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Abstract Analytic study based on energy analysis is con-
ducted on a solid oxide fuel cell (SOFC) integrated in a
gas turbine power plant GT. The Tunisian natural gas is
used as fuel for the SOFC and the GT cycle. An external
pre-reforming system is installed before the SOFC. Heat
recovery systems are adopted to valorize the waste heat at
the SOFC and GT exhausts. The gas from the SOFC exhaust
is also used as additional supply of the combustion cham-
ber. The equations governing the electrochemical processes
and the energy balances of the power plant components are
established. Numerical simulations using EES software are
performed. The influences of key operating parameters, such
as ambient temperature, air flow, pre-reforming fraction and
fuel utilization on the performance of the SOFC–GT hybrid
system, are analyzed. The integration of the SOFC enhances
the hybrid cycle efficiency of about 50%. The increase of
the ambient temperature reduces the system efficiencies. The
utilization factor has a negative effect on the SOFC temper-
ature and voltage which leads to a decrease in the system
performances, while the pre-reforming fraction has a posi-
tive effect on the indicated parameters. The SOFC voltage
increases with the air molar flow rate. However, required air
compressor power becomes important. That reduces signif-
icantly the SOFC efficiency. A small improvement of about
2% is obtained for the hybrid cycle efficiency SOFC–GT.
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List of symbols

SOFC Solid oxide fuel cell
GT Gas turbine
HE Heat exchanger
Vohm Ohmic polarization (V)
Vact Activation polarization (V)
Vconc Concentration polarization (V)
I Current density (A/m2)
Re The resistance (�)
δ j The thickness (m)
ρ j The specific electric resistivity of the anode,

cathode, electrolyte and interconnect
A j The area (m2)

ε The porosity coefficient
τ The tortuosity coefficient
D1,K The Knudsen diffusion coefficient
σ12 Collision diameter
Ω12 Collision integral
PR The pressure ratio
k The specific heat ratio
ṁa The mass of dry air the ratio (kg/s)
ṁv The mass of vapor (kg/s)
ṁf The mass of fuel (kg/s)
Tam Ambient temperature (◦C)
η Energetic efficiency
Uf Utilization factor
VSOFC SOFC voltage (V)
Xreform Pre-reforming fraction
η̇air Air flow (mol/s)
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ηc Isentropic efficiency
PSOFC SOFC power output (MW)
WGT Gas turbine power output (MW)
Waux Auxiliary power (MW)

1 Introduction

Hybrid SOFC–GT plants are promising power generation
systems of high efficiency. SOFC converts the free energy
change of a chemical reaction directly into electrical energy,
and it is effluent at high temperature which makes it suitable
for integration with gas turbine cycles. SOFC technology
has attracted considerable interest. It is demonstrated by
simulation technique that SOFC can achieve 50% net electri-
cal efficiencies and considered feasible for integration with
multi-MW gas turbine engines to achieve considerably high
electrical efficiency [1]. Barelli et al. [2] studied heat recu-
peration from the turbine exhaust gas to heat the air inlet of
SOFC, producing steam and heating for the steam reformer
using recuperative heat exchanger with 10% thermal power
loss.

El-Emam et al. [3] developed an energy and exergy analy-
ses of an integrated gasification and solid oxide fuel cell
(SOFC) system with a gas turbine and steam cycle using
heat recovery of the gas turbine exhaust. They found for two
different types of coals, an energy efficiency of the over-
all system equal to 38.1 and 36.7%, and an exergy efficiency
equal to 27 and23.2%.The combinationof twoormore power
cycles into one system is a practical option for efficient power
generation and for improving the overall performance of the
energy conversion system and the energy efficiency [4,5].
Solid oxide fuel cell (SOFC) technology is a promising tech-
nology to work in integrated plants due to its high operating
efficiency, solid-state design, operating conditions and high-
temperature capability and the potential for gas and liquid
fuel internal reforming [6,7]. Penyarat [8] proposed and sim-
ulated in MATLAB few configurations of the combined or
hybrid cycles to select the better configuration.

Yi et al. [9] applied design of experiments (DOEx)
approach to the hybrid system (The solid oxide fuel cell
and intercooled gas turbine SOFC–ICGThybrid cycle). They
found that operating under a high operating pressure (50
bars) and with a low percent excess air (55%) in the SOFC,
system electrical efficiency higher than 75% (net ac/lower
heating value (LHV)) can be achieved. Inui et al. [10] pro-
posed a fossil fueled SOFC/GT system reaching 70.64% as
total thermal efficiency. Chan et al. [11] studied the effects
of operating pressure and fuel flow rate on the performance
of the components and overall SOFC/GT hybrid system.
They concluded that an electrical efficiency of more than
60% could be achieved using an internal-reforming hybrid
SOFC/GT system. Massardo et al. [12] reported that 50%

net electrical efficiencies can be obtained using SOFCwhich
can be integratedwithmulti-MWgas turbine to rise electrical
efficiency. Arsalis [13] noted that for a realistic system, gas
turbine and steam turbine are very inefficient at small sizes
1.5 MWe SOFC–GT–ST comparing to 5 or 10 MW system.
Ishak [14] presents the integration of direct ammonia solid
oxide fuel cell with a gas turbine. This study is conducted
to investigate the effects of varying the operating conditions
and parameters on the energy and exergy efficiencies and the
overall system performance. Penyarat et al. [15] developed
a hybrid solid oxide fuel cell and gas turbine power system
models based on simple thermodynamic expressions. They
conclude that fuel cell performance is a strong function of
operating temperature and that cycle performance depends
on SOFC temperature and the exhaust temperature.

Zhangetal. [16] proposedmany system integration schemes
for coupling SOFC stacks with various bottoming cycles
depending on the application. An interest review conducted
by Zamfirescu and Dincer [17] presented a combined system
(hydrogen-fed integrated SOFC/GT) for vehicular applica-
tions. They found that in maximum efficiency, fuel cell
reduces the compactness by 40%. It was also found that 60%
of total exergy destruction in the system occurred at the fuel
cell stack.

Dang et al. [18] proposed the anode and cathode exhaust
gas recirculation to enhance the efficiency of SOFC–GT
hybrid system. They found that the recirculation has a direct
impact on gas turbine efficiency and it assures the highest
system and thermal efficiency.

In this study, an energy optimization of SOFC–GT hybrid
cycle was investigated. An appropriate design of the power
plant is considered. That permits to valorize the waste heat
and matter fluxes. The effects of key parameters such as
ambient temperature, air flow, pre-reforming fraction and uti-
lization factor on the performance of simple cycle and hybrid
cycle were analyzed.

2 System Description

Schematic diagram of the considered power plant is shown
in Fig. 1. It is mainly constituted by compressors, heat
exchangers, solid oxide fuel cell, combustion chamber and
gas turbine. The input air and fuel streams of fuel cell are
preheated by means of heat exchangers using recovered heat
from re-circulated gas turbine exhaust mixture. The fuel out-
let temperature is controlled by adjusting the mass flow of
the stream in order to fulfil the requirement of the SOFC
inlet temperature. For the air stream, the air pressure is firstly
raised in the air compressor and then the air is preheated in a
heat exchanger. The needed water is generated in the steam
generator where the exhaust heat from HE1 is again utilized
to heat the water from the pump. Fuel is firstly partially pre-
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Fig. 1 Schematic diagram of
the considered power plant
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Table 1 Characteristic designs of the SOFC GT hybrid cycle

Parameters Values

Compressor isentropic efficiency (%) 90

Recuperator effectiveness (%) 90

GT pressure ratio 10

Turbine isentropic efficiency (%) 94

Cell length (cm) 150

Cell outside diameter (cm) 2.2

Cell voltage (V) 0.6

DC–AC converter efficiency (%) 95

Limiting current density (mA/cm2) 300

reformed using the pre-reformer than it is reformed in the
SOFC. The chemical energy is converted to the electrical
energy through the electrochemical reaction taking place in
the SOFC. Exhaust flow from the cell passes through the
combustor chamber where the residual hydrogen and hydro-
carbon are burned. The SOFC exhaust heat is utilized before
in the recuperator to heat the compressor discharge air flow-
ing to the gas turbine. The main characteristic designs of the
SOFC GT hybrid cycle are given in Table 1.

3 Mathematical Model

3.1 SOFC

The fuel cell model developed in this study is based on a
tubular design. The sizes of the different elements and the
material choice are selected according the available data [19].

A zero-dimensional model is implemented which calcu-
lates the stack power and outlet streamparameters at the stack
temperature.

Proposed model represents a natural gas fueled system.
TheSOFCcanbe fueled by hydrogen or directly by hydrocar-
bon without the need of pre-reforming [20]. It is commonly
considered that reforming, shifting and electrochemical reac-
tions are taken place inside the cell.

3.1.1 Electrochemical Model

The electrochemical reactions around the anode and the cath-
ode are:

Anode side: H2 + O2− → H2O + 2e− (R1)

Cathode side:
1

2
O2 + 2e− → O2− (R2)

Overall reaction: H2 + 1

2
O2 → H2O (R3)

The theoretical open circuit cell voltage Eth can be deter-
mined by the Nernst equation as:

Eth = E◦ + RTP
neF

Ln
PH2 P

1/2
O2

PH2O
(1)

The real cell voltage is less than theoretical one. The losses
called polarizations are mainly due to ohmic overpoten-
tial, activation overpotential and concentration overpotential.
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Table 2 Ohmic polarization constants

Composant A(� − m) B (K) δ (m)

Cathode 0.0000811 600 0.0022

Anode 0.0000298 −1392 0.0001

Electrolyte 0.0000294 10,350 0.00004

Inter-connector 0.0012 4690 0.000085

Hence, the actual voltage of an operating fuel cell is given
by:

Er = Eth − Vohm − Vact − Vconc (2)

a. Ohmic overpotential
Ohmic losses Vohm arise from the resistance to charge con-
duction through the various cell components. These losses
are due firstly to the electronic conduction occurring in the
electrodes and the inter-connector and secondly to the ionic
conduction of oxygen and anions through the solid elec-
trolyte. The ohmic losses may be expressed as:

Vohm = I.Re = I.
∑

j
ρ jδ j (3)

ρ j = Aiexp

(
Bi
T

)
(4)

The values of the constant parameters indicated in this equa-
tion are given in Table 2.

b. Concentration overpotential
The electrochemical reactions occur at the electrolyte–
electrode interface. However, the considered gas partial
pressures, used to calculate the change of Gibbs free energy,
are different from the values really obtained in the reactions.
So, corrections are usually performed to determine the Gibbs
free energy at both the anode and the cathode. These correc-
tions obtained by the concentration polarization Vconc are
given as follows:

Vconc,an = RT p

neF
Ln

⎛

⎝
1 − i

il,H2

1 + i
il,H2O

⎞

⎠ (5)

Vconc,ca = RT p

nF
Ln

⎛

⎝ 1

1 − i
il,O2

⎞

⎠ (6)

il,H2 = neFDeff,H2

RT pδan
PH2 (7)

il,H2O = neFDeff,H2O

RT pδan
PH2O (8)

il,O2 = neFDeff,O2

RT pδca
P2 (9)

Deff : represents the effective diffusion coefficient, and it can
be determined by Bosanquet formula:

1

Deff,1
= ε

τ

(
1

D1,K
+ 1

D1,2

)
(10)

D1,K : the Knudsen diffusion coefficient for specie 1 is eval-
uated using free molecule flow theory:

D1,K = 2

3
re

(
8RT

πM1

) 1
2

(11)

D1,2: the diffusion coefficient for gas pairs, it is expressed
by Hirschfelder equation as

D1,2 = 1.858 ∗ 10−27 ∗ T
3
2

P ∗ σ 2
12 ∗ Ω12

(
1

M1
+ 1

M2

)1/2

(12)

c. Activation overpotential
Chemical reactions, including electrochemical reactions,
involve energy barriers which must be overcome by the
reacting species. This energy barrier is called “activation
energy” and results in activation or charge- transfer polar-
ization, which is due to the transfer of charges between the
electronic and the ionic conductors. The activation polariza-
tion Vact represents the potential necessary to overcome the
energy barrier related to the electrode reaction. Vact is deter-
mined using the Butler–Volmer equation [21] as follows:

i = i0

[
exp

(
βFneVact

RTp

)
− exp

(
− (1 − β) FneVact

RTp

)]

(13)

where β is usually taken equal to 0.5. That permits to express
Vact by:

Vact = 2RTp

neF
sinh−1

(
i

2i0

)
; (14)

where i0 is the exchange current density, depending on the
partial pressure of the reacting gas, compositions and the
temperature.

At the anode side, the exchange current density is given
by:

i0,an = γa

(
PH2

P0

) (
PH2O

P0

)
exp

(
− Ea

RTp

)
(15)

While at cathode side it is expressed as follows:

i0,ca = γc

(
PO2

P0

)0.25

exp

(
− Ea

RTp

)
(16)
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Table 3 Activation polarization
constants Eact,an (kJkmol−1) 110,000

Eact,ca (kJkmol−1) 155,000

γ an,ca (A/m2) 7 × 109

The values of the different constants in Eqs. (15) and (16)
are given in Table 3.

3.1.2 Internal Reforming and Shifting Models

The SOFC is flexible regarding the use of different types of
fuel. In fact SOFC can be fed not only by hydrogen but also
by several hydrocarbons and carbon monoxide. The SOFC
operating temperature is high enough to enable the direct ref-
ormation of natural gas. The hydrogen is electrochemically
convertedwith production of electrical power and high-grade
waste heat for recuperation [13].

For this study, the fuel used to supply the SOFC and the
GT cycle is the Natural Tunisian Gas NTG. The chemical
properties of this fuel are reported in Table 5. It is known
that the use of Natural gas with internal reforming SOFC
may provoke carbon deposition in the anodic electrode. To
avoid this phenomenon, a steam to carbon ratio between 1.5
and 2 is considered for the actual analytic study as suggested
by several previous works. Furthermore, the use of specific
catalyst is proposed as technical solution to prevent the car-
bon deposition [22].

In order to reduce theCO2 release, new technical solutions
are added to the hybrid SOFC–GT cycle such as the use of
specific heat exchangers to convert CO2 gas to liquid state
[23].Duan et al reported that zero-CO2 SOFChybrid systems
still have higher efficiencies when compared with the SOFC
hybrid system without CO2 capture. They reported also that
SOFC can produce power at high efficiency with the less
energy consumption for CO2 capture [24]. For the present
study, the gas flux from the SOFC is valorized by its re-
injection into the GT combustion chamber. So, the solutions
commonly used for CO2 capture in the GT cycle may be
used.

The reforming and water gas shift reactions occur within
the anode as follows:

Steam reforming reaction: CH4 + H2O → CO + 3H2

(R4)

Shifting reaction: CO + H2O → CO2 + H2 (R5)

In addition, the carbon monoxide electrochemical oxidation
is obtained at the anode according to the following reaction.

CO + O2− → CO2 + 2e− (R6)

But, seeing that its velocity is 2–5 times slower than that of
hydrogen, this reaction is generally neglected. Consequently,
the rapid water gas shift reaction becomes the dominant one.

The equilibrium constants of reforming and shifting reac-
tions can be evaluated by:

Kpr = p3H2
pCO

pCH4 pH2O
=

[(
CO0 + x − y

)
/
(
n0tot + 2x

)] ∗
[(
H0
2 + 3x + y − z

)3
/
(
n0tot + 2x

)3]

[(
CH0

4 − x
)
/
(
n0tot + 2x

)] [(
H2O0 − x − y + z

)
/
(
n0tot + 2x

)] p2cell (17)

Kps = pH2 pCO2

pCO pH2O
=

[(
CO0

2 + y
)
/
(
n0tot + 2x

)] ∗
[(
H0
2 + 3x + y − z

)3
/
(
n0tot + 2x

)3]

[(
CO0 + x − y

)
/
(
n0tot + 2x

)] [(
H2O0 − x − y + z

)
/
(
n0tot + 2x

)] (18)

z = Uf ∗ (3x + y) (19)

Log (Kp) = AT 4 + BT 3 + CT 2 + DT + E (20)

where x, y and z are the molar flow rate of CH4, CO and
H2 calculated by solving simultaneously Eqs. (17)–(20). The
different constants in equation (d) are given in Table 4.

Calculating of the effluent gas temperature from the SOFC
is an important step. The heat generated by the electrochem-
ical reaction is simultaneously used to supply the required
heat of the internal reforming reaction and to heat the SOFC
products and residual reactants until the stack temperature.
But in real systems, a pre-reforming process is applied for
which hot gases, from the SOFC, may be used to provide the
thermal energy needed for the pre-reforming process.

Table 4 Equilibrium constants of reforming and shifting reactions [25]

Reforming Shifting

A −2.63121 × 10−11 5.47301 × 10−12

B 1.24065 × 10−7 −2.57479 × 10−8

C −2.25232 × 10−4 4.63742 × 10−5

D 1.95028 × 10−1 −3.91500 × 10−2

E −6.61395 × 101 1.32097 × 101
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3.2 Gas Turbine

The hot gaseous mixture leaving the combustion chamber
expands through the gas turbine to deliver useful power. Tur-
bine is used to drive simultaneously the electrical generator
and the air compressor.

The turbine outlet temperature can be determined by:

Tout
Tin

= PR
k−1
k ; (21)

Taking into consideration the turbine isentropic efficiency
ηis, the produced power is calculated by

Ẇt = ηisṁtCpg (Tin − Tout) (22)

where ṁt is the total mass flow rate given by:

ṁt = ṁa + ṁv + ṁf (23)

3.3 Combustion Chamber

Three streams are used to feed the combustion chamber as
indicated in Fig. 1: the compressed air, the fuel and the SOFC
exhaust gas including the unreacted hydrogen hydrocarbure
and other effluents including excess air. The reactions occur-
ring in combustion chamber are:

CH4 + 2O2 → CO2 + 2H2O (R7)

C2H6 + 7

2
O2 → 2CO2 + 3H2O (R8)

C3H8 + 5O2 → 3CO2 + 4H2O (R9)

H2 + O2 → 2H2O (R10)

CO + 1

2
O2 → CO2 (R11)

The fuel supplied the proposed cycle is the Natural Tunisian
Gas. Its composition is reported in Table 5.

Table 5 Natural Tunisian Gas composition

Molar composition (%)

N2 3.04

CO2 0.64

CH4 78.95

C2H6 13.5

C3H8 3.87

3.4 Compressors

These components receive air at ambient temperature and
pressure to be compressed to the desired pressure resulting
in an increase in its temperature. Model of the compressor
is based on the perfect gas equations and polytropic trans-
formations. The exhaust isentropic temperature is calculated
by:

Tout
Tin

=
[
Pout
Pin

] k−1
k = PR

k−1
k (24)

Mechanical power consumed by the compressor:

wc = (ṁaHc) /ηc (25)

Where Hc is the isentropic enthalpy variation through the
compressor.

Hc = Hout − Hin (26)

3.5 Heat Exchangers

In the considered system, multiple gas to gas heat exchang-
ers are used for heat recovery processes. It is assumed that
there is no heat transfer between these recuperators and the
surrounding environment. The effectiveness- NTU method
is used to determine the actual temperature changes for both
cold and hot fluids, based on the heat exchanger type, effec-
tive heat transfer coefficient and surface area. For a cross-flow
and unmixed fluid-type heat exchanger, the effectiveness is
expressed as [26]:

ε = 1 − exp

{
NTU0,22

c

[
exp

(
−cNTU0,78

)
− 1

]}
(27)

Cr = Cmin

Cmax
(28)

NTU = UA

Cmin
(29)

Qmax = Cmin

(
T hot
in − T cold

in

)
(30)

Q = Hcold = −Hhot = εQmax (31)

Overall cycle efficiency
The overall cycle efficiency including the gas turbine cycle

and the SOFC system is expressed by:

η = Net system Power Output

Total Energy input
(32)

The Net system Power Output NPO is expressed by:

NPO = PSOFC + WTG − Waux (33)
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Table 6 Operating variables ranges

Parameters Values

Compressor isentropic efficiency (%) 90

Recuperator effectiveness (%) 90

GT inlet temperature (◦C) 1200

Expansion ratio 10

Turbine isentropic efficiency (%) 94

Cell length (cm) 150

Cell outside diameter (cm) 2.2

Current density (A/m2) 3000

Cell voltage (V) 0,6

Cell operating temperature (K) 850–1200

Fuel utilization (%) 60

DC–AC converter efficiency (%) 95

Limiting current density (mA/cm2) 300

Steam to carbon ratio 1.5–2

The Total Energy Input TEI is given by:

TEI = LHV ∗ ( ṁfSOFC + ṁfGT) (34)

4 Analytic Study

The performances of the SOFC gas turbine hybrid cycle are
determined considering the operating parameters related to
the local environmental conditions of the south of Tunisia.
The effects of main operating parameters such as the ambient
temperature, the air flow rate, the SOFC pressure, the fuel
utilization factor and the degree of pre-reforming are ana-
lyzed. A code is developed using EES software to perform
the required calculations. The operating variables ranges are
indicated in Table 6.

5 Results and Interpretations

5.1 Effect of the Ambient Temperature

One of the most important problems effecting power gen-
erators behavior is the decrease of power output at high air
ambient temperatures, especially in hot season. In fact, as
the ambient air temperature increases, the compressed air
mass flow rate decreases and to keep it constant, compres-
sors consume more electrical energy, and consequently, the
gas turbine and fuel cell output capacities are reduced. In
the following section, the effects of ambient temperature
on the performance of each system will be analyzed. The
modeling was carried out considering a pressure ratio of
10, a pre-reforming fraction of 0.8 and an utilization factor
of 0.6.

0 5 10 15 20 25 30 35 40 45 50
0,54

0,545

0,55

0,555

0,56

Tam [°C]

η
SO

FC

Fig. 2 Effect of ambient temperature on SOFC efficiency
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Tam [°C]

η G
T

Fig. 3 Effect of ambient temperature on GT efficiency

The ambient temperature does not affect significantly
the SOFC energy efficiency as shown in Fig. 2. For the
considered ambient temperature variation range, the energy
efficiency decreases of about only 1%. The same behavior
for the gas turbine energy efficiency variation is observed as
depicted in Fig. 3. For this arrangement, the GT cycle perfor-
mance is enhanced with the fuel mass flow rate issued from
the SOCF to reach about 55%, while for a simple GT cycle
without SOFC integration the energy efficiency remains rel-
atively small around 40%. The SOFC integration leads to an
improvement of the whole system energy efficiency of about
50% as shown in Fig. 4.

5.2 Effect of SOFC Fuel Utilization Factor on System
Performance

The utilization factor is an important operating parameter.
It is defined as the ratio of the fuel really consumed to the
supplied fuel.

Figure 5 represents the effect of utilization factorUf on the
SOFC temperature. The results show that the temperature of
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Fig. 4 Effect of ambient temperature on GT, SOFC–GT hybrid system efficiencies
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Fig. 5 Effect of fuel utilization on SOFC temperature

SOFC decreases significantly with Uf . For a variation range
of Uf from 0.5 to 0.75, the SOFC temperature decreases
from 783 to 622.3 ◦C. This is because more of hydrogen
is consumed in the electrochemical reaction.

The efficiency variations of SOFC, GT and SOFC–GT
systems are plotted against the fuel utilization factor in Fig. 6.
The obtained results show that the efficiencies decrease with
the increase of Uf . One can see that the utilization factor
has a significant effect on the SOFC efficiency. For the Uf

variation range (0.5–0.75), the SOFC efficiency is reduced
of about 73%. In fact, this factor determines the number of
hydrogen moles consumed in the electrochemical reaction.
Really, the system operates with fuel excess to avoid anode
oxidation and cell degradation as a result of the concentration
gradients of the different species and the chemical stresses.
An utilization factor enhancement of 5%, leads to a decrease
of SOFC, GT and SOFC–GT efficiencies of about 23.2 and
3%, respectively.

Furthermore increasing the utilization factor causes sensi-
bly reduction of the cell voltage due to internal irreversibility
rise as depicted in Fig. 7. Thus, the power produced by the
SOFC decreases significantly.

5.3 Effect of Pre-reforming Fraction

The pre-reforming unit consists of a tube bundle filled with
a catalyst in an appropriate shell. The reformed gas flows
inside the tubes, while the hot gases from the turbine exhaust
pass through the shell.

In the purpose to improve the system performances, pre-
reforming and internal reforming are combined. Indeed, the
internal reforming is beneficial since it ensures the consump-
tion of the unreacted methane and carbon monoxide, while
the external reforming is used to crack the long hydrocarbon
chains and feed the cell with H2 in order to bring the operat-
ing point and increase the stack efficiency. In this way more
available cell surface will be preserved for electrochemical
reactions.

To analyze the effect of pre-reforming fraction on the sys-
tem efficiencies, the modeling was carried out considering
the following operating parameters:

– Cell pressure103 kPa,
– Ambient temperature 283,15 K
– Utilization factor 0.6.

The variation of the cell temperature according to the
pre-reformed fraction Xr is presented in Fig. 8. The cell tem-
perature rises from 629.9 to 751.7 ◦C for an increase of Xr

from 0.5 to 0.9. This is due to the endothermic reforming
reaction. Indeed, this reaction requires energy input which
reduces the sack temperature. The temperature rising reduces
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Fig. 7 Effect of fuel utilization factor on SOFC voltage

the values of the different polarizations. Consequently, the
cell voltage increases as shown in Fig. 9.

The variations of the system efficiencies are presented
in Fig. 10. For the Xr variation range, the SOFC effi-
ciency increases significantly to reach about 62.5%, while
an improvement of about 13% is obtained for the whole sys-
tem efficiency.

5.4 Effect of Air Flow Through the SOFC

Operating at high air flow is essential to avoid the SOFC
damage and increase its durability. But, the required air flow
depends on the inlet fuel properties. Noting that the SOFC
operating with internal reforming requires less air excess
than the SOFC supplied with pure hydrogen. In addition,
an important air excess may reduce the cell performance
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Fig. 8 Effect of pre-reformed fraction on SOFC temperature
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Fig. 9 Effect of pre-reformed fraction on SOFC voltage

because of its temperature drop. On the other hand, the air
excess can be beneficial for the cell performance since it
increases the Nernst voltage and decreases the activation
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Fig. 10 Effect of pre-reformed fraction on system efficiencies
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Fig. 11 Effect of air flow on SOFC voltage

and concentration polarizations. Besides, the mass flow rate
through the gas turbine will be increased, which improves its
performance.

Figure 11 depicts the variation of the cell voltage against
the air molar flow rate for pressure ratio, pre-reforming frac-
tion utilization factor of 10, 0.8 and 0.6, respectively. The
cell voltage increases of about 8% for a variation range of
the air flow from 333 to 1000 mol/s.

The variation of the system performances according to
air flow rate is presented in Fig. 12. Despite the increase of
the cell voltage presented in Fig. 11, the SOFC efficiency
decreases notable with the increase of air flow rate. This is
explained by the growing of the SOFC air compressor power
consumption. A small improvement is obtained for the gas
turbine efficiency. That leads to slight increase in the hybrid
cycle efficiency lower than 2%.

6 Conclusions

A performance analysis of a hybrid SOFC–GT power plant
was conducted. The natural gas is used as fuel for the SOFC
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Fig. 12 Effect of air flow through the SOFC on system efficiencies
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and the GT cycle. An external pre-reforming system is con-
sidered before the SOFC. The CO2 emissions cannot be
neglected due to reforming process. The gas from the SOFC
exhaust is used to preheat theGT air compressor outlet. Then,
it is injected in the combustion chamber. The gas at the tur-
bine exhaust is used to generate the steam required for the
reforming process. The effects of the main operating para-
meters on the power plant performances are analyzed.

The integration of the SOFC enhances the hybrid cycle
efficiency of about 50%. The increase of the ambient temper-
ature reduces the system efficiencies. The utilization factor
has a negative effect on the SOFC temperature and voltage
which leads to a decrease in the system performances, while
the pre-reforming fraction has a positive effect on the indi-
cated parameters.

The SOFC voltage increases with the air molar flow rate.
However, required air compressor power becomes impor-
tant. That reduces significantly the SOFC efficiency. A small
improvement of about 2% is obtained for the hybrid cycle
efficiency SOFC–GT.

The performance of our cycle may be also enhanced by
the integration of CO2 capturing system and cooling cycle
which recovers waste heat from SOFC–GT hybrid system.
The optimum system designwill be specified using a thermo-
economic analysis. This constitutes the aimof our later paper.

The obtained results may constitute helpful tools to better
undertake future investigations on the hybrid power plants.
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