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Abstract

Design characteristics and performance of a pressurized solid oxide fuel cell (SOFC) hybrid system using a fixed gas turbine (GT) design are
analyzed. The gas turbine is assumed to exist prior to the hybrid system design and all the other components such as the SOFC module and auxiliary
parts are assumed to be newly designed for the hybrid system. The off-design operation of the GT is modeled by the performance characteristics
of the compressor and the turbine. In the SOFC module, internal reforming with anode gas recirculation is adopted. Variations of both the hybrid
system performance and operating condition of the gas turbine with the design temperature of the SOFC were investigated. Special focus is directed
on the shift of the gas turbine operating points from the original points. It is found that pressure loss at the fuel cell module and other components,
located between the compressor and the turbine, shifts the operating point. This results in a decrease of the turbine inlet temperature at each
compressor operating condition relative to the original temperature for the GT only system. Thus, it is difficult to obtain the original GT power. Two
cell voltage cases and various degrees of temperature difference at the cell are considered and their influences on the system design characteristics

and performance are comparatively analyzed.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The solid oxide fuel cell (SOFC) is considered a suitable
candidate for the electric power plant applications. One of its
attractive features is high operating temperature (600—1000 °C),
which allows favorable combination with other types of power
generators such as gas turbines (GTs). R&D efforts pertaining
to SOFC/GT hybrid systems have been initiated worldwide and
a few systems are under development for commercialization
[1]. The thermodynamic synergy effect of combining the SOFC
and the GT can be most effectively realized when the SOFC is
designed to operate at an elevated pressure. This kind of sys-
tem is called a pressurized system where pressurized air from
the compressor is delivered directly to the SOFC and the out-
going high pressure gas drives the turbine. This design can be
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considered to be a modification of a fuel cell only system in
that the original air blower is replaced by a compressor which
enables a higher operating pressure and thus guarantees higher
cell voltage. The turbine is added to recover the high pressure
energy of the gas exhausted from the cell. This turbine expan-
sion plays a dominant role in enhancing the efficiency of the
entire system [2]. The pressurized system also allows for com-
pact design of auxiliary equipments such as piping due to the
relatively high pressure at those parts. Another means of com-
bining the SOFC and GT is an ambient pressure system where
the cell operates at a near ambient pressure. This system also has
several advantages, the most prominent of which is selection of
the GT pressure independently of the cell pressure. Aside from
practical cons and pros involved in realizing the two types of
system configurations, many basic studies have concluded that
a pressurized system may have higher system efficiency over an
ambient pressure system from a thermodynamic point of view if
equivalent design parameters are assumed [3]. Recent develop-
ment examples of commercial SOFC/GT hybrid systems have
also adopted the pressurized configuration [4,5].
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Nomenclature

CIT cathode inlet temperature (°C)
CDP  compressor discharge pressure (kPa)
electric potential (V)

Faraday constant

fuel cell temperature (°C)
molar enthalpy (kJ kmol~!)
current (A)

current density (A m2)
thickness (m)

HV  lower heating value (kJ kg~!)
mass flow rate (kg s~h

N~~~
ReRs
H

—

17

n molar flow rate (kmols~!)
P pressure (kPa)

0 heat transfer rate (kW)

T temperature (°C)

AT, temperature difference at the cell (°C)
TIT turbine inlet temperature (°C)
\% cell voltage (V)

W power (kW)

Greek letters

e heat exchanger effectiveness
n efficiency

P resistance (€2 m)
Subscripts

a anode, air

ac alternating current

AUX  auxiliary equipment

C compressor

C cathode, cold side

conv  conversion

dc direct current

e electrolyte

FC fuel cell

gen generator

GT gas turbine

h hot side

HS hybrid system

i component

in inlet

m mechanical

N Nernst

out outlet

P polarization

r reformer

ref reference

T turbine

Recently, diverse analysis results on the design performance
of pressurized SOFC hybrid systems considering various options
in combining the SOFC and the GT have been reported. Exam-
ples include fundamental design parametric analyses [6,7], a
study on the influence of the reforming method [8], an inves-

tigation into the influences of both reforming method and
temperature constraints on the cell [9]. Most of the design
analyses have been performed under the assumption that all com-
ponents including the SOFC, the GT, and balance-of-the-plant
(BOP) parts can be manufactured as predicted. In particular,
smoothly matched design of the SOFC and the GT is generally
assumed to be possible, that is, a sub-system (GT or SOFC) is
assumed to be designed to match the design of the other sub-
system. In many studies, parameters of the GT, such as power
and main component parameters including turbine inlet tem-
perature, pressure ratio and air flow rate, which match the given
design parameters of the SOFC stack (the cell temperature, etc.),
have been obtained as a result of analysis. This analysis seems
logical in that the SOFC is the major component that generates
greater power than the GT. The underlying assumption of this
analysis is that the gas turbine, exactly matching the analysis
requirements, is available as an off-the-shelf item or the gas tur-
bine is to be newly designed and manufactured to match the
design specifications. However, the assumption is rather unrea-
sonable inreality. A gas turbine that exactly matches the required
design specifications of the analysis is not usually available as
an off-the-self item. Moreover, a new design, i.e. development
of a new gas turbine, is generally prohibitive in terms of cost. On
the other hand, the capacity (power) of SOFC can be determined
more flexibly due to the possibility of modular design of the fuel
cell stack, which is one of the most advantageous features of the
fuel cell. Accordingly, the design of a hybrid system based on an
existing (commercially available) gas turbine is more practical
as a short- or mid-term development strategy. An example about
predicting system design and operation of a hybrid system based
on a commercially available GT can be found in the literature
[10].

In a pressurized hybrid system, the turbine inlet state is
directly affected by the thermo-fluid dynamic operating con-
ditions of the components located between the compressor and
the turbine, such as the SOFC stack and piping. Therefore, the
operating conditions of the gas turbine are different from those
of the original GT only system. A previous work [11], in which
the operational characteristics of an experimental hybrid sys-
tem simulator were investigated, reported that operation of the
compressor during start-up approaches the surge condition. This
might have been caused by the change of the GT operation
conditions from the original conditions. The possibility of the
compressor surge during transient operation for a hybrid system
designed at near surge condition has also been reported [12].
Therefore, the design operation condition should be sufficiently
far from the surge condition (large surge margin), and this limita-
tion may provide a critical constraint in designing a pressurized
hybrid system based on an existing gas turbine.

The aim of this study is to simulate the design of a pressur-
ized SOFC hybrid system using an existing (fixed) gas turbine
and to provide useful fundamental design characteristics as well
as potential critical problems. The gas turbine is assumed to
exist prior to the hybrid system design and all the other com-
ponents such as SOFC module and auxiliary parts are assumed
to be newly designed for the hybrid system. Special focus is
given to the shift of the compressor operating points from the
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original gas turbine design point depending on the design cell
temperature. In order to examine the matching characteristic of
the gas turbine with different design practices of the fuel cell, a
wide range of cell design temperature is used. Thus, this study
presents rather general design results using different fuel cell
designs. Researchers or designers may refer to the result that
includes design conditions closest to their cell design practices.
The influence of the cell voltage on the design characteristics
and performance is examined as well. Also, since the tempera-
ture difference at the cell is an important design parameter that
affects not only the SOFC performance but also the hybrid sys-
tem performance [3,9], its effect on integration of the SOFC and
the existing GT is investigated.

2. Analysis
2.1. System configuration

Fig. 1 shows the hybrid system configuration analyzed in
this study. This system is conceptually similar to that used in
a demonstration project [4]. The SOFC module includes a cell
stack, areformer, an afterburner and a preheater. Internal reform-
ing is adopted, and the steam required for the reforming reaction
is supplied by the anode gas recirculation. The compressed air
is heated consecutively through a recuperator and a preheater
and then flows into the cathode of the SOFC. The remaining
fuel from the anode is combusted with the cathode exit air at the
afterburner. The high temperature gas supplies heat to the pre-
heater to meet the required cathode inlet temperature and then
flows into the turbine. The turbine exit gas heats up the fuel and
the compressor discharge air.

2.2. Modeling and analysis

The gas turbine is assumed to be a single-shaft micro gas
turbine equipped with a centrifugal compressor and a radial tur-
bine. The design compressor pressure ratio is 4.6 and the turbine
inlet temperature is 950 °C. Turbine blade cooling is not consid-
ered. The design mass flow of 1.0kgs™! is assumed to produce
roughly 120 kW power. The design specifications of the gas tur-
bine are summarized in Table 1. Based on the gas turbine design
specifications given prior to the hybrid system design, design
of a hybrid system requires simulation of the off-design opera-
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Fig. 1. Configuration of the pressurized SOFC/GT hybrid system.

Table 1

Design parameters of the gas turbine

Ambient condition 101.3kPa, 15°C
Air flow rate 1.0kgs™!
Compressor pressure ratio 4.6

Compressor efficiency 0.75

Turbine inlet temperature 950°C

Turbine efficiency 0.85
Recuperator effectiveness 0.83

Shaft speed 65,000 rpm
Generator efficiency 0.93

Combustor pressure loss 3%

Recuperator pressure losses Cold side 1.5%, hot side 2.5%
Duct pressure losses 0.5%

tion of the gas turbine. The gas turbine off-design operation is
simulated with the aid of the performance characteristics of the
compressor and the turbine. The compressor characteristics are
described by a performance map as will be shown in the results.
The turbine is modeled by the following Stodola equation [13],
which was proved to closely represent the turbine running line
of a micro gas turbine [14].

mind/Tn/Pin /1 — (Pour/Pin)* W

(mi“ v Ti“/Pin)ref A1 - (Pout/Pin)fef

All parameters are those of the turbine inlet and outlet, and
the reference point is the turbine design point. Except for the
gas turbine components, all the other parts including the SOFC
module are assumed to be newly designed for the hybrid sys-
tem. Each component is modeled as a lumped control volume.
The fuel is methane and the steam reforming reaction and the
water gas shift reaction are assumed to take place at equilibrium.
The amount of steam supplied to the reformer is determined by
the steam carbon ratio, defined as the ratio between the sup-
plied steam to the cell and the supplied methane. Both hydrogen
and carbon monoxide generated by the steam reforming process
participate in the electrochemical reactions:

H, + %02 — H,O (2a)
CO + 30, — CO, (2b)

The fuel utilization factor at the cell is defined as the ratio
between reacted and supplied fuel at the cell (hydrogen and
carbon monoxide).

Concerning the design of the SOFC stack module, it is
assumed that the current density of the unit cell is the same for
all design conditions. A different power requirement obtained
from the analysis can be satisfied by modification of the unit
cell configuration and/or cell stack size (eg. number of stacked
cells). Two case studies have been investigated regarding the cell
voltage behavior as a function of temperature. In the first case, a
variation of the cell voltage with the cell operating temperature
is adopted. The cell voltage is predicted by subtracting various
losses from the Nernst potential as follows.

V =EN— Ep — J(paLa + peLe + pcLc) 3)
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Fig. 2. Two cases of the cell voltage variation.

The Nernst potential is calculated from the theoretical Gibbs
function difference for the electro-chemical reaction as usual.
The activation polarization loss and the ohmic losses are pre-
dicted by correlations available in the literature [15,16]. The
equation predicts increasing voltage with increasing cell tem-
perature. An example of the prediction result is shown in Fig. 2.
A constant current density (400 mA cm™2) is assumed for all
design conditions. In the second case, a constant cell voltage of
0.65V is assumed, as also shown in the figure.

Several heat exchangers are used in the hybrid system and
their effectiveness is defined as follows:

_ Tc,out - Tc,in

= 4)
Th,in - Tc,in

The recuperator effectiveness is assumed to be the same as
that of the original gas turbine cycle. The effectiveness of the
preheater is variable. The absorbed heat of the cold side (air)
at the preheater determines the temperature of the cathode inlet
air (CIT). It is known that the cathode inlet temperature affects
the system performance [3,9]. In general, if the current den-
sity is designed to be the same as given in the present study,
a lower CIT for a given fuel cell operating temperature (FCT)
enhances the performance, especially the power. However, an
overly large temperature difference (rise) at the cell will cause
mechanical problems mainly due to large thermal stress evo-
lution inside the cell. In this work, a reasonable range for the
temperature difference at the cell, defined as follows, is con-
sidered in order to examine its influence on the hybrid system
design.

AT, = FCT — CIT 5)

Since the cell is modeled as a bulk control volume as other
components, a single value of the cell operating temperature
(FCT) is used. Also, the gas exiting from the cell is assumed
to have this temperature. For each design case (different cell
temperatures), the degree of air heating at the preheater, i.e.

its effectiveness, is varied to meet the cathode inlet tempera-
ture.

The dc power generated at the fuel cell is calculated as fol-
lows:

WFC,dc =Vl= V(ﬂHz + ﬂCO)reactesz ©)

The energy balances at the cell and the reformer are presented
by the following equations:

Cell : Zﬁ,fz,- + Qc = Zﬁiﬁi + W de,

in out
where O, < 0 @)
Reformer : Zﬁi/_li + 0= Zﬁi}_zi, where O; = — Q.

mn out

®)

The final ac power from the SOFC is calculated as follows
considering the dc to ac conversion loss.

WFC,aC == WFC,dCTlconv (9)

The gas turbine power is calculated as follows, assuming
turbine and compressor efficiencies and other miscellaneous
losses:

WGT,ac = (WTnm - WC)ngen (10)

Considering the auxiliary power consumption at the recir-
culation blower, fuel compressor, water pump and so on,
the net hybrid system power and efficiency are described as
follows:

Wis = (Wec ac + War,ac — Waux) (11
Whs
MHS = —————— (12)
(mLHV)CH4

The major design parameters for the SOFC and auxiliary parts
are summarized in Table 2. Compared with the gas turbine only
system, there exist additional pressure losses at the cell and the
preheater. Commercial process analysis software [17] has been
used in the simulation of this study.

Table 2

Design parameters of the SOFC and auxiliary parts

Fuel cell temperature 700-1050°C

Temperature difference at the cell 100-200°C

Fuel utilization factor at the cell 0.7

Steam carbon ratio 3.0

Heat exchanger effectiveness 0.75-0.83

Fuel compressor efficiency, water 0.75

pump efficiency

dc to ac conversion efficiency 0.93

Pressure loss at the cell 3%

Recuperator pressure losses Cold side 1.5%,
hot side 2.5%

Duct pressure losses 0.5%
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Fig. 3. Variation of the SOFC power with design cell temperature.

3. Results and discussion
3.1. Design characteristics

The rotational speed of the gas turbine is fixed at the original
design speed for all the hybrid system designs. For a fixed speed,
various operating points of the gas turbine (more specifically
those of the compressor) are possible according to different set-
tings of design parameters of the SOFC and other parts. The
major design parameters are those of the cell stack module
such as the cell operating temperature, the cell voltage and the
temperature difference at the cell. In this section, fundamental
characteristics of a hybrid system design based on a fixed gas
turbine design and the influence of the two aforementioned volt-
age cases on the system design and performance are discussed.
In this section, a reference value of 150 °C is used for the tem-
perature difference at the cell. The influence of its variation on
the system design is addressed in the next section.

Fig. 3 shows the variation in the fuel cell power with
the design cell temperature. As the design cell temperature
increases, the operating pressure increases and the air flow rate
decreases slightly as will be shown on the compressor map
(Fig. 5). However, this slight change of pressure and air flow does
not dramatically alter the cell performance. The most important
factor affecting the SOFC performance variation is the design
cell temperature. Increasing the design cell temperature enables
a greater SOFC power. As clearly seen in the result of case 2,
where a constant cell voltage is assumed, increasing cell tem-
perature itself provides an increase in the cell power capacity.
This is due to the increase in the fuel supply with increasing cell
temperature to satisfy the energy balance at the cell, as described
by Eq. (7). With an increase of the fuel supply, the heat release
to the reformer also increases because the reforming heat is pro-
portional to the fuel flow, and at the same time the enthalpy
difference between the inlet and outlet streams also increases. If
the cell voltage also increases with increasing cell temperature,
as in case 1, the heat balance at the cell stack module allows
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Fig. 4. Variation of the required effective cell area with design cell temperature.

much greater fuel supply to the cell. Consequently, the resulting
cell power is far greater than that of the lower voltage case (case
2). As aresult, the cell power increases by both the increased cell
voltage and the increased fuel supply. Of course, the required
design cell area should increase as the cell power increases as
shown in Fig. 4, because the current density is assumed to be
the same for all design cases, as explained earlier.

Fig. 5 describes various hybrid system design points on the
compressor map corresponding to different design cell temper-
atures. All design conditions are located on the 100% speed line
as explained. The left end point is the presumed surge point.
The numbers in parentheses denote the design cell temperature
and the corresponding turbine inlet temperature. The original
gas turbine design point (1.0 kg s~!) is also marked. The turbine
inlet temperature is directly affected by the cell operating tem-
perature, as can be readily surmised from the pressurized system
layout. Thus, increasing cell temperature results in an increase
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Fig. 5. Various design points on the compressor characteristic map depending
on the design cell temperature (A7, =150 °C).
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Fig. 6. Variation of the GT power and the auxiliary power with design cell
temperature (A7, =150°C).

of the turbine inlet temperature. The increase of the compressor
discharge pressure, i.e. the pressure ratio of the compressor, with
increasing turbine inlet temperature is a natural characteristic of
the gas turbine. The higher the turbine inlet temperature is, the
greater the net gas turbine power becomes. A distinct difference
between the two voltage cases is that a higher cell voltage allows
ahigher turbine inlet temperature at the same design cell temper-
ature. The higher cell voltage allows a larger fuel supply to the
cell, as explained earlier. Thus, case 1 provides a higher turbine
inlet temperature for a given cell temperature than case 2 does,
because the fuel combusted at the afterburner also increases.
Therefore, the design points of case 1 are located in a relatively
higher pressure ratio range, while those of case 2 are located in
the lower pressure ratio range.

Variations in the gas turbine power and the required auxil-
iary power consumption are shown in Fig. 6. As the design cell
temperature increases, the turbine inlet temperature increases,
and thus the gas turbine power also increases. The difference in
the gas turbine powers of the two voltage cases is proportional
to the difference in the turbine inlet temperatures between the
two cases. In case 2, the maximum turbine inlet temperature
at the maximum cell temperature design condition (1000 °C) is
about 753 °C, far lower than the original design turbine inlet
temperature (950 °C) of the gas turbine. Thus, the correspond-
ing maximum gas turbine power (65 kW) in the hybrid system
is also smaller than the original design power of the gas tur-
bine (120kW). In case 1, the maximum gas turbine power is
comparable to the original power. However, the corresponding
operating condition approaches the surge too closely. Therefore,
the practical maximum power appears to be somewhat smaller
than the original turbine power.

Accordingly, in both cases, the original turbine inlet temper-
ature, and thus the original gas turbine power, is hard to achieve.
This is equivalent to stating that the turbine inlet temperature
of the hybrid system at every compressor operating condition is
lower than the original turbine inlet temperature. As an example,

the turbine inlet temperature at the original compressor design
condition (mass flow rate of 1.0kgs™!) is far lower than the
design turbine inlet temperature (950 °C). This is more severe in
case 2. In the pressurized hybrid system, many additional com-
ponents are inserted between the compressor and the turbine
compared with the original gas turbine only system. The main
effect of the existence of these additional parts is an increase in
the pressure loss. As the pressure loss between the compressor
and the turbine increases, the turbine inlet pressure decreases.
Thus, even if the compressor running point is the same (same
compressor discharge pressure), the turbine inlet temperature
must be lowered to satisfy the turbine characteristic (refer to Eq.
(1)). In other words, in order to maintain the turbine inlet temper-
ature close to the original temperature, the compressor discharge
pressure increases and moves towards the surge line. This may
explain the major cause of the near-surge problem in a previous
experimental study [11] noted in the introduction. If the control
logic of the gas turbine is not modified, the control system might
try to attain the design turbine inlet temperature, which could be
very close to the surge condition. Thus, for safe operation, the
turbine inlet temperature needs to be de-rated from the original
temperature.

The above analysis illustrates that it is difficult to obtain the
original gas turbine power in the hybrid system, mainly due to
the additional pressure loss at the fuel cell stack and piping.
The additional pressure loss assumed in the current analysis
for Figs. 2-7 is about 7% with respect to the compressor dis-
charge pressure. If the hybrid system could be manufactured
with less pressure loss than that assumed in this analysis, higher
system performance would be obtained. On the contrary, further
increase of the pressure loss would aggravate the situation.

A sample sensitivity analysis has been performed to examine
the effect of the increased pressure loss at the cell on various
performance indices. Results for case 1 are presented in Fig. 7.
The design cell temperature is fixed at 850 °C and the pressure
loss at the cell is doubled from 3 to 6%. Due to the additional
pressure loss, the compressor discharge pressure increases by

15
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Fig. 7. Influence of an increase in pressure loss at the SOFC stack from 3 to 6%
on various system parameters (A7, =150 °C).
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about 2%. The increased compressor pressure ratio requires
larger compressor power consumption. Also, the pressure loss
reduces the turbine power. Therefore, the net gas turbine power is
reduced by more than 10%. The auxiliary power increases due
to the increase in the power consumption of the recirculation
blower. The SOFC power also decreases because the fuel sup-
ply is reduced according to the reduced air flow. As a result, the
net hybrid system power is reduced by 5% and the system effi-
ciency also decreases by more than 1%. The sensitivity analysis
for case 2 produced almost equivalent results.

Fig. 8 shows the hybrid system efficiencies of the two
cases. Even without the voltage increase, the system efficiency
increases with increasing cell temperature as seen in case 2. If
the voltage increases with increasing cell temperature (case 1),
the system efficiency becomes far higher than that of the con-
stant voltage case due to both the higher voltage itself and the
accompanying greater addition of gas turbine power. A limita-
tion of the higher voltage case is that a very high cell temperature
(over 900 °C) is not very easy to design due to the surge prob-
lem noted previously. Considering this, the practical maximum
hybrid system efficiency is about 65%. If the system design is
more conservative, thatis, if the original compressor design point
needs to be maintained, i.e. the same surge margin is required, the
design cell temperature is about only 790 °C and the system effi-
ciency is about 60%. Therefore, the system efficiency depends
substantially on the setting of the cell temperature, which in turn
relies on the setting of the compressor operating point. In case 2,
even though the overall system performance is lower than that
of case 1, the surge problem is not as critical as in case 1 because
the maximum cell temperature condition is sufficiently far from
the surge point. Thus, the limiting design (1000 °C cell temper-
ature) is achievable, leading to a maximum system efficiency
of 57%. Since the efficiency does not vary extensively in case
2, the efficiency at the original compressor design point, where
the cell temperature is about 900 °C, is as high as 56%. Con-
sequently, although the theoretical maximum system efficiency
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Fig. 9. Influence of the temperature difference at the cell on the SOFC power in
case 1.

differs considerably between the two voltages cases, the realistic
system efficiency considering safe operation of the compressor
does not differ greatly between the two cases.

3.2. Influence of the temperature difference at the cell

As briefly introduced in Section 2.2, the temperature differ-
ence at the fuel cell affects the system performance. Therefore,
its influence on the design and performance of the current hybrid
system needs to be examined. An analysis has been conducted
for the two voltage scenarios with two additional temperature
difference values (100 and 200 °C) and the results are presented
together with that of the previous reference condition (150 °C).
First, the results of case 1 are illustrated in Figs. 9-12. If AT,
is designed to increase for a given cell temperature, more fuel
needs to be supplied. This allows larger cell power capacity as
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Fig. 10. Influence of the temperature difference at the cell on the turbine inlet
temperature in case 1.
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Fig. 11. Influence of the temperature difference at the cell on the operating
condition of the compressor in case 1.

shown in Fig. 9. This also means that the redundant fuel after
the cell reaction increases, resulting in an increase of the tur-
bine inlet temperature as depicted in Fig. 10. The GT power is
proportional to the turbine inlet temperature. The net effect of
AT, on the compressor operation condition is shown in Fig. 11.
As examined in the previous section, the compressor operating
condition is determined mainly by the turbine inlet tempera-
ture. Thus, since the turbine inlet temperature increases as AT,
increases, the compressor discharge pressure tends to increase
(i.e., air flow decreases) with increasing AT, for a given cell tem-
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Fig. 12. Influence of the temperature difference at the cell on the hybrid system
efficiency in case 1.

perature. Consequently, even though a larger AT, improves both
the SOFC power and the GT power at a fixed cell temperature,
it reduces the limiting (maximum allowable) cell temperature,
considering the surge problem. In other words, the surge condi-
tion is approached with a lower cell temperature when the cell
is designed with a larger AT.

System efficiencies are compared in Fig. 12. For a fixed cell
design temperature, a design with a larger AT, exhibits higher
system efficiency due to the improved SOFC performance as
well as the larger GT power. It is equivalent to say that a larger
AT, requires a lower cell temperature to obtain the same system
efficiency. This result agrees with the previous analysis results
[3,9], where no constraints on the compressor operation have
been assumed. However, the results could be interpreted differ-
ently if we consider the practical limitation in the compressor
operation. In the limiting operating condition close to the surge,
the system efficiency of the design with a smaller AT is slightly
higher. More generally speaking, when all designs should meet
an equivalent surge margin, a smaller A7 allows higher system
efficiency due to a higher cell temperature. This can be illustrated
by comparing the system efficiencies at the original compressor
design points (i.e., with the same surge margin), also marked in
the figure.

The influence of AT, on the system design with a constant
cell voltage (case 2) is illustrated in Figs. 13—16. All results are
qualitatively similar to those of case 1. The major difference is
that the maximum cell temperature (1000 °C) can be designed
for all AT, values in this low cell voltage case because the tur-
bine inlet temperatures are far lower than those of case 1 for
all corresponding design conditions, and thus the surge problem
does not occur for all designs. With the smallest AT (100 °C),
even the original compressor design point cannot be achieved,
that is, the turbine inlet temperatures are very low. This results
in negative gas turbine power for all conditions. Therefore, with
alow cell voltage (0.65 V), AT of 100 °C does not provide any
synergetic hybrid system design. Thus, if the design cell voltage
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Fig. 13. Influence of the temperature difference at the cell on the SOFC power
in case 2.
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Fig. 14. Influence of the temperature difference at the cell on the turbine inlet
temperature in case 2.

is lower, a larger temperature difference at the cell is required to
achieve a hybrid system exploiting the synergetic combination
of the SOFC with the GT. Remembering that the smallest AT,
in case 1 fully enables hybrid system designs for a wide cell
temperature range, it can be concluded that a higher cell voltage
allows wider design options in terms of the temperature differ-
ence at the cell. The lower cell voltage results in lower system
efficiency when the design cell temperature is the same. How-
ever, if a design with an equivalent practical surge margin (the
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Fig. 15. Influence of the temperature difference at the cell on the operating
condition of the compressor in case 2.
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Fig. 16. Influence of the temperature difference at the cell on the hybrid system
efficiency in case 2.

original design point of the compressor for example) is consid-
ered, the system efficiency difference between case 1 and case
2 is substantially reduced.

4. Conclusions

This study has simulated design of a pressurized SOFC hybrid
system based on a fixed gas turbine design. The results are
summarized as follows:

(1) As the design cell temperature increases, both the turbine
inlet temperature and the pressure ratio increase, and system
power and efficiency also increase. Due to the existence of
pressure loss at the fuel cell, the turbine inlet temperature
at the original design point of the compressor is lower than
the design turbine inlet temperature. Thus, at the original
compressor design point, the produced gas turbine power is
far lower than the design power. The original design power
level of the gas turbine can be obtained only at extreme
operation conditions close to compressor surge.

(2) At a fixed cell temperature, a higher cell voltage provides
not only larger SOFC power but also larger gas turbine
power due to a higher turbine inlet temperature, and thus
enables higher system efficiency. However, considering an
equivalent surge margin (designed at the same compressor
operating point), the design cell temperature needs to be
lower as the cell voltage is higher. Thus, if the operating
limitation of the compressor is fully taken into account, the
efficiency advantage obtained with a higher cell voltage may
be lessened.

(3) For a fixed design cell temperature, a larger temperature
difference at the cell provides a larger gas turbine power
with the same cell temperature, thus providing higher sys-
tem efficiency. However, if the system is to be designed
with an equivalent surge margin of the compressor, a larger
temperature difference at the cell may exhibit lower sys-
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tem efficiency because the cell temperature needs to be far
lowered to meet the surge margin.

(4) A higher cell voltage allows a wider design options in terms
of the temperature difference at the cell than a lower voltage
does. In particular, if the cell voltage is low, the cell should be
designed to have a sufficient temperature difference in order
to achieve a meaningful hybrid system efficiency advantage
over the fuel cell only system.
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