
systems are the primary focus of this study. In
many thermodynamic systems with diverse design
variants, exergy analysis usually provides useful
criteria for performance comparison. This is also
true for the fuel cell/gas turbine hybrid systems as
demonstrated in a few examples (Massardo and
Magistri, 2001 ; Chan et al., 2002). Accordingly,
exergy accounting is carried out to examine the
performance differences among different system
layouts and various design conditions, in detail.

2. System Layouts

Figure 1 shows the schematics of the two SOFC/
GT hybrid system layouts investigated in this study.
In the ambient pressure system, the SOFC opera-
tes at a pressure close to the atmospheric pressure,
driven by the gas from the gas turbine exit. In the
pressurized system, pressurized air from the com-
pressor enters the SOFC first, and then the SOFC
exit gas drives the turbine. Since the fuel is natural
gas, it needs to be reformed. There are various
options in designing the fuel processing system
(Larminie and Dicks, 2000 ; Singhal and Kendall,
2003). In this study, steam reforming is consider-
ed because its energy conversion efficiency is hig-
her than those of the other reforming methods such
as partial oxidation and autothermal reaction. It
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has been adopted in most systems under com-
mercial development (Veyo et al., 2003 ; Agnew
et al., 2005). Internal reforming is considered in
this study because it provides higher system effi-
ciency than external reforming (Liese and Gemmen,
2003 ; Yang et al., 2006) . The reformer is located
inside the cell stack and the heat required for the
endothermic reforming process is supplied from
the cell stack through thermal contact. The steam
for reforming is supplied by recirculating the anode
exit gas, which contains sufficient steam. The re-
cuperator recovers the exhaust heat. The preheater
heats up the air (or gas) flowing into the fuel cell.
In this study, the degree of preheating is regulated
to meet a given temperature at the fuel cell inlet.
Some of the fuel remains unreacted at the exit of
the fuel cell and is combusted at the afterbuner.
The heat required for the preheater is supplied
from the afterbuner. The dotted lines denote the

293

additional fuel supply line and the air bypass line.
Without these functions, three main design para-
meters (the cell inlet air temperature, the cell oper-
ating temperature and the turbine inlet tempera-
ture) can not be set independently. In that case,
only two of them can be given as design inputs
and the remaining parameter is obtained as a
result of the design analysis as will be explained
in the first part of the analysis (section 4.1). The
dotted lines are required for the system designs
where the three parameters are to be assigned in-
dependently as design inputs. Design performance
under these restricted design constraints will be
presented in the second part of the analysis (sec-
tion 4.2). Since this study aims to compare design
point performances among different system con-
figurations, all cases analyzed here are considered
to be independent design cases under various de-
sign requirements.
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3. Analysis

Methane, the supplied fuel, is reformed before it
is supplied to the SOFC as a hydrogen-rich fuel.
The following steam reforming is considered :

Fuel reforming : CH4s+H,0 «— CO+3H; (1)
Steam shifting : CO+H,0 «<— CO;+H, (2)

Equilibrium reactions are assumed. The fol-
lowing steam carbon ratio determines the amount
of the steam supplied to the reformer.

SCR=""2 (3)
cH,

With this value, the ratio of the recirculation
flow at the anode exit is decided. Both hydrogen
and carbon monoxide generated by the steam re-
forming process participate in the electrochemical
reactions in the SOFC as follows :

Hydrogen : H +%Oz — H,0 (4)

Carbon monoxide : CO +%Oz —>CO, (5)

The following fuel utilization factor at the cell
is defined as the ratio between reacted to supplied
effective fuel components at the cell :

(72, + 72c0) reacted
U=—F"— 6
(9111, +71c0) supplied (6)

The SOFC generates DC power, which is then
converted into final AC power as follows :

WSOFC,DC =VI="V"+ (5, + #ico) reactea*2F (7)
WSOFC,AC = WFC,DD' N conv (8>

Since the system adopts an internal reformer,
heat is transferred from the cell stack to the re-
former to maintain the endothermic steam reform-
ing reaction. The following equations represent
the energy balances at the cell stack and the re-

former.
Cell stack :
; hiruzg Rt WSOFC,DC+ Qref 9)
Reformer :

2%2’1’72’4‘ Qref=021 #ih;, where @ rer >0 (10)

The cell voltage is a major parameter that de-
termines the cell performance and is usually a func-
tion of operating pressure, temperature and cur-
rent density. It also depends strongly on the de-
tailed cell material. Since this study is focused
on design performance comparison, a rather sim-
plified method is used to assign the voltage. A
reasonable value of 0.7 V is assigned to a refer-
ence condition of 800°C and 3.5 bar. A correla-
tion (Massrdo and Lubelli, 1998) provides the
dependence of the cell voltage on the temperature.
The current density (current per unit cell area) is
assumed to be constant for all design cases. The
cell voltage also depends on the operating pres-
sure ; this relation is modeled using a published
correlation (EG & G Service Parson, Inc., 2000).
Consequently, the cell voltage for any condition
can be predicted as a function of cell temperature
and pressure. The temperatures of the both streams
at the cell exit are assumed to be same as the cell
operating temperature (FCT). The temperature
difference (rise) at the cell is defined as follows :

AT.=FCT —cathode inlet air temperature (11)

At the after burner, combustible compositions
(hydrogen, carbon monoxide, methane) exiting
from the anode are burned and some portion of
the heat is transferred to the preheater.

The turbine supplies power to the compressor
and auxiliary components, and the net gas turbine
power is calculated as follows :

WGT,AC: < WT' Nm— WC) * Ngen— Waux (12>

Thus, the total hybrid system power is the sum-
mation of gas turbine power and SOFC power,
and the system efficiency is defined as follows :

e W
(rie» LHV) s (13)
where WHs= WSOFC,AC + WGT,AC

The power ratio is defined as the ratio between

the fuel cell power and the gas turbine power as
follows :

W re,ac
PWR=—= 14
W er,ac (14
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Detailed exergy analysis is incorporated in the
calculation procedure. At each flow stream, ex-
ergy per unit molar flow rate for each gas com-
position is defined as follows :

e=e’+e” (15)
The physical exergy is defined as follows :
e’ =h—ho— To (§—50) (16)

For a fuel, the chemical exergy () means the
work potential due to its reaction with the am-
bient air. For common gas mixtures, it means the
chemical potential differences between the stream
and the environment. The definition and calcula-
tion of the chemical exergy may be referred to li-
teratures (Moran and Schiuba, 1994 ; Moran and
Shapiro, 2004). For each control volume (each
component), the following exergy balance equa-
tion is applied to quantify the exergy destruction
at the component.

Ed:2<1—

J

o). wesne—gne (7
j n out

A process analysis software (Aspen Technolo-
gy, 2004), embedded with all the energy and ex-
ergy models described above, has been used for
the analysis. Assumed parameters are explained
here. Ambient condition is 15°C and latm. Fuel
utilization factor is 0.7 and steam carbon ratio is
3. Characteristic parameters of micro gas turbines
(small gas turbine up to 200 kW) are adopted for
the gas turbine components. To represent state-
of-the-art micro gas turbines, the pressure ratio
of 3.5 is adopted. Isentropic efficiencies of com-
pressor and turbine are 78% and 85%, respective-
ly. Turbine cooling is not considered. The refer-
ence recuperator effectiveness is 0.83. This refer-
ence effectiveness is the maximum value and needs
to be reduced if the temperature of the gas en-
tering the recuperator is high enough. In the am-
bient pressure system, if the gas temperature is
high enough, heat transfer from the exhaust gas
to the recuperator should be limited to meet the
given turbine inlet temperature by designing the
recuperator with a reduced effectiveness. In the
pressurized system, if the turbine exit gas temper-
ature is high enough, the preheater is not requir-

ed and heat addition at the recuperator should
be limited to meet the cell inlet temperature. The
DC to AC conversion efficiency of the fuel cell is
93% and the mechanical efficiency and the gener-
ator efficiency of the gas turbine are 96% and 93%
respectively. Since this study does not intend to
confine itself to analyzing systems with fixed speci-
fications of the SOFC and the gas turbine, con-
stant air supply rate of 1.0 kg/s is assumed in all
cases.

Two kinds of analyses have been performed.
First, the cell inlet air temperature is fixed and the
turbine inlet temperature is set as the main design
parameter. In this case, the dotted lines in Fig. 1
are not adopted. The cell temperature is deter-
mined as a result of the analysis. Secondly, a more
restricted design condition is assigned on the cell.
The temperature difference (rise) at the cell is an
important design parameter because it greatly af-
fects the system performance. Examples of the re-
lation between system performance and the tem-
perature difference at the cell, for a pressurized
SOFC hybrid system, can be found in the litera-
ture (Yang et al. 2005 ; Yang, et al. 2006). The
similar result has also been found for the molten
carbonate fuel cell/gas turbine hybrid systems (Oh
and Kim, 2006). A greater cell temperature dif-
ference yields higher efficiency. However, this tem-
perature difference at the cell has a strong corre-
lation with the thermal stress evolution inside the
cell and should be regulated strictly in some sys-
tem configurations where it tends to increase ex-
cessively. Therefore, performance comparison based
on an equivalent temperature difference at the cell
for different system layouts would be more rea-
sonable. Accordingly, the temperature difference
at the cell is given as a design constraint in the
second part of this study.

4. Results and Discussion

4.1 Relaxed constraint on the cell

As shown in Fig. 1, the cell inlet (cathode in-
let) air temperature is satisfied by appropriate heat-
ing at the preheater. In general, there is a design
range of the cell inlet temperature considering stable
electrochemical reaction (Singhal and Kendall,
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2003). In the analyses of this section, 700C is
adopted as a conservative value for the cell inlet
temperature. The temperature difference at the cell
is not constrained in this calculation, and thus,
the dotted lines of Fig. | are not used.

Analysis results are shown in Fig. 2. The design
turbine inlet temperature (TIT) ranges from 750°C
to 950°C. The first figure shows the hybrid system
efficiency and the required fuel cell temperature
(FCT), and the second figure presents the total
hybrid system power and the power ratio. Com-
mon trends for the two layouts will be examined
first. In both layouts, a higher design TIT requires
a higher FCT. A higher fuel cell temperature means
that the fuel supply to the SOFC is greater and the
cell voltage is also higher, which provides greater
cell power. A higher TIT also increases the gas
turbine power. Thus, the total system power in-
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Fig. 2 Design performance under a relaxed
constraint on the cell

creases with increasing TIT. The increase of the
gas turbine power with increasing TIT is more
evident than that of the SOFC power. Thus, the
resulting power ratio decreases with increasing TIT.
The system efficiency is predicted to be over 60%
and increases with increasing TIT. Even though
these tendencies are common for the two layouts,
there are a few different quantitative aspects be-
tween the two layouts. For a given TIT, the am-
bient pressure system can achieve greater system
power than the pressurized system, mainly because
of the larger SOFC power (see the greater power
ratio), which is attributed to the higher cell tem-
perature. The power ratio ranges from 9 to 12
for the ambient pressure system, while that of the
pressurized system ranges from 6 to 7.5. The hig-
her FCT leads to a greater temperature difference
at the cell (thus greater fuel supply to the cell) as
well as a higher cell voltage. Both effects contrib-
ute to the larger SOFC power. Of course, a larger
SOFC power requires a greater cell size because
the current density is assumed to be constant.

Even though the pressurized system has smaller
power capacity, it exhibits higher system effi-
ciency (2 percent point on the average) than the
ambient pressure system for all conditions. This
means that the fuel energy is more effectively uti-
lized in the pressurized system. In the ambient pres-
sure system, the average temperature difference at
the cell is about 40°C higher than that of the pres-
surized system. Consequently, the ambient pres-
sure system may have greater thermal load in the
SOFC stack, while having a greater power capac-
ity than the pressurized system.

The difference in the system efficiency between
the two layouts can be more easily explained by
the exergy analysis. Fig. 3 demonstrates exergy
breakdowns for the two layouts. Exergy destruc-
tions and losses are shown as the percentage of
fuel exergy input. Here, ‘Fuel cell’ means the en-
tire fuel cell composed of the fuel cell stack and
the internal reformer. Even though the detailed
loss distribution varies among different design con-
ditions, the largest source of exergy destruction
(or loss) is the exhaust gas. The second largest
source of exergy destruction is the fuel cell stack
including the internal reformer. Afterburner is
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also one of the large destruction sources because
of the highly irreversible nature of the combustion
process. Another important source of exergy de-
struction is the recuperator. Total exergy destruc-
tion is inversely proportional to the system effi-
ciency. The efficiency discrepancy between the
two layouts is mostly due to the differences in the
exhaust exergy loss and the exergy destruction at
the recuperator. Both values are higher for the
ambient pressure system. In the ambient pressure
system, the exergy destruction at the recuperator
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Fig. 3 Exergy destructions under a relaxed
constraint on the cell

is larger than the pressurized system because the
temperature difference between the hot gas and
the air is relatively large. Moreover, the exhaust
gas temperature is still high, resulting in large
exhaust loss. On the other hand, the energy of the
high temperature gas from the fuel cell is more
effectively utilized in the pressurized system by
recovering the energy at the turbine and the re-
cuperator.

4.2 Restricted constraint on the cell

This section presents results for the analysis
with a restricted design constraint on the fuel cell.
The constraint is that the temperature difference
at the cell (ATceu) must be smaller than a maxi-
mum allowable value. This allowable tempera-
ture difference may depend on material capability
and thermal management technology. A value of
200°C is given in this study. Three major para-
meters (fuel cell temperature, temperature differ-
ence at the cell and turbine inlet temperature)
must be satisfied simultaneously. To meet this
restricted requirement, the dotted lines of Fig. 1
are introduced. For both layouts, additional fuel
is supplied to increase the TIT when it tends to
decrease. The ratio of the additional fuel supply is
defined as follows :

FR="add_ (19)
My, totar

The air bypass functions differently in the two
layouts. In the ambient pressure system, if the
temperature difference at the cell tends to be less
than the given value (i.e. if the cell inlet tempera-
ture tends to decrease under the set value), some
of the inlet air is bypassed from the system inlet
line to the SOFC. In the pressurized system, some
portion of the recuperator exit air is bypassed to
the turbine side if the TIT tends to be too high.

The air bypass ratio is defined as follows :

AR="tabywass. (20)

Ma,total
Given A7Tceu, the performances of the two lay-
outs are estimated for various combinations of
FCT and TIT. Fig. 4 presents the additional fuel
supply ratio and the air bypass ratio of the am-
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bient pressure system. For a given FCT, when the
TIT increases, the additional fuel supply must be
increased. As the additional fuel supply ratio in-
creases, the turbine exit temperature increases.
This tends to increase the cell inlet temperature,
and thus the temperature difference at the cell re-
duces. If the turbine exit temperature is too high,
the gas does not need to be preheated ; more-
over, some air needs to be supplied directly to the
SOFC to satisfy the cell inlet temperature (i.e. tem-
perature difference at the cell). Therefore, the
air bypass ratio is proportional to the additional
fuel supply ratio. Fig. 5 shows the additional fuel
supply ratio and the air bypass ratio of the pres-
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Fig. 4 Additional fuel supply ratio and air bypass

ratio of the ambient pressure system under a
restricted design constraint on the cell

surized system. The tendency of variation of the
additional fuel supply ratio is similar to that of
the ambient pressure system. However, the varia-
tion of the air bypass ratio is completely different.
In the pressurized system, the purpose of the air
bypass is to reduce the turbine inlet temperature
when it tends to increase, which is just the oppo-
site function of the additional fuel supply. Thus,
air should be bypassed to the turbine side if the
design TIT is low enough. The amount of the
air bypass increases as the TIT decreases. Conse-
quently, either the air bypass or the additional
fuel supply may be executed in the pressurized

system.
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Fig. 5 Additional fuel supply ratio and air bypass
ratio of the pressurized system under a re-

stricted design constraint on the cell
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System performances are shown in Figs. 6 and
7 for the ambient pressure system and the pres-
surized system, respectively. For a given FCT, in-
creasing TIT leads to larger power, which is true
for both layouts. System efficiency increases to an
optimal point, after which it decreases. The opti-
mal TIT increases as the FCT increases. The maxi-
mum efficiency point almost corresponds to the
design condition where the additional fuel supply
begins (see Figs. 4 and 5). In the ambient pres-
sure system, the SOFC power remains nearly
constant for a given FCT because air flow rate
supplied to the SOFC is almost constant regard-
less of the air bypass at the system inlet. The slight
increase of the total system power with increasing
TIT is due to the increase of gas turbine power.
As a result, the power ratio decreases with in-
creasing TIT for a given FCT. In the pressurized
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Fig. 6 Design performance of the ambient pressure
system under a restricted constraint on the cell

system, the SOFC power shows a different trend.
Even though the total inlet air flow rate is fixed,
the SOFC power reduces if some air is bypassed
to the turbine side. If FCT is sufficiently high
(1000°C for example), air should be bypassed as
TIT decreases, and this bypassing reduces the
SOFC power. At sufficiently low FCT (700°C for
example), air does not need to be bypassed for a
wide TIT range, where the SOFC power is almost
constant. The power ratio of the pressurized sys-
tem is smaller than that of the ambient pressure
system.

For all design conditions, the efficiency of the
pressurized system is higher than that of the am-
bient pressure system. This trend is similar to that
of the previous section. However, the efficiency
gap between the two layouts is greater in the case
under a restricted constraint, as presented in this
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Fig. 7 Design performance of the pressurized system
under a restricted constraint on the cell
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section. As we have seen in Fig. 2 of the relaxed
design constraint, the efficiency gap is less than
two percent points. However, the efficiency dif-
ference under the restricted constraint is far larger
than that of Fig. 2. This means that as the restric-
tion on the cell design becomes severe, the effi-
ciency advantage of the pressurized system becomes
more evident. The pressurized system provides

60% system efficiency with the fuel cell tempera-
ture roughly over 800°C in the pressurized system,
while the ambient pressure system requires a far
higher cell temperature (900°C). Figs. 8 and 9 il-
lustrates examples of exergy breakdown for TIT
of 850°C and 1050C. In general, a higher FCT re-
duces most of the exergy destructions, thus re-
sults in higher efficiency. This can be seen from
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(b) Pressurized system

Fig. 8 Exergy destructions for the restricted design
condition on the cell for TIT of 850C

(b) Pressurized system

Fig. 9 Exergy destructions for the restricted design
condition on the cell for TIT of 1050°C
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results for a given TIT. The superior efficiency of
the pressurized system can be explained by the
smaller exergy destructions and losses. In partic-
ular, far smaller exhaust loss and recuperator de-
struction of the pressurized system contributes to
the higher system efficiency. This result recon-
firms the fact that the pressurized system utilizes
the energy of the high temperature gas more ef-
fectively. Comparison between results in Figs. 8
and 9 also shows that the efficiency variation with
TIT change (Figs. 6 and 7) follows the trend of
exergy loss variation. For example, at low FCT’s
of both systems, increasing TIT increases exergy
destructions and losses, which matches the effi-
ciency reduction with increasing TIT shown in
Figs. 6 and 7. In particular, increasing TIT at low
FCT’s causes large increases of the exhaust exegy
loss and the exergy destruction at the combustor
where additional fuel is added.

5. Conclusions

Design performances of two layouts of SOFC/
GT hybrid systems, with the major difference be-
ing the operating pressure of the SOFC, are com-
paratively analyzed. The following summarizes
the results.

(1) Power share of the SOFC is greater in the
ambient pressure system for all design conditions.

(2) If not restricted, the cell temperature needs
to be designed higher and the temperature differ-
ence at the cell stack is greater in the ambient pres-
sure system.

(3) Under any design constraint, the pressur-
ized hybrid system exhibits higher efficiency than
the ambient pressure system. This is mainly due to
the more effective utilization of the energy of the
high temperature gas from the fuel cell, which is
demonstrated by the relatively smaller exhaust ex-
ergy loss as well as less exergy destructions at com-
ponents such as heat exchangers.

(4) By modulating the additional fuel supply
and air bypass, three main design temperature
parameters such as fuel cell temperature, temper-
ature difference at the cell and turbine inlet tem-
perature can be set simultaneously for both lay-

outs. Under the restricted constraint, the efficiency
advantage of the
60%
achieved for fuel cell temperature roughly over

pressurized system s

manifested ; system efficiency can be
800°C in the pressurized system, but the ambient
pressure system requires higher cell temperatures

(900C).
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