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component, specifically for SOFC and a combustor that is located downstream of the cell stack. The exergy
destruction and efficiency of each component are derived and presented. Furthermore, the overall system
is analyzed and its exergy efficiency, as well as exergy destruction, is computed. An assessment of the cycle
is performed for an actual system and the results for certain operating conditions are compared with past
published results. The comparisons provide useful verification of the thermal simulations in the present
work. Further outcomes indicate that increasing the turbine inlet temperature (TIT) results in decreasing
the exergy and thermal efficiencies of the cycle, whereas it improves the total specific power output. Also,
an increase in either TIT or compression ratio (rp) leads to a higher rate of exergy destruction of the plant.
A comparison between the GT-SOFC plant and a traditional GT cycle, based on identical operating condi-
tions, is also made. The superior performance of a GT-SOFC, in terms of thermal and exergy efficiencies,
over a traditional GT cycle is evident: 26.6% and 27.8% better exergetic and energetic performance, respec-
tively, than a traditional GT plant. In this case, the exergy and thermal efficiencies of the integrated cycle

become as high as 57.9% and 60.6%, respectively, at the optimum compression ratio.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The concept of using a gas turbine power plant (GTPP) in an
integrated cycle with a solid oxide fuel cell (SOFC) has been well
known for many years. A literature survey indicates that the concept
was initially analyzed by Ide et al. [1], who compared the net plant
efficiencies of three types of fuel cell power generation systems,
including an SOFC, operated at an elevated pressure that consisted
of a natural gas reformer, a fuel cell unit and a power recovery
gas turbine. The efficiency losses of power generation processes
are largely due to the highly irreversible fuel combustion. This effi-
ciency can be improved if immediate contact between air and fuel
is prevented, as it occurs in fuel cells [2].

Theoretical studies of combined SOFC and gas turbine
(SOFC-GT) cycles have attracted increasing attention worldwide
by researchers. There are several other previous works in the
literature involving the thermodynamics analysis, design and per-
formance modeling. A comprehensive study was carried out by
Massardo and Lubelli [3], who investigated the performance of
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internal reforming solid oxide fuel cell (IRSOFC) and GT combined
cycles. They developed a mathematical model that simulated the
fuel cell steady-state operation.

Costamagna et al. [4] examined the design and analysis of a
hybrid system (HS), based on the coupling between a recuperative
microgas turbine (MGT) with a high-temperature SOFC reactor. The
SOFC performance was presented and discussed. Additional past
work on modeling and performance analysis of hybrid systems was
documented by Chan et al. [5,6], Calise [7], Yang et al. [8], Araki
et al. [9], Park et al. [10] and Granovskii et al. [11]. Most of these
past works emphasize the modeling of SOFC performance. A recent
study by Granovskii et al. [11] has included the exergy analyses
for two SOFC-gas turbine systems to determine their efficiencies
and capabilities of generating power at different rates of oxygen
transport through the SOFC electrolyte (ion conductive membrane).
Moreover, in past work of Cocco and Tola [12], a comparative perfor-
mance analysis of SOFC-MGT power plants fuelled by methane and
methanol was reported. A useful set of correlations was developed
to allow direct evaluation of the voltage of the SOFC stack under
known operating conditions.

As mentioned earlier, the thermal efficiency of a traditional GT
plant has significant losses due to the high irreversibility within the
combustion chamber. A fuel cell GT hybrid system represents an
emerging technology for power generation, because of its higher
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Nomenclature

A constant in Eq. (7)

Ac cell area (cm?)

B constant in Eq. (9)

E Nernst potential or open circuit voltage (V)
et chemical exergy of fuel (k]/kg)

et physical exergy of fuel (k]/kg)

ex specific exergy flow (kJ/kg)

EO ideal cell voltage at standard conditions (V)
Ex,dest exergy destruction rate (kW)

F Faraday constant (96485 C/mole)

h Enthalpy (k]J/kg)

1 current (mA)

j current density (mA/cm?)

Jjo exchange current density (mA/cm?)

J1 limiting current density (mA/cm?)

LHV lower heating value (kJ/kg)

m mass flow rate (kg/s)

P pressure (kPa)

0] heat transfer rate (kW)

chn,FC heating rate generated within the cell stack (kW)
R universal gas constant (8.314 J/mole K)

[ compression ratio

STCR ratio of number of moles of steam to carbon
T temperature (K)

TIT turbine inlet temperature (K)

To reference temperature (K)

Tsink cold sink temperature (K)

Uy fuel utilization factor

Vv voltage (V)

174 power (kW)

WFc,dc DC power output of the cell stack (kW)

Whet net power output of the plant (kW)

Greek letters

y ratio of specific heats
AV)pss  sum of the voltage losses due to irreversibilities
n efficiency

A stoichiometric
Superscript

cyc cycle

Subscripts

act activation

c cell

Comb  combustor

conc concentration

ex exergy

FC fuel cell

Gen generator

in inlet

invert DC-AC inverter

ohm ohmic

out outlet

PT power turbine

th thermal

energy conversion efficiency, low environmental pollution and
potential use of renewable energy sources as fuels [13]. Various val-
ues have been reported for the thermal efficiency of such systems
in the archival literature. They vary depending upon the configura-

tion and proposed layout of the hybrid system. However, a review
of past work indicates an efficiency of up to 60% can be achieved
with an integrated cycle. Table 1 summarizes different values of
thermal efficiency, which are obtained from studies of different
researchers.

To the best knowledge of the authors, however, there is very
limited data involving the exergy performance of such systems.
Examples are past works of Calise et al. [7,20], Granovskii et al.
[11] and Rao and Samuelsen [17]. In contrast to their past work,
this paper aims at performing an exergy analysis of a recupera-
tive GT combined with an SOFC. The integrated GT-SOFC layout
is schematically depicted in Fig. 1. It is composed of six compo-
nents: (1) air compressor, (2) recuperator, (3) high-temperature
solid oxide fuel cell (SOFC), (4) combustor, (5) gas turbine, and (6)
power turbine. The corresponding temperature-entropy diagram
of the process is shown in Fig. 2, in which typical values of mass
flow rate, temperature and pressure of the working fluid at vari-
ous points of a GT-SOFC plant, operating at the optimum point, are
also given. Energy and exergy balance equations of each component
will be derived and then linked. Furthermore, energy and exergy
balance equations of the entire system are obtained, based on our
earlier paper [30], which looks into the combined system from
the entropy generation viewpoint. The current study allows us to
investigate effects of various performance parameters, such as the
compression ratio (rp) and turbine inlet temperature, on the ther-
mal and exergy efficiencies. The analysis also enables us to observe
the contribution of each component to the total irreversibilities of
the system.

2. Energy and exergy formulations of system components

The thermodynamic performance of each of the components in
the preceding section will be analyzed in this section. The energy
and exergy balance equations are derived under the assumption of
steady flow for the entire cycle. The main stream of the working
fluid at different states of the cycle is shown in Fig. 2 (states 1-8).
Air is approximated as an ideal gas.

2.1. SOFC

The fuel utilized to supply the system is methane (CHg), with
a lower heating value of 50,050 k]/kg [23]. The following electro-
chemical reactions occur within the anode and cathode of the fuel
cell (e.g., [24,25]):

H; + O — H;0 + 2e~
Anode : CO + 0~ — CO; + 2e~ (1a)
CH4 +40~ — 2H;0 — +CO; + 8e~

Cathode : 10, +2e~ — 0 (1b)

In practice, insignificant direct oxidation of the CO and CH4 may
occur. It is common in a system analysis to assume that H, is pro-
duced by CO and CHy4 reacting, at equilibrium, with H,O through
the water gas shift and steam reforming reactions, respectively. The
direct oxidation can be important under certain conditions, such as
the entrance of a fuel cell. The degree to which an anode supports
direct oxidation will then impact the degree of pre-reforming of the
fuel that is required, which in turn typically impacts the balance of
plant complexity and cost [24].
The net cell reaction is thus written as

CH4 +205 — CO, +2H,0 (2)

The solution of the overall mass and energy balances of the fuel
cell requires the evaluation of both the voltage and the current
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Table 1
Survey of thermal efficiencies of combined SOFC-GT plants in past literature.
Efficiency System configuration Reference

68.1 Pressurized cycle using an SOFC and integrated GT bottoming cycle Harvey and Richter [2]

60.0 Gasification process linked with an SOFC and GT Lobachyov and Richter [14]
70< Pressurized SOFC-GT cycle with a heat recovery bottoming cycle Campanari and Macchi [15]
60< Recuperated microgas turbine (MGT) with a high-temperature SOFC Costamagna et al. [4]
60< SOFC stack, combustor, GT, two compressors and 3 recuperators Chan et al. [5]

60.0 50 kW microturbine coupled with a high-temperature SOFC Massardo et al. [16]

66.2 Pressurized tubular SOFC combined with an intercooled-rehear GT Rao and Samuelsen [17]

69.1 Humid air turbine (HAT) cycle incorporated with the above cycle Rao and Samuelsen [17]

76 Dual SOFC-HAT hybrid cycle Rao and Samuelsen [17]
60< Internal-reforming (IR) SOFC-GT power generation system Chan et al. [6]

70.6 Combined SOFC-GT system with liquefaction recovery of CO, Inui et al. [18]

65.0 30-kW wGT-SOFC hybrid system Uechi et al. [19]

65.4 IR tubular SOFC-GT plant with 3 heat exchangers and mixers Calise et al. [7]

60.0 1.5 MW integrated IRSOFC with two GTs and one HRSG Calise et al. [20]

56.1 Two-staged low and high-temperature SOFC power generation cycle Araki et al. [9]

68.5 Multi-staged SOFC/gas turbine/CO, recovery power plant Araki et al. [21]

59.4 Recuperated GT integrated with SOFC Tse et al. [22]

68.7 Recuperated GT with compressor air intercooling and two SOFCs Tse et al. [22]

produced by the stack. The reversible cell voltage, E, is defined by
the Nernst equation as (e.g., [24,25])

RT Pcy, P3
E=E04 o In| — 22 (3)
8F PCOZPHZO

where EY is the ideal cell voltage at standard conditions (i.e.,
298.15K and 1 bar), R is the universal gas constant, T is the stack
temperature, and F denotes the Faraday constant (96,485 C/mole).
The Nernst equation provides a relationship between the ideal
standard potential, i.e. E?, for the cell reaction and the ideal
equilibrium potential, i.e., E, at other temperatures and partial
pressures of reactants and products. Once the ideal potential at
standard conditions is known, the ideal voltage can be determined
at other temperatures and pressures through Eq. (3). Typical ideal
voltage values for an intermediate-temperature SOFC operating
at 800°C and a high-temperature SOFC operating at 1100°C are
0.99V and 0.91V, respectively [24,25]. The calculated fuel cell
voltage from Eq. (3) is obtained for an open circuit system. When
the current produced by the cells is used for the external load,
additional losses must be taken into account.

By defining the current density, j, as the rate of electron trans-
fer per unit activation area of the fuel cell, the DC electric power
produced by the fuel cell can be expressed by

— Process flow path
—— Isobar line
------ Isentropic process

M [kg/s] 64.203
T K 1101.7
P [kPa] 189

Temperature (K)

2s

1 4.123
288
101.3

Entropy (J/kg. K)
Fig. 2. T-S diagram of a GT-SOFC cycle corresponding to Fig. 1.
where V. represents the cell voltage, which is the difference

between the open-circuit voltage, obtained from Nernst equation,
and voltage losses in the fuel cell, i.e.,

Ve=E- AVloss (5)

where AV is the sum of the voltage losses due to irreversibilities
in the fuel cell that include activation polarization, ohmic losses and

Wec gc = VoA (4)
Recuperator

8 <
f— i

NS,

1

3

2 SOFC

Fuel (CH,)

Combustor
4

b  Compressor

Air

O,

Gas Turbine

Power Turbine

Fig. 1. Schematic of combined gas turbine power plant with SOFC.
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concentration losses.

AViss = Vact + Vohm + Veone (6)
_ j
Vact =Aln (*) (7)
Jo
Vohm = jr (8)
Veonc = —B In ( — i) 9)
J1

The constant A is higher for an electrochemical reaction that is slow
and it is proportional to temperature. The current density, jg, is the
current density at which the overvoltage begins to move from zero
[26]. The current density is given in units of mAcm~2, so the area-
specific resistance, r, is given in kQ cm?. Eq. (7) is, for instance,
utilized in the of Calise et al. [20] and Kuchonthar et al. [27] to
evaluate activation loss, whereas Chan et al. [5], Calise et al. [20]
and Kuchonthar et al. [27] have used Eq. (9) for determining the
concentration loss in their studies.

At a high operating temperature of the SOFC, the concentration
loss can be neglected because diffusion is a very efficient process.
Massardo and Lubelli [3] provided correlations to evaluate polar-
ization and ohmic losses, which were employed in a recent study
by Park et al. [10]. The actual cell voltage V. depends upon oper-
ating parameters like the current density, operating pressure and
temperature, etc. The Fuel Cell Handbook [24] includes empirical
correlations that relate the performance of an SOFC to these param-
eters. For example, the following equation approximates the effect
of pressure on cell performance at 1000°C:

AVp(mV) = 59 In (ﬁl) (10)
1

where P; and P, are different cell pressures. In addition, the depen-
dence of the SOFC performance on temperature is expressed by

AVT(ITIV) = 0008(T2 —T )_] (11)

These equations are useful tools to evaluate the actual cell voltage
at various operating conditions.

There will be some heat generation within the cell stack, due
to the irreversibilities mentioned earlier. The following equation
may be used to determine the rate of heat generated within the
cell stack:

QGen,Fc = IAVigss = JAC(E — Vo) x 107%  [kW] (12)

The oxygen used in the reaction of Eq. (2) will be normally derived
from air. The airflow is usually well above the stoichiometric
amount, typically twice higher. If the stoichiometric ratio is A, then
the following equation gives the mass flow rate of air usage (e.g.,
[26]):

7%
Airusage = 3.57 x 1077 x A x ;7““ [kg/s] (13)
C
The mass balance for this system gives
Zmass flows = Zmass flows (14)
in out
Thus,
13 +Mfyel e = Mg = M3 +Mfyel e X UptMigger e x (1 — U) (15)

where Ur denotes the fuel utilization factor, so that the last term
on the right side of the above equality represents the non-reacted
mass flow rate that leaves the fuel cell downstream of the products.
We can now apply the first law of thermodynamics to the SOFC,

assuming an adiabatic process, which yields
13h3 + Mgyel pc X Up x LHV + it re X (1 — Up)hgyel,in
—Wrcae —ghy =0 (16)

where LHV is the lower heating value of the fuel. Additionally, we
can proceed with one more step to write the exergy balance equa-
tion of the SOFC as follows:

. . PH |, . CH
Mm3ex3 + Meye rc€p - + Megel rcUres — Maexq
- WFC,dc — Ex,dest,FC = 0 (17)

where ef*! and efH denote, respectively, the physical and chemical
exergy of the fuel utilized.
Hence, the exergy efficiency of the cell is evaluated as follows:

Wec,dc
- PH - CHY _ (17 -
(Mfyel,Fces + Mpgel rcUser ) — (1Mgexq — 1M3ex3)

Tex,FC = (18)

2.2. Combustor

The working fluid of the cycle with products from the fuel cell is
further heated within the combustor. Considering that non-reacted
flow of fuel from the SOFC is burnt in the combustor, the mass
balance of the combustor yields

(3 4 Mgyel rcUr) + Miyel rc(1 — Ur) + Mgel, comb
= Th4 + mfuel,Cv;)mb = m5 (19)

The first law of thermodynamics for the combustor can be
expressed as

(3 + Ut x tiigyer, ) + Qcomb — Mshs — Qiess = 0 (20)
where
QComb = [mfuel,FC x(1— Uf) + mfuel,Cornb] x LHV (21)

Qloss = [mfuel,FC x (1 -Us) + mfuel,Comb] x (1 = nNcomp) x LHV

(22)
and 7ncomp represents the efficiency of the combustor.
The exergy balance equation can be written as
Maexs + Meger, e % (1 — Upeft + Mgyer comb(ef + efH) — msexs
- (] - T::k> Qloss - .X,dest,Comb =0 (23)

The fifth term on the left side of the above equation (exergy rate due
to the heat lost) will be zero when T, = Tg;, .. The exergy efficiency
of the combustor can be now written as

Msexs — Mgexa
TMyel,Fc % (1 - Uf)efCH + mfuel.Comb(e?H + efCH)

Nex,Comb = (24)

2.3. Formulations for the compressor, turbine and recuperator

Thermodynamic models of the compressor, turbine and recu-
perator are commonly available in standard thermodynamics
textbooks, such as Ref. [23]. The final equations of exergy destruc-
tion and exergy efficiencies are listed in Table 2 as part of this
analysis. These equations will be utilized in the system analyses
and calculations, which will be presented in Section 4.
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Table 2
Exergy destruction and efficiency equations of compressor/turbine/recuperator.
Compressor Exergy destruction Ex_dest,c = We — iy (exa — ex) (25)
Exergy efficiency Nexe.C = BCn =Eg) (e"‘;; ex1) (26)
C
Recuperator Exergy destruction Ex dest.c = 17 (ex7 — exs) — 13(ex3 — €xz) (27)
Exergy efficiency Nexe,Recup = M (28)
) my(ex —exs)
Gas turbine Exergy destruction Ex dest.cr = 1115 (€xs — €xs) — War (29)
N . _ WGT
Exergy efficiency 77exe.GT = Foles -] (30)
Power turbine Exergy destruction Ex dest.pT = me(gxs —ex7) — Wpr (31)
: Wer
E ffi exe,PT = ——————— 32
xergy efficiency Mexe T = e (32)
2.4. Overall balance equations for the cycle where
The integrated gas turbine power plant with an SOFC in Fig. 1 my =1y =13 (34)
may be analyzed as a control volume, as shown schematically in . . . 35
Fig. 3, which shows the inlet and outlet flows (including mass flow, Mfuel = Mfuel, FC + Mfuel, Comb (35)
heat and work? at the boundary gf the system. The mass balance Iig = 1y = fitg = tits (36)
for the system is written as (see Fig. 3a):
The overall energy balance of the system gives
11y + Migye] — g = 0 (33) ) ) ) ) .
m1hy + Meger, e x Ur x LHVep, 4 Qeomb — 1ghg — Qjoss
—Wecde — Wer =0 (37)
Wi‘l‘u WGm . . . .
where Qcomp and Qjqss are previously defined in Egs. (21) and (22),
respectively. The total thermal efficiency of the GT-SOFC plant is
@ 1 | defined as the ratio of the network output to the total rate of energy
W W o) input to the system, i.e.,
FC.de PT Loss
W,
T n(tik}llc — - net (38)
Qrot
L B . where
““n e Whet = WFC,ac + WGen (39)
11,1 — Boundary of system —pp 111,11 . p
L ~ o WFC,ac = ninvertWFC,dc (40)
,// e WGen = 77GenVlVPT (41)
7 A
Qtot = Mfyer,rc X Ur x LHVey, + Qcomb (42)
i, . x U, x LHV,, _T L O Here 7jnyert denotes the DCTAC inverter efficiency and nge, repre-
’ ' sents the AC generator efficiency.
T, The exergy balance equation of the system can be derived in a
(b) W, 1- G Qi =0 similar manner according to Fig. 3b, which illustrates the inlet and
T outlet sources of exergy of the GT-SOFC cycle.
rhlexl + mfuel(e?H + efCH) - m8€x8 - Wnet - Ex.dest =0 (43)
A ’,x' The exergy destruction of the entire cycle is the sum of exergy
TR destroyed in components from Eqgs. (17), (23), (25), (27), (29) and
. 3 ’ . (31), as well as exergy destruction due to inverting DC power from
11, | m— — . . .
o Bounc{ary o siystem M€ s the fuel cell into AC power, and exergy destruction due to transmit-
T ting the turbine power output to the generator.
g Tl The exergy efficiency of the plant is the ratio of the net exergy
e b recovered to the supplied net exergy into the system, i.e.,
W,
cyc net
1 Nex = =——pH  .cHY (44)
ex mfuel(ell:H + eFH)
el +el")

Fig. 3. GT-SOFC cycle from Fig. 1 as a control volume for the overall (a) energy
balance and (b) exergy balance.

In the following section, results of these formulations will be
presented and analyzed for typical operating conditions of the com-
bined cycle.
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Table 3
Main operating parameters of the GT-SOFC plant.

Gas turbine cycle

Compressor efficiency (1comp) 0.81

Turbine efficiency (1cr) 0.84

Power turbine efficiency (#pr) 0.89

Recuperator effectiveness (7recup) 0.8

Combustor efficiency (9comp) 0.98

AC generator efficiency (7gen) 0.95
Solid oxide fuel cell

Air utilization factor (U,) 0.25

Fuel utilization factor (Us) 0.85

Steam-to-carbon ratio (STCR) 2.5

Stack temperature (Tsgack) 1273.15K

Current density 0.3 A/cm?

DC-AC inverter efficiency (9inyer) 0.89

Cell area 834 cm?
Pressure losses

Recuperator gas/air sides 4%

Fuel cell stack 4%

Combustor 5%
Ambient conditions

Temperature 288K

Pressure 1atm

Source: Ref. [22].

3. Results and discussion

Typical operational conditions of a combined GT-SOFC power
plantare adopted from Ref.[22] and summarized in Table 3. The fuel
is CH4 with a lower heating value of 50,050 kJ/kg [23] and specific
chemical exergy of 51,840 k]/kg [28]. The combustor efficiency of
98% is the original efficiency given for the system by [27] and later
employed by [30]. Although this value may seem to be on high side,
it is consistent with the practical data presented in a gas turbine
combustion book by Lefebvre [31]. Though some manufacturers in
practice list thermal efficiencies for efficient combustors, ranging
from 95% to 99% in some instances (see [32]).

In a past study by Tse et al. [27], the compression ratio (rp) is
4, turbine inlet temperature is 1250K, and a current density (j)
of 300mA/cm? are suggested as the optimal conditions for the
hybrid cycle. For purposes of validation, the overall performance
of the cycle predicted by the present model was compared against
past values reported by Tse et al. [22]. This comparison is shown
in Table 4 and fair agreement can be observed, thereby providing
useful verification of the present formulation. A large difference in
predicted values for the specific power output of the turbine may be
due to a different method of calculating the specific heat ratio (y),
which would result in different specific powers. The computed val-
ues of mass flow rate, temperature and pressure at different points
of the GT-SOFC system at optimum operation are represented in
Fig. 2. From this figure, an expansion and temperature drop of about
166 kPa and 140K, respectively, occur in the GT, in order to meet

Table 4
Comparison between the simulation results and predicted values of Tse et al. [22]
for a pressure ratio (r,) of 4 and turbine inlet temperature of 1250 K.

Parameter Unit Present study  Tse et al. [22]
Thermal efficiency of the plant % 60.6 59.4

Specific power to drive compressor k/kg  175.7 174

Specific power from generator kj/kg 1464 158

Specific power from SOFC Kkj/kg 4375 440

Total specific power produced kj/kg  583.9 598

Net power kW 2419.3 24574

Air mass flow rate kg/s 4123 411

Mass flow rate of fuel to the combustor ~ kg/h 62.1 64

Mass flow rate of fuel to the fuel cell kg/h 2253 2324

0.62
— = Present Study, Thermal Efficiency
—— Tse et al. [22], Thermal Efficiency
0.60 7 T - - - - Present Study, Exergy Efficiency
& o058
c
2
2
i 0.56
&5 TIT=1250 K oy
0.52 1 ] 1 1 1 1 ) ‘l
2 4 6 8 10 12 14 16

Compression ratio (rp)

Fig. 4. Thermal and exergy efficiencies of the GT-SOFC cycle, versus compression
ratio.

the work requirement of the compressor. However, from Fig. 2, the
working fluid at the GT outlet still has a very high temperature with
a pressure greater than atmospheric pressure. Thus, it can drive
another turbine, such as a PT, to produce additional power. At the
exit of the PT, the working fluid’s pressure is almost atmospheric,
but still with a high temperature. Therefore, before discharging it
to the atmosphere, its heat is utilized to preheat the entering fresh
air within a heat exchanger, i.e., recuperator.

Fig. 4 illustrates another comparison of the results between the
present simulations and prediction of Tse et al. [22]. The thermal
efficiencies are compared for different compression ratios. Both
profiles indicate that the maximum thermal efficiency is achieved
at a compression ratio of 4. The variation of exergy efficiency of
the cycle versus the comparison ratio is also depicted in Fig. 4. A
nearly uniform difference between the thermal and exergy efficien-
cies (about 2.6%) is observed over the range of compression ratios
shown in Fig. 4. The exergy efficiency confirms that the optimal
exergetic performance of the plant occurs at about rp, =4.

The influence of ambient temperature on the GT-SOFC cycle per-
formance is investigated. The results are indicated in Fig. 5. In colder
weather, the efficiency of the cycle and the net power output are
higher, mainly due to less power requirements of the compressor.

The effects of the turbine inlet temperature on the thermody-
namic efficiencies and power output are shown in Fig. 6. Areduction
in both thermal and exergy efficiencies is seen when the turbine
inlet temperature increases. This is an interesting result which

0.61 600
T rp=4
M TIT=1250 K -
0.60 o 500 ©
Thermal efficiency ~— %
k]
. =
g 059 = 580 %
@ =
2 5
e T —
w 0.58 —_— 570 o
Exergy efficiency [~ g
0.57 560 v
0.56 550
5 15 25 35 45

Ambient Temperature (C)

Fig. 5. Effect of ambient temperature on thermodynamic efficiencies and net spe-
cific power.
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Turbine Inlet Temperature, TIT (K)
1000 1100 1200 1300 1400 1500

0.64 T T 650
rp=4
063 Thermal 620 S
0.62 Efficiency =
=
- =
g 0.61 590 %
=
S 0.60 5
= o
=
w059 560 2
2
0.58 o
& 530 w0
xergy
0.57 Efficiency
0.56 ' ! ' 4 - 500
1000 1100 1200 1300 1400 1500

Turbine Inlet Temperature, TIT (K)

Fig. 6. Effects of turbine inlet temperature (TIT) on the thermal and exergy effi-
ciencies, and the net power output of a GT-SOFC plant, at a compression ratio of
4.

reveals that further heating of the working fluid after the fuel cell in
the combustor is not effective. However, the reason for utilizing the
combustor is mainly to burn non-reacted flow of fuel in the SOFC
[7,20]. Obtaining a certain power output from the cycle, as well as
controlling the plant under part-load operations, are further rea-
sons for utilization of the combustor [29]. From Fig. 6, increasing the
turbine inlet temperature leads to a higher specific power output.

Fig. 7 illustrates the irreversibilities of the plant, in terms of
the exergy destruction rate versus compression ratio. A higher rp
would result in larger rates of irreversibilities within the cycle, pre-
dominantly in the compressor and gas turbine. A higher rp, would
require a larger amount of work drawn from the gas turbine to drive
the compressor, so the irreversibility of both components would
increase.

The effect of the turbine inlet temperature on the cycle irre-
versibility has been also investigated and selected results are
depicted in Fig. 8. Providing a higher turbine inlet temperature
requires an increase of the combustion heat transfer rate in the
combustor, thereby increasing the flow rate of the fuel. Therefore,
a higher heat transfer rate leads to a higher rate of irreversibilities.

In order to determine how much each component contributes
to the total irreversibility of the plant, an illustrative example is
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Fig. 7. Variation of the exergy destruction rate of the GT-SOFC plant, versus com-
pression ratio.
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Fig. 8. Variation of the exergy destruction rate for a GT-SOFC plant versus turbine
inlet temperature (TIT).

presented in Fig. 9. The exergy destroyed in each component is
shown in Fig. 9(a). Furthermore, the temperature distribution along
the working fluid stream from the inlet to the outlet is illustrated
in Fig. 9(b). The maximum irreversibility occurs in the combustor,
where the stream of gas has the highest temperature. However,
not only does temperature affect the rate of irreversibility, but also
other parameters such as pressure drop and reactions influence
the rates of exergy destruction. From Fig. 9, the most irreversible
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Fig. 9. Illustration of how each component of the GT-SOFC plant contributes to
irreversibilities within the cycle: (a) exergy destruction rate in each component; (b)
temperature distribution in the plant.
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Fig. 10. Comparison of the exergy destruction rate versus the compression ratio for
a gas turbine plant operation without an SOFC (conventional plant) and with an
SOFC (GT-SOFC plant) at the same operation conditions.

component is first combustor, then the fuel cell and recupera-
tor.

Further investigation has been performed to compare the per-
formance of the GT-SOFC plant against a conventional gas turbine
power plant (without including the SOFC). The results are illus-
trated for the exergy destruction rate and exergy efficiencies in
Figs. 10-11, respectively. In the conventional GT plant, the major-
ity of irreversibility takes place in the combustor (combustion
chamber), where a large amount of heat is transferred to the
working fluid, due to direct burning of the fuel. In the GT-SOFC
cycle, the irreversibility within the combustor is less, when com-
pared to a conventional plant. Nevertheless, there exists one more
component, a fuel cell stack, which produces a significant rate of
irreversibility, due to the chemical reaction internally. As shown
in Fig. 10, the net rate of irreversibility of the GT-SOFC plant, in
terms of the exergy destruction rate, is more than that of the con-
ventional plant (approximately uniform difference). On an average
basis, over the range of compression ratios presented in the figure,
the exergy destruction rate of a modern plant is about 349.8 kW
greater than that of a conventional plant. Despite the GT-SOFC
plant having a higher rate of exergy destruction compared to the
GT plant, it can be seen from Fig. 11 that it offers superior perfor-
mance over a conventional cycle. The main reason is the fuel cell
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Fig. 11. Comparison of the thermal and exergy efficiencies at various compression
ratios, between a gas turbine plant operation without an SOFC (conventional plant)
and with an SOFC (GT-SOFC plant), at the same operation conditions.

operating at high temperatures, which allows the working fluid to
be preheated before entering the combustor, as well as a consid-
erable amount of power production. Both factors lead to higher
energetic and exergetic efficiencies, compared to the conventional
plant. On the other hand, from the thermal and exergy efficiency
curves in Fig. 11, it can be seen that the optimal performance of
a conventional GT plant occurs at a compression ratio of 6. The
power requirement of a compressor in the GT plant is higher, pro-
vided both cycles operate at their optimum point, thereby having a
negative role with respect to efficiency of the cycle compared to the
GT-SOFC cycle. Based on the predicted values shown in Fig. 11, the
GT-SOFC power plant has 26.6% better exergetic performance on
an average basis than a traditional GT plant. This comparison yields
27.8% better performance of the GT-SOFC plant, with respect to
thermal efficiency.

Further careful comparison in Fig. 11 reveals that the pressure
ratio has a smaller effect on the combined cycle system efficiency
than for a gas turbine system. This could be significant because it
suggests low pressure operation does not suffer much of a penalty
which could ease constraints of sealing the ceramic fuel cell compo-
nents. This issue has been investigated numerically to observe the
influence of pressure drop within the stack on overall system effi-
ciency. The outcome shows that if the pressure drop within the cell
stack increases by 10% (from 4%, which is considered in the analy-
sis, to 14%), each of the thermodynamic efficiencies would decrease
merely 1.4%. In an actual operating system, other losses will reduce
the efficiencies. In addition to the activation, ohmic and mass
transport losses of the SOFC, other issues of water management,
membrane deterioration, and channel tortuosity will degrade the
system performance under actual operating conditions. Cell degra-
dation over time due to thermal loading, which leads to reduced
durability of components, as well as impurities that may poison
or foul the catalysts, will also further degrade the system effi-
ciency.

4. Conclusions

In this paper, an integrated SOFC and recuperative gas turbine
cycle was examined. Particular attention is given to the SOFC and
combustor models. The entire cycle was treated as a lumped control
volume to derive the exergy destruction rate and exergy efficiency
equations. The model was verified through a comparison between
results of the current model and those available in the past litera-
ture for typical operating conditions. From the simulated results,
both thermal and exergy efficiencies of the GT-SOFC plant are
reduced with an increase of turbine inlet temperature (TIT). These
reductions are also evident from the compression ratio, after its
optimum value when the cycle reaches its maximum efficiency. An
increase in either the turbine inlet temperature or the compres-
sion ratio (rp) leads to a higher rate of exergy destruction of the
plant. Also, increasing the TIT improves the specific power out-
put of the cycle. It was observed that the combustor and SOFC
contribute predominantly to the total irreversibility of the sys-
tem. On an average basis, over the range of compression ratios
presented in the analysis, the exergy destruction rate of a modern
plant is about 349.8 kW greater than that of a conventional plant.
However, the GT-SOFC power plant has 26.6% better exergetic per-
formance than a traditional GT plant. Also, there is 27.8% superior
performance of a GT-SOFC plant with respect to the thermal effi-
ciency.
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