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bstract

The purpose of this study is to compare the part-load performance of a solid oxide fuel cell/gas turbine (SOFC/GT) hybrid system in three
ifferent control modes: fuel-only control, rotational speed control, and variable inlet guide vane (VIGV) control. While the first mode maintains
constant air supply and reduces the supplied fuel to achieve part-load operation, the other modes are distinguished by the simultaneous controls
f the air and fuel supplied to the system. After the performance analysis of a SOFC/GT hybrid system under part-load operating conditions, it
as concluded that the rotational speed control mode provided the best performance characteristics for part-load operations. In spite of worse

erformance than the rotational speed control mode, the VIGV control mode can be a good candidate for part-load operation in a large-scale hybrid
ystem in which the rotational speed control is not applicable. It was also found that, in spite of a relatively small contribution to the total system
ower generation, the gas turbine plays an important role in part-load operation of a SOFC/GT hybrid system.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Solid oxide fuel cells (SOFCs) are promising power gener-
tion devices for various applications. Their high-temperature
haracteristics provide both high thermal efficiency and a high-
emperature exhaust gas, which can be used as a source of
eat or for additional power generation. SOFC technology has
ontinuously evolved during the last several decades. After the
uccessful development of a SOFC-based cogeneration system
y Siemens–Westinghouse, which used its commercially avail-
ble tubular SOFC [1], research efforts were extended to the
evelopment of SOFC/gas turbine (GT) hybrid systems [2,3].
he basic aim of the SOFC/GT hybrid system is to enhance the

hermal efficiency of a SOFC-based power system by combining
t with a gas turbine as the bottoming cycle.

The role of a gas turbine in a SOFC/GT hybrid system

s to use the high-temperature exhaust gas of the SOFC to:
1) produce additional electrical power and (2) supply air to
he SOFC. Siemens–Westinghouse developed a 220 kW-class

∗ Corresponding author. Tel.: +82 2 880 7434; fax: +82 2 889 6205.
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OFC/GT hybrid system in the early 2000s and also proposed
ybrid systems with different power classes [3,4]. The National
nergy Technology Laboratory (NETL) and the National Fuel
ell Research Center (NFCRC) led the American effort to
evelop SOFC/GT hybrid systems [5–8]. Concerns regarding
he hybrid system were extended to fuel cell companies, such as
olls–Royce, with their valuable recent progress [9,10]. Fuel-
ell Energy has successfully applied the hybrid concept to its
CFC-based power system [11,12].
Following the successful development of a 220 kW-class

OFC/GT hybrid system for distributed power generation, it
s desirable to extend the concept to large-scale power sys-
ems, such as multi-MW class systems, in the future. For this
urpose, Siemens–Westinghouse already studied the possible
pplications of the SOFC/GT hybrid system based on a com-
ercially available gas turbine for large-scale power generation

13].
Power generation systems, including the SOFC/GT hybrid

ystem, usually operate best at a specific design condition, but

ust also operate well under conditions that vary from the

pecific design condition. In the case of the SOFC/GT hybrid
ystem, its part-load efficiency is strongly influenced by the gas
urbine. In general, the performance of a gas turbine is rapidly

mailto:jlsohn@snu.ac.kr
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Nomenclature

A area (m2)
C heat capacity (W K−1)
Cp isobaric specific heat (W kg−1 K−1)
Cr the ratio of heat capacities
F Faraday constant (96,485 C mol−1)
G reduced air flow rate (Fig. 4)
j current density (A m−2)
LHV lower heating value (kJ kg−1)
ṁ mass flow rate (kg s−1)
N rotational speed (rpm)
NTU the number of transfer units
P pressure (Pa)
PR pressure ratio
TIT turbine inlet temperature (◦C)
U overall heat transfer coefficient (W m−2 K−1)
Ua air utilization factor
Uf fuel utilization factor
V voltage (V)
�V voltage loss (V)
Ẇ power (kW)
ż molar flow rate (kmol s−1)

Greek letters
ε effectiveness of heat exchanger
η efficiency

Subscripts
a air
act activation loss
c cell or compressor
comp compressor
d design point
f fuel
FC fuel cell
GT gas turbine
HS hybrid system
i chemical species
max maximum
min minimum
oc open-circuit
ohm ohmic loss
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and the indirect internal reformer before it enters the anode side
of the SOFC stack. The required heat and steam for the steam
reforming reactions in the pre-reformer are provided by recircu-
lating part of the anode off-gas. Here, the amount of recirculated
turb turbine

educed at part-load conditions, which, as a result, governs the
art-load efficiency of the entire SOFC/GT hybrid system. For
he part-load operation of a multi-hundred kW-class SOFC/GT
ybrid system, two kinds of control modes, namely, the fuel-
nly control mode and rotational speed control mode, were
roposed in previous studies [14,15]. It was concluded that the
otational speed control mode could provide better performance

han the fuel-only control mode [14,15]. Here, the fuel-only con-
rol mode involves manipulating the fuel supply to reduce the
enerated power while maintaining constant air supply. On the
ources 166 (2007) 155–164

ther hand, the rotational speed control mode involves control
f the supplied air by manipulation of the rotational speed of the
as turbine. In this case, the supplied fuel must also be manipu-
ated to maintain the same fuel–air ratio as that at the full-load
ondition.

In the case of a gas turbine, the rotational speed control mode
s only applicable to small gas turbines that have high speed
lternators and inverters capable of producing electric power
t various rotational speeds. The rotational speed control mode
annot be applied to the multi-MW class large-scale gas turbines
ecause they typically use gear boxes and synchronous genera-
ors that require constant rotational speed for all load conditions.
n this class of gas turbines, the variable inlet guide vane (VIGV)
ontrol mode is commonly used instead of the rotational speed
ontrol [16]. The role of the VIGV, which is installed in front
f a compressor, is simply to control the amount of air supplied
o the gas turbine operating at a constant rotational speed. The
IGV control mode can also be applied to small-scale gas tur-
ines if they need to be operated at a constant rotational speed
t part-load conditions.

The control modes of a gas turbine at part-load conditions
trongly impact the overall performance of a SOFC/GT hybrid
ystem. The purpose of this paper is to study the influence of
hree kinds of part-load control modes, as described above, on
he performance of a SOFC/GT hybrid system. For this pur-
ose, these three control modes were applied to a 220 kW-class
OFC/GT hybrid system, and its part-load performance charac-

eristics were investigated.

. System configurations

Fig. 1 shows the schematic diagram of the 220 kW-class
OFC/GT hybrid system considered in this study. Its specifi-
ations at the design-point condition are summarized in Table 1,
hich are quoted from the results of a previous study [17]. The

upplied fuel (methane) is reformed at both the pre-reformer
Fig. 1. Schematic diagram of the SOFC/GT hybrid system.
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Table 1
Specifications of the SOFC/GT hybrid system considered in Fig. 11

Parameter Value

Hybrid system
Ambient conditions (◦C, atm) 15.0, 1.0
System power (kW) 220.0

SOFC
Steam–carbon ratio 2.5
Fuel utilization factor 0.85
Average current density (A m−2) 3200.0
Fuel inlet temperature (◦C) 15.0

Gas turbine
Pressure ratio 2.9
Turbine inlet temperature (◦C) 840.0
Compressor efficiency (%) 78.0
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Turbine efficiency (%) 82.0
Recuperator effectiveness (%) 89.0

ff-gas is a function of the steam–carbon ratio tolerable to the
OFC stack. Part of the heat generated from the electrochem-

cal reactions in the SOFC stack is transferred to the indirect
nternal reformer. In the present study, the amount of this heat
s determined by assuming a constant cell temperature of the
OFC stack. Air is pressurized by a compressor, which is driven
y a turbine, and is then heated by a recuperator and supplied to
he cathode side of the SOFC stack.

Residual anode off-gas is mixed and burned with cathode
ff-gas in a combustor and the high-temperature exhaust gas
s supplied to the turbine for power generation. The exhaust
as from the turbine is used to warm up the supplied air in a
ecuperator.

Fig. 2 represents the schematic diagram of the recuperated
as turbine, which is the same type as the gas turbine adopted
n the SOFC/GT hybrid system shown in Fig. 1. This is com-
osed of a centrifugal compressor, radial turbine, combustor,
nd recuperator.

The SOFC-only system shown in Fig. 3 refers to the part
escribed as the “SOFC chamber” in Fig. 1, which is a combi-
ation of SOFCs and their related reforming units. All processes,
uch as the reforming reactions, the electrochemical reactions,

eat transfer, gas flow, and so on, in the SOFC-only system are
he same as those in the hybrid system.

Fig. 2. Schematic diagram of the recuperated gas turbine.
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Fig. 3. Schematic diagram of the SOFC-only system.

. Mathematical models and concepts of control modes

The generated power and thermal efficiency of the SOFC/GT
ybrid system considered in this study can be calculated as
ollows:

˙ HS = ẆFC + ẆGT (1)

HS = ẆHS

ṁf(LHV)f
(2)

ith

˙ FC = VcjAc (3)

nd

˙ GT = Ẇturb − Ẇcomp (4)

n the other hand, the thermal efficiency of the SOFC-only
ystem is described below

FC = ẆFC

ṁf(LHV)f
(5)

s noted in Eqs. (2) and (5), the thermal efficiencies of both
he hybrid and SOFC systems are defined based on the lower
eating value of the supplied fuel.

The reforming and electrochemical reactions considered in
his study are as follows:

Reforming reactions:

CH4 + H2O ↔ CO + 3H2 (6a)

CO + H2O ↔ CO2 + H2 (6b)

Electrochemical reactions:
H2 + 1

2
O2 → H2O (7a)

CO + 1

2
O2 → CO2 (7b)
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he supplied fuel is reformed to hydrogen and carbon monox-
de by steam reformations such as fuel reforming reaction of
ethane and water–gas shifting reaction of carbon monoxide

Eq. (6b)) in the pre-reformer, the internal reformer, and the
node of the SOFC. The reforming reactions are assumed to
ccur under chemical equilibrium conditions. In particular, both
he steam reforming and the electrochemical reactions occur in
he anode chamber at the same time. Both hydrogen and car-
on monoxide introduced from the internal reformer take part
n the electrochemical reactions in the anode, and unreformed

ethane in the internal reformer and part of carbon monoxide
re reformed to hydrogen in the anode of the SOFC.

The current density of the fuel cell can be expressed as a
unction of the fuel consumed by the electrochemical reactions:

= 2Fż

Ac
= 2F (żH2 + żCO)

Ac
(8)

o calculate the power generated by the fuel cell (Eq. (3)), under
he assumption of negligible concentration losses in the range
f the current density considered in this study, the cell voltage
an be obtained according to the calculation below

c = Voc − (�Vact + �Vohm) (9)

ere, for the calculation of the activation and ohmic losses, the
ame mathematical models described in Song et al. [17] were
sed in this study.

The part-load operation of a SOFC/GT hybrid system means
hat the system is operated at a power level lower than the power
enerated at its design-point condition. The power of a SOFC
an be reduced mainly by reducing the amount of supplied fuel.
nder the assumption of a constant fuel utilization factor (Uf)

t part-load operating conditions, the consumed fuel by a SOFC
s proportional to supplied fuel as follows:

˙ = Ufṁf (10)

he reduction of supplied fuel to the SOFC decreases the fuel
onsumption and then, reduces the current density. Another
mportant parameter at part-load operation of a SOFC is the air
tilization factor (Ua) which strongly influences the cell tem-
erature. On the other hand, in the case of a gas turbine, its
enerated power is mainly proportional to the amount of sup-
lied air. Also, the fuel–air ratio, which is closely related to the
urbine inlet temperature, is another important parameter related
o part-load operation of a gas turbine. Therefore, for part-load
peration of a SOFC/GT hybrid system, it is very important
o consider performance characteristics according to different
ontrol strategies for the supplied fuel and air.

The recuperator shown in Figs. 1 and 2 play an important role
n preheating the air supplied to the system. Its effectiveness sig-
ificantly influences the system efficiency and can be calculated
y the effectiveness-NTU method during off-design operation

f the hybrid system, which is defined as

= 1 − exp[(Cr − 1)NTU]

1 − Cr exp[(Cr − 1)NTU]
(11)

a
w
p
t

ources 166 (2007) 155–164

here

TU ≡ UA

Cmin
(12)

nd

r ≡ Cmin

Cmax
(13)

ere, the number of transfer units (NTU) is a dimensionless
arameter widely used for heat exchanger analysis. The Cmin and
max mean the heat capacities of the cold and hot gas streams,

espectively, entering the recuperator. During part-load opera-
ion, these heat capacities are dependent on the temperature and
pecies of each stream as shown in the following equation:

=
∑

i

[ṁ Cp(T )]
i

(14)

herefore, the changes of both the temperatures and com-
ositions of gas streams directly influence the recuperator
ffectiveness. The decrease in the air flow rate has a predomi-
ant role in enhancing the recuperator effectiveness because the
verall heat transfer coefficient U can be expressed as a function
f the air flow rate.

If the amount of supplied fuel is reduced during part-load
peration under the fuel-only control mode, the SOFC power
ill be decreased due to reduction of electrochemical reactions

n the SOFC. In addition, reduced fuel also influences the cell
emperature, which is the most important parameter related not
nly to the SOFC power but also to the power generated by the
ntire SOFC/GT hybrid system. Low cell temperature decreases
he turbine inlet temperature and therefore, reduces power gen-
ration and thermal efficiency of the gas turbine. The decrease
n turbine inlet temperature reduces the turbine expansion capa-
ility and decreases the gas turbine’s performance because of
he link between the compressor and the turbine.

To minimize the efficiency loss caused by reduction of the
upplied fuel, the simultaneous reduction of both the supplied
ir and fuel is commonly adopted, as briefly described above. If
he amount of supplied air can be reduced by keeping the same
uel-air ratio as that at the full-load condition to maintain the cell
emperature as high as possible, the efficiency loss of the SOFC
an be minimized. This strategy also helps to minimize the drop
n the turbine inlet temperature, which is closely related to the
as turbine’s performance.

For reduction of the supplied air to the SOFC/GT hybrid sys-
em in Fig. 1, two kinds of control modes are considered in this
tudy: the reduction in the rotational speed of the gas turbine
i.e., rotational speed control mode) and the reduction in the air-
ntering area of the compressor inlet by the change in the VIGV
ngles (i.e., VIGV control mode). These control modes require a
areful consideration of the impact on the compatibility between
he compressor and turbine. In the case of the SOFC/GT hybrid
ystem, since operation of the gas turbine depends on the oper-

tional characteristics of the SOFC, it is necessary to ascertain
hether the turbine inlet temperature obtained from the com-
ressor and turbine characteristic maps is compatible with the
emperature of the hot gas exhausted from the SOFC chamber.
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turbine as shown in Fig. 5. Fig. 7 represents the operating paths
of a compressor for three different control modes. In spite of
the similar patterns of the decreasing pressure ratio due to two
J.S. Yang et al. / Journal of Po

hese temperatures, therefore, can be matched by manipulating
he fuel flow rate.

As well-known from gas turbine theory, manipulating the
otational speed for reduction of the air supplied to a gas turbine
hanges both the pressure ratio and the isentropic efficiency of
compressor. In the VIGV control mode, it also changes the

erformance characteristics of the compressor. The influence of
he change of compressor performance on the gas turbine oper-
tion can be determined by the compatibility analysis described
n Saravanammuttoo et al. [18]. In this study, the performance
nalyses of the SOFC/GT hybrid system in Fig. 1 at part-load
perating conditions were conducted by solving the mathemat-
cal models described above and analyzing the compatibility of
gas turbine. For simplicity, it is assumed in this study that the

uel utilization factor, defined as the ratio of the fuel consumed
y the SOFC to the fuel supplied to the system, is constant for
ll control modes.

. Results and discussion

.1. Part-load performance characteristics of the gas
urbine

Prior to the performance analysis of the SOFC/GT hybrid
ystem, the performance characteristics of the two independent
ubsystems, the gas turbine and the SOFC-only system, are
nvestigated. For the performance analysis of the recuperated
as turbine as shown in Fig. 2, the performance characteristics
f both the compressor and the turbine at part-load conditions
re needed. For this purpose, the performance characteristic
urves of a centrifugal compressor and a radial turbine devel-
ped by Zhang and Cai [19] were adopted. The influence of
he VIGV angles on the compressor performance was calcu-
ated by the method described in Kim [20] and their results
re shown in Fig. 4, which represent deviations of the com-
ressor performance according to different VIGV angles. These
esults show that the VIGV angles significantly influence the
arameters related to compressor performance.

Fig. 5 represents the result of the performance analysis of
he gas turbine shown in Fig. 2 for three different part-load con-
rol modes. In the case of the fuel-only control mode, the turbine
nlet temperature decreases rapidly with reduced power, and this
ecrease is the main cause of the efficiency drop at part-load con-
itions. Efficiency drop in the fuel-only control mode becomes
ore severe as the rotational speed decreases. On the other hand,

n the case of the rotational speed control mode, it is possible
o minimize the decrease in thermal efficiency within a certain
ange of reduced power conditions if the turbine inlet tempera-
ure is maintained at the same value as that at the full power
ondition. In the VIGV control mode case, the performance
egradation of the gas turbine at part-load operational condi-
ions is larger than that in the rotational speed control mode, but
maller than that in the fuel-only control mode. It is interesting

o note from Fig. 6 that both the rotational speed control and
IGV control modes are useful for the reduction of the supplied

ir at part-load operation of the gas turbine. The smallest fuel
onsumption in the rotational speed control mode at part-load

F
c

ig. 4. Performance characteristics of the centrifugal compressor in the gas
urbine with different VIGV angles.

onditions is related to the high thermal efficiency of the gas
ig. 5. Thermal efficiency of the recuperated gas turbine at part-load operating
onditions.
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ir/fuel control strategies at part-load operations, the compres-
or’s isentropic efficiency in the rotational speed control mode
s higher than that in the VIGV control mode and therefore, the
ormer shows better efficiency than the latter. In the case of the
uel-only control mode, in spite of the high pressure ratio and
sentropic efficiency of the compressor, the rapid drop in turbine
nlet temperature, as shown in Fig. 8, results in large gas turbine
fficiency drop at part-load conditions.

.2. Performance characteristics of the SOFC-only system

Next, the part-load performance of the SOFC-only system
escribed in Fig. 3 is investigated. For this purpose, two kinds
f options to control power production are considered in this
tudy: fuel-only control and air/fuel control modes. In the case
f the fuel-only control mode, the amount of supplied fuel is
educed as the same air supply as that at the full power condi-
ion is maintained. On the other hand, an air/fuel control mode,
hich is equivalent to the rotational speed control and VIGV
ontrol modes in a gas turbine, means the reduction of supplied
ir simultaneously with the reduction of supplied fuel. In this
ase, the air utilization factor, defined as the ratio between the
onsumed and supplied air, is assumed to be constant during

ig. 6. Air and fuel flow rates at part-load conditions of the recuperated gas
urbine.

F
t

p
c
S
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F
o

ig. 7. Operating lines of the centrifugal compressor in the gas turbine with
hree different part-load control modes.
art-load operations. Also, to maintain the same operating con-
ept as that in the hybrid system, the exhaust temperature of the
OFC-only system at part-load conditions is the same as that
t the full power condition as shown in Fig. 9(a). The lower

ig. 8. Turbine inlet temperature of the recuperated gas turbine at part-load
perating conditions.
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modes, when the air supply is reduced in either the rotational
speed or VIGV control modes at part-load operating conditions,
the supplied fuel is simultaneously reduced to maintain the same
turbine inlet temperature as that at the full power condition. On
ig. 9. Exhaust and cell temperatures of the SOFC-only system at part-load
perating conditions.

ell temperature of the fuel-only control mode in Fig. 9(b) is
elated to the increased excessive air due to constant air supply.
ig. 10(a) shows that the current density of the air/fuel control
ode is lower than that of the other case. This is only influenced

y the fuel supplied into the anode chamber because the fuel
tilization factor is kept constant during part-load operation.
he cell voltage in the air/fuel control mode increases due to

he influences of both the high cell temperature and low current
ensity as the SOFC power decreases (Fig. 10(b)). As a result,
t is shown in Fig. 11 that the SOFC efficiency in the air/fuel
ontrol mode at part-load conditions is higher than that in the
uel-only control mode. The increased thermal efficiency of the
ir/fuel control mode is caused by the increase in cell voltage.
he supplied air in a SOFC power system cannot be manipu-

ated because the air-supply unit is not included in this system.
he influence of the air-supply methods can be investigated in

he SOFC/GT hybrid system.

.3. Performance characteristics of the SOFC/GT hybrid

ystem

Fig. 12 shows the operational concepts of three different part-
oad control modes of the SOFC/GT hybrid system. For the

F
c

ig. 10. Performance characteristics of the SOFC-only system at part-load con-
itions.

ir/fuel control cases, i.e., the rotational speed and VIGV control
ig. 11. Thermal efficiency of the SOFC-only system at part-load operating
onditions.
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ig. 12. Turbine inlet temperature of the SOFC/GT hybrid system at part-load
perating conditions.

he other hand, in the case of the fuel-only control mode, due to

he reduction in the supplied fuel without air supply control, the
urbine inlet temperature decreases during part-load conditions.

As shown in Fig. 13, different control modes change the
mount of power produced by the gas turbine and the SOFC.

ig. 13. Power generated from gas turbine and SOFC in the SOFC/GT hybrid
ystem.
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n the case of the fuel-only control mode, the reduction in power
roduced by the gas turbine at part-load conditions is smaller
han that of the other two cases because of the small change in
he supplied air. The reason why the rotational speed control

ode produces more gas turbine power than the VIGV control
ase is closely related to the change in the isentropic efficiency
f the compressor, which dominantly influences the gas tur-
ine performance as described earlier. With a required power
evel at part-load operating conditions, the difference between
he required power and produced power of the gas turbine is
he power produced by the SOFC. Fig. 14 shows the patterns
f the power split ratio, defined as the ratio of the gas turbine
ower to the SOFC power, at part-load conditions. In the fuel-
nly control mode, the power split ratio increases as the total
roduced power is reduced because the SOFC power is reduced
ore rapidly than the gas turbine power during part-load oper-

tion. In the cases of air/fuel control modes, the power split
atio decreases with the reduced total power and, therefore, the
nfluence of the gas turbine performance on the hybrid sys-
em becomes less dominant than that in the fuel-only control

ode.
Fig. 15 shows the change in the thermal efficiency of the

OFC/GT hybrid system at part-load operating ranges. The
as turbine enhances the thermal efficiency about 5–10% for
ll operating conditions. The worst efficiency of the fuel-only
ontrol mode is closely related to the decreased cell tempera-
ure of the SOFC and, as a consequence, the low turbine inlet
emperature of the gas turbine. It is also significantly related
o the relatively high power split ratio as described above. The
ir/fuel control modes do not significantly influence the SOFC
fficiency. However, they have a strong influence on the perfor-
ance of the SOFC/GT hybrid system as a whole. This means

hat the part-load efficiency of the SOFC/GT hybrid system is
nfluenced by the change in the performance characteristics of
he gas turbine. The part-load efficiency of the VIGV control

ode is much higher than that of the fuel-only control mode.

his result shows that the VIGV control mode can be an alter-
ative to the variable speed control mode, especially when the
W-class SOFC/GT hybrid system, which requires a large-

Fig. 14. Power split ratio of the SOFC/GT hybrid system.
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ig. 15. Thermal efficiency at part-load operating conditions of the SOFC/GT
ybrid system.

cale gas turbine operating at a constant speed during part-load
peration, is considered.

. Conclusions

Based on the results of the performance analysis of the
OFC/GT hybrid system under part-load operating conditions
ith three different control modes, some important conclusions

re reached as follows.
Although the power generated by a gas turbine is much

maller than that generated by a SOFC, the gas turbine plays
n important role in the part-load operations of a SOFC/GT
ybrid system. Therefore, it is necessary to choose the appro-
riate control mode to improve part-load efficiency. For this
urpose, it is important to maintain the cell temperature and
urbine inlet temperature as high as possible. For this purpose,
he simultaneous controls of both the supplied fuel and air are
equired for part-load operation at high efficiency. The air/fuel
ontrol modes also reduce the relative amount of power gener-

ted by the gas turbine under part-load operating conditions. Of
hese modes, the rotational speed control mode provides better
erformance than the VIGV control mode. The performance dif-
erence between the two air/fuel control modes is closely related
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o the pattern of the compressor isentropic efficiency of the gas
urbine.

Although the VIGV control mode produces worse part-
oad system efficiency than the rotational speed control mode,
t can be a good candidate for use in MW-class SOFC/GT
ybrid systems where the rotational speed control cannot be
sed.
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