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1. Introduction

Fuel cell systems are an appropriate alternative to conventional
power generation systems specifically in micro scale distributed
systems due to their relatively high efficiency and lower environ-
mental effects [1e4]. Molten carbonate fuel cells (MCFCs) are high-
temperature fuel cells in which a molten carbonate salt mixture is
employed as the electrolyte [5]. In order to allow an effective ion
conduction and avoid rapid voltage degradation, their operating
temperature should be between 600 �C and 700 �C, which is high
enough to provide fast kinetics and eliminate the need for a noble
metal catalysts [6]. The high operating temperature and pressure of
theMCFCs alsomakes them highly suitable to use in combined heat
and power applications (CHP) [7]. Moreover, the high operating
temperature enables MCFCs to internally reform fuels such as
natural gas or landfill gas [8]. One alternative approach for
t (A.H. Mamaghani), behzad.
w.edu.au (A. Shirazi), fabio. 
enhancing the efficiency of MCFC systems is to integrate fuel cells
with other power generators such as gas turbines [9e12], turbo
expanders [13], or micro-gas turbines [14]. Accordingly, molten
carbonate fuel cell (MCFC)/gas turbine (GT) hybrid system has
attracted a great attention due to its higher efficiency [15].

Some of the previous works have been specifically focused on
the mathematical modeling of the MCFC [16] and MCFC stack with
internal reforming [17], while many research activities were dedi-
cated to the analysis of the hybrid MCFC systems. Leto et al. [11]
modeled a hybrid system consisting of a MCFC coupled with a
micro-turbine, and also performed a sensitivity analysis by varying
main operating parameters. They demonstrated that this system
could reach electrical and overall efficiencies up to 60% and 70%
respectively. El-Emam and Dincer [18] conducted energetic and
exergetic analyses of an MCFC-GT system and obtained overall
energetic and exergetic efficiencies of 42.9% and 37.75%, respec-
tively. In addition, Rashidi et al. [13] conducted a similar study on an
MCFC-Gas turbine system and achieved an overall energetic effi-
ciency of 57.4%, exergetic efficiency of 56.2%, bottoming cycle en-
ergetic efficiency of 24.7% and stack energetic efficiency of 43.4%. In
another study, an MCFC operated at ambient pressure and
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Nomenclature

A area (m2)
cf fuel unit cost (USD MJ�1)
CRF capital recovery factor

C
:

env social cost of air pollution (USD s�1)

C
:

tot total cost rate (USD s�1)
Ccold heat capacity rate of cold flow
Chot heat capacity rate of hot flow
E open circuit voltage (V)
e specific exergy (kJ kg�1)

E
:

exergy flow rate (kW)
e specific exergy (kJ kmol�1)
F Faraday constant (96,485C mol�1)
h specific enthalpy (kJ kg�1)

h specific enthalpy (kJ kmol�1)
I current (A)
J current density (A m�2)
i interest rate (%)
K equilibrium constant
LHV low heating value (kJ kg�1)
m
:

mass flow rate (kg s�1)
N operational hours in a year
n system lifetime (year)
n
:

molar flow rate (kmol s�1)
P pressure (bar)

Q
:

the time rate of heat transfer, kW
R resistance (U m�2)
R universal gas constant (kJ kmol K�1)
r pressure ratio
s specific entropy (kJ kg�1 K�1)
s specific entropy (kJ kmol�1 K�1)
S/C steam to carbon ratio
T temperature (K)
TIT turbine inlet temperature (K)

Uf fuel utilization factor
V voltage (V)

W
:

mechanical work (kW)
x molar fraction
Z capital cost USD

Z
:

capital cost rate (USD s�1)

Greek symbols
ε effectiveness
h efficiency
F maintenance factor
J exergetic efficiency

Subscripts
an anode
B burner
cat cathode
C compressor
CC combustion chamber
Ch chemical
D destruction
El electrochemical
f fuel
G electric generator
Gen generated
HE-1 heat exchanger
HRE heat recovery exchanger
ir irreversibility
M mixer
ne nernst
Ph physical
R reformer
RHE recovery heat exchanger
tot total
T turbine
WGS water gas shift
combined with a STIG cycle was examined and efficiencies up to
69% were obtained [19]. In another research, it was observed that
an MCFC with 46.4% efficiency has the capability of being inte-
grated with a steam generation power system in order to achieve
an overall efficiency of nearly 70% [20]. Akkaya and Sahin [21]
investigated the energetic performance of a combined system
consisting of an SOFC and an ORC running with R-113. The results
revealed that the efficiency of the SOFC-ORC system is 14e25%
higher than the efficiency of single SOFC because of the waste heat
recovery through ORC.

In order to perform a comprehensive assessment of a power
generation unit, economic aspects of the system should also be
taken into account. Monaco and Di Matteo [22] performed an
economic analysis of a 2.5 kW MCFC unit employing the life cycle
assessment. Hengeveld and Revankar [3] carried out an economic
analysis on a combined heat and power molten carbonate fuel cell
system. They demonstrated that, in the case of extremely high
electrical energy cost and low natural gas cost, this system becomes
economically reasonable, leading to a satisfying payback period of
10 years. Dicks and Siddle [23] investigated the commercial pros-
pects of MCFCs in different countries and markets. They proposed
that a range of 300e400 kW might be the best choice for initial
market entry. Moreover, thermo-economic optimization of a MCFC
hybrid system has been conducted by Verda and Nicolin [9]. In their
study, the design which results in an efficiency of 0.46, leads to the
minimum cost of electricity of 0.036 USD per kWh. Sciacovelli and
Verda [10] performed multi objective optimization of a MCFC-Gas
turbine plant and investigated the effect of considering un-
certainties such as methane conversion in the steam reformer,
landfill gas composition and ambient temperature on the achieved
set of optimal solutions.

In the recent years, due to the increasing environmental con-
cerns, the amount of emission produced by power generation
plants has been considered as a crucial issue. A method for inves-
tigating the environmental impact of MCFC in its lifetime has been
proposed by Monaco and Di Matteo [22]. Shirazi et al. [24] con-
ducted thermal-economic-environmental analysis and multi-
objective optimization of a solid oxide fuel cell-gas turbine hybrid
system. CO, NOx and CO2 emission costs were taken into account in
the total cost rate of the cycle and minimized in the optimization
process.

Although many work has been carried out on the modeling and
optimization of MCFC based hybrid plants, no through study on the
optimization of such systems, considering thermal, economic and
environmental viewpoints, has been performed. Motivated by this
research gap, in the present study, a comprehensive thermody-
namic model of a hybrid MCFC-GT plant is first developed, which
evaluates the behavior of the system from energetic and exergetic
standpoints. An economic model is developed in order to estimate
the total cost of the system including the capital cost, operating



cost, and the social cost due to the emissions of the system. Finally,
the multi-objective optimization of the system is performed to
achieve the optimal design point of the system.
2. Mathematical modeling

2.1. System description

The schematic diagram of the hybrid MCFC system is shown in
Fig. 1. The plant is fed by natural gas. Air (stream 7) is pressurized
via the air compressor (C), and then is mixed with the burner (B)
high temperature outlet steam (stream 19) and the resulting
mixture (stream 13) is directed to the cathodic side of the MCFC
stack. Likewise, the natural gas (stream 5) is first mixed with steam
(stream 4) produced in a heat exchanger (HE-1), and then this flow
is preheated (stream 10) in the recovery heat exchanger (RHE) with
the reformer outlet stream (stream 11). Stream 10 enters the
reformer (R), where methane is converted into hydrogen, carbon
monoxide, carbon dioxide and water. The required heat for
reforming reactions is supplied by the burner. The hydrogen-rich
stream (stream 11) is cooled down in the RHE to reach the
desired temperature, and then enters the anode side of MCFC stack
to participate in the electrochemical reaction. The electrochemical
reaction in the MCFC stack also generates thermal energy which is
partly utilized to heat up the cell products and residual reactants.
The cathodic side outlet (stream 15) is split into two streams. The
first stream (stream 16) is mixed with the anodic side outlet
(stream 14), and then is directed to the burner where the remaining
methane, carbon monoxide and hydrogen is completely burned
with excess air to produce necessary heat for reformer. The second
one (stream 18) is directed to the combustion chamber (CC) where
the residual carbon monoxide is burnt with appropriate amount of
fuel. The resulting flue gas (stream 9) which has a high temperature
passes through the gas turbine (T) where it expands and provides
the required power for the air compressor. Furthermore, additional
useful work produced via flue gas expansion in the turbine is
converted to electrical power using a generator (G). The high
temperature stream leaves the turbine (stream 1), is fed to the heat
exchanger to heat up the liquid water (flow 3). The high
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Fig. 1. Schematic diagram of MCFC-GT hyb
temperature flue gas (stream 2) leaving the HE-1 provides the
choice to utilize the remaining thermal energy in this stream for co-
generation purposes. To achieve this goal, a heat exchanger (HRE) is
employed to heat up water for further uses, and the exhaust gas is
finally discharged to the atmosphere (stream 23). The fuel cell and
gas turbine electrical power outputs strongly depend on the
operating parameters; however the nominal values can be esti-
mated to be around 100 kW and 40 kW for stack and gas turbine
electrical power output respectively.

2.2. Energy analysis

A thermodynamic model of the plant, based on the energetic
analysis, is presented in this section. The following assumptions
have been taken into account while developing the model of the
system:

� Cathode and anode temperatures are supposed to be the same
at the outlets.

� Steady state operation is considered for all components, which
implies there is neither accumulation of energy nor mass in the
whole system through the time. Moreover, regarding the elec-
trode kinetics, steady state means the electrode pores have no
mass accumulation capacities and products of the reactions
transfer into and out of the electrodes at the same time reactions
happen.

� Natural gas is assumed to be pure methane.
� There is no heat loss from the reformer, fuel cell stack, and the
burner to the surroundings.

� Heat exchangers, mixer, compressor and the turbine are adia-
batic; hence, there is no heat transfer between these systems
and the surrounding environment.

� Electrolyte migration is not considered.
2.2.1. Compressor
The required power of the air compressor is provided by the

turbine. The isentropic efficiency of the compressor (hC) is defined
as follows:
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hC ¼ h8;S � h7
h8 � h7

(1)

Applying the energy balance on the compressor, the compressor
required power is:

W
:

C ¼ m
:

8h8 �m
:

7h7 (2)

2.2.2. Burner
In order to calculate the flue gas temperature exiting the burner,

the following energy balance for the burner is considered:

m
:

17h17 �m
:

19h19¼ Q
:

B (3)

where Q
:

B is the heat produced by burner which is transferred
through the heat exchange walls to the reformer.

2.2.3. Turbine
As illustrated in Fig. 1, gas turbine provides the required power

of the air compressor while the remaining produced power will be
the net mechanical power output.

W
:

T ¼ m
:

9h9 �m
:

1h1 (4)

In this equation W
:

T is the net mechanical power output from
the turbine.

2.2.4. Heat exchangers
The heat exchangers are modeled using the ε-NTU method in

which the effectiveness can be found using effective heat transfer
coefficient and surface area.

The effectiveness of the heat exchanger is defined as:

ε ¼ Ccold
�
Tcold;out � Tcold;in

�
Cmin

�
Thot;in � Tcold;in

� (5)

Ccold is the heat capacity rate of the cold flow and the Cmin is the
minimum between Ccold and Chot which is the heat capacity rate of
the hot flow.

In addition, considering the fact that there is no heat loss from
heat exchangers, the energy balance can be considered as:

m
:

hot;inhhot;inþm
:

cold;inhcold;in¼m
:

hot;outhhot;outþm
:

cold;outhcold;out
(6)

2.2.5. Combustion chamber
A portion of the cathodic outlet stream (stream 18) and suffi-

cient amount of fuel enter the combustion chamber and the fuel is
burnt to provide a specific temperature for turbine inlet stream.
Assuming a 2% of the total transferred heat as the heat loss from
chamber to the environment, the gas temperature leaves the
burner can be determined by the following energy balance for the
CC:

m
:

18h18 þm
:

20h20 ¼ m
:

9h9 þ Q
:

loss (7)

2.2.6. Reformer
Steam reforming reactions take place in the reformer to produce

the required hydrogen for electrochemical reaction in the anode.
Reactions occurring in the reformer are mainly endothermic
(except the water gas shift reaction) and the required energy Q

:

B is
provided by the hot flue gas from the burner. The following re-
actions are considered to take place in the reactor:

CH4 þH2O⇔COþ 3H2

CH4 þ CO2⇔2COþ 2H2

COþ H2O⇔CO2 þ H2

The kinetic parameters for the reaction rates are extracted from
Ref. [25]. The correlations given in the same reference were also
employed for conducting heat transfer calculations within the
reformer.
2.2.7. MCFC stack
The anodic side inlet flow is composed of hydrogen, water, un-

consumed methane, carbon monoxide and carbon dioxide. The
hydrogen generated in the reformer reacts with carbonate ions
ðCO3

2�Þ which have passed through the membrane and produce
water, carbon dioxide and electrons. These electrons are transferred
to the cathode through an external circuit. Beside the electro-
chemical reaction, water gas shift reaction in the presence of CO
also occurs in the anodic side.

The equilibrium constant of the water gas shift reaction can be
calculated using the following relation [26]:

KWGS ¼ e
4276
T �3:961 (8)

where T is the temperature of the stack. The equilibrium constant of
shifting reaction can also be expressed in terms of partial pressures
[26]:

KWGS ¼ PCO2
PH2

PCOPH2O
(9)

Assuming that y and x are the molar flow rates of H2 and CO
participating in the electrochemical and water gas shift reactions
respectively:

KWGS ¼
�
n
:

CO2;12 þ xþ y
�
:
�
n
:

H2;12 þ x� y
�

�
n
:

CO;12 � x
�
:
�
n
:

H2O;12 � xþ y
� (10)

y ¼ Uf
�
n
:

H2;12 þ x
�

(11)

Uf ¼
n
:

H2;12 � n
:

H2;14

n
:

H2;12
(12)

Knowing the stack temperature, the equilibrium constant can be
calculated from Eq. (8), and x and y are determined by solving Eqs.
(10)e(12) simultaneously.
2.2.7.1. Current, current density, cell potential and irreversibilities.
The MCFC fuel cell current (I) can be determined based on the
molar flow rate of hydrogen (y) consumed during the electro-
chemical reaction in the fuel cell as follows:

I ¼ 2Fy (13)

where F is the Faraday constant.
The fuel cell operating voltage can be calculated using the

following relation:

V ¼ E � hne � jRtot (14)



Table 1
The cost functions of various components in the MCFC-hybrid plant [9,10,24].

System component Capital cost function

Compressor
ZC ¼ 39:5�m

:

a
0:9�hC

�
pdc
psuc

�
ln
�

pdc
psuc

�
Combustion chamber

ZCC ¼
�
46:08�m

:

in

0:995�pout
pin

�
½1þ expð0:018Tout � 26:4Þ�

Turbine ZT ¼ W
:

T ½1318:5� 98:328 lnðW
:

T Þ�
Reformer ZR ¼ 2860A0:69

R þ 28940VR

Heat exchanger
ZHE ¼ 130

�
AHE

0:093

�0:78
Auxiliary device ZMCFC;aux ¼ 0:1ðZMCFCÞ
MCFC stack ZMCFC ¼ 2600$W

:

MCFC
Burner

ZCC ¼
�
46:08�m

:

in

0:995�pout
pin

�
½1þ expð0:018Tout � 26:4Þ�
where E is the maximum theoretically achievable reversible po-
tential, hne is the Nernst loss, j is the current density, and Rtot is the
sum of irreversibilities occurring at the anode, the cathode and the
electrode.

E ¼ �DG
2F

(15)

where DG is the change in molar Gibbs free energy of formation at
standard pressure, The Gibbs free energy change may be expressed
as function of temperature:

DG ¼ �242000þ 45:8T (16)

where T is the stack temperature (K).

hne ¼ RT
2F

� ln
PCO2;cat$PH2;an$P

0:5
O2;cat

PH2O;an$PCO2;an
(17)

y ¼ Uf
�
n
:

H2;12 þ x
�

(18)

where P is the species average partial pressure in cell, and ‘an’ and
‘cat’ denote anodic and cathodic sides, respectively.

As a result of several types of irreversible losses in a real cell, the
actual operating voltage of MCFC is less than the reversible one. The
total irreversible losses, Rtot, consist of over potentials and cell
resistance:

Rtot ¼ Ran þ Rcat þ Rir (19)

where Ran and Rcat are irreversible losses of anode and cathode,
respectively, and Rir is the internal cell resistance. Losses for MCFCs
may be calculated by the following equations [26]:

Ran ¼ Ca$e
DH
RT $P�0:5

H2;an (20)

Rcat ¼ C1$e
DHC1
RT $P�0:75

O2;cat$P
0:5
CO2 ;cat þ C2$e

DHC2
RT $C�1

CO2 ;cat (21)

Rir ¼ Cir$e
DHir
RT (22)

where R is the resistance (U m�2), Ci is the parameter related to
electrodes and electrolytes, Pi and DH are the pressure (atm) and
the enthalpy (J mol�1) respectively.

The electrical power generated by the stack W
:

MCFC(kW) is
expressed as follows:

W
:

MCFC ¼ Vcell$j$A (23)

The thermal energy generated within the MCFC stack by elec-
trochemical and water gas shift reactions can be achieved from:

Q
:

gen;MCFC ¼ IDVloss þ TDS (24)

where

DS ¼ y

"�
s0H2O � s0H2O � 1

2
s0H2O

�
� Rln

PH2O

PH2
P0:5O2

!#
(25)

where s0 is the entropy at standard temperature and pressure.

Q
:

WGS ¼ x
�
hCO2

þ hH2
� hCO � hH2O

�
(26)

The net thermal energy of MCFC used to heat up the MCFC
anodic and cathodic outlets can be determined as follows:
Q
:

¼ Q
:

gen;MCFC � Q
:

WGS (27)
However, it is possible to calculate this quantity from another
way. Considering the rate of enthalpy changes of reactants and
products at the cathodic and anodic sides, the amount of heat is:

Q
: 0 ¼ m

:

12h12 þm
:

13h13 �m
:

14h14 �m
:

15h15 (28)

Writing energy balance equation over the MCFC stack, the
temperature of the stack can be determined through an iterative
procedure. The iteration will stop when the desired error is
reached:

error ¼ abs
Q
: 0 � Q

:

Q
:

!
<0:03 (29)

To verify the MCFC stack behavior, a comparison has been made
on the current density voltage curve generated by the present
model and the one reported by Ref. [26]. The highest deviation of
cell voltage with respect to the one obtained from reference model
is about 3%.
2.3. Exergy analysis

Exergy analysis is based on the second law of thermodynamics
and allows one to recognize the location and magnitude of the
losses in thermal system [27].

Assuming kinetic and potential exergies are negligible, the
exergy flow rate can be expressed as the sum of physical and
chemical exergetic terms:

E
:
¼ E

:

Ph þ E
:

Ch (30)

E
:

Ph ¼ m
: hðh� h0Þ � T0ðs� s0Þ

i
(31)

E
:

Ch ¼ n
:

"X
k

xke
Ch
k þ RT0

X
k

xk lnxk

#
(32)

The equations for determining the quantity of exergy destruc-
tion in each component of the system can be found in previous
works dealing with exergetic analysis of fuel cell based systems
[13,18].



Table 2
List of constraints for system optimization and the range of variation of design
parameters.

Constraints Reason

2 < rC < 16 For typical technology and commercial availability
0.6<hC < 0.85 For typical technology and commercial availability
0.6<hT < 0.9 For typical technology and commercial availability
0.5 < Uf < 0.9 Minimum and maximum values of fuel utilization factor
2.5 < S/C < 4.5 Minimum and maximum values of steam to carbon ratio
TIT<1250 K Material temperature limit
TMCFC<1020 K Material temperature limit
T1>T4 For occurring heat exchange between hot and cold

streams in HE-1
T1>T2 For occurring heat exchange between hot and cold

streams in HE-1
T2>T3 For occurring heat exchange between hot and cold

streams in HE-1
T11 > T10 For occurring heat exchange between hot and cold

streams in RHE
T12 > T6 For occurring heat exchange between hot and cold

streams in RHE
T23 > 363 K To avoid formation of carbonic acid (H2CO3) in

exhaust gases
2.4. Economic analysis

The presented economic analysis takes into account both the
capital and maintenance costs of components and the operational
cost of the plant. The capital cost of each component (Zk) is esti-
mated based on the cost functions which are listed in Table 1
[9,10,24]. The cost of a component is dependent on design param-
eters of the component and some operating conditions.

As the MCFC is an emerging technology, current costs are very
high. The target cost for MCFC has been estimated to be 2600V/kW
in a previous study [10]. The same value has been considered in the
present study. In order to evaluate the capital cost per unit of time
(Z
:

k):

Z
:

k ¼
Zk � CRF� f

N � 3600
(33)

whereN, f, and CRF are the annual operational hours of the system,
maintenance factor, and the Capital Recovery Factor, respectively.
CRF can be determined with the following relation:

CRF ¼ ið1þ iÞn
ð1þ iÞn � 1

(34)

where the terms i and n are the interest rate and system lifetime,
respectively. Finally, the operational cost of the whole system can
be estimated as follows:

C
:

f ¼
cf � LHV�m

:

f

1000
(35)

where cf is the unit cost of the fuel, LHV is the low heating value,
and m

:

f is the total mass flow rate of fuel enters the plant.

2.5. Environmental analysis

Nowadays, environmental aspects of power production systems
are one of the most important issues which should be taken into
account. Environmental legislations are becoming stricter year by
year, hence environmental impact of a power generation units
should be considered while analyzing these systems. Accordingly,
the amounts of CO, NOx, and CO2 emissions, based on the calcula-
tion procedure explained in Refs. [28e30], are considered as
important factors in the present work and their respective social
costs are added to the total cost rate of the cycle in the system
optimization procedure.

3. System optimization

3.1. Multi-objective optimization

Themotivation behind themulti-objective optimization is to look
for a set of solutions to problems that are dealing with multiple
conflicting objectives simultaneously. Unlike single-objective opti-
mizations, there is no single solution for a multi-objective optimi-
zation problem, optimizing each objective simultaneously.
Therefore, a set of optimal solutions called Pareto Solution is ob-
tained, which represent trade-offs between the conflicting objectives
[31]. In fact, it is the decision-maker's task to find the most preferred
Pareto optimal solution according to his/her subjective preferences.

3.2. Genetic algorithms

A genetic algorithm (GA) is a search method employed to find
exact or approximate solutions to optimization and search
problems based on mechanics of genetics and natural selection
inspired by evolutionary theory of Charles Darwin ‘‘survival of the
fittest’’ and natural genetics. GA operates with a collection of
chromosomes which is called population [32]. Solutions become
fitter and fitter as search starts, and finally it converges to a single
solution. The most fundamental idea of GA is to imitate the natural
evolution process artificially in which populations undergo
continuous changes through genetic operators, like crossover,
mutation and selection. A comprehensive study on GA can be found
in Refs. [33] and [34].
3.3. Objective functions

In the present work, we consider two objective functions. The
first one is exergetic efficiency that should be maximized, and
the second one is the total cost rate of the whole combined
system which should be minimized. Here, the cost of environ-
mental damage is assumed to be added directly to the expendi-
tures that must be paid. Therefore, the second objective function
is sum of the economic and environmental objectives. The
mathematical formulation of aforementioned objective functions
is as follows:

Exergetic efficiency (objective function I)

Jtot ¼ E
:

out

E
:

in

¼
W
:

MCFC þW
:

T �W
:

C þ
�
E
:

22 � E
:

21

�
�
m
:

20 þm
:

5

�
eCHf

(36)

Total cost rate (objective function II)

C
:

tot ¼
X
k

Z
:

k þ C
:

f þ C
:

env (37)

C
:

env ¼ cCOm
:

CO þ cCO2
m
:

CO2
þ cNOx

m
:

NOx
(38)

where m
:

CO, m
:

NOx
, and m

:

CO2
are the exhaust mass flow rates of

carbon monoxide, nitrogen monoxide, and carbon dioxide, and
cNOx

, cCO and cCO2
are the unit damage costs of carbon monoxide,

nitrogen monoxide, and carbon dioxide emissions, respectively.



3.4. Design parameters and constraints

Optimization of the MCFC hybrid system has been carried out
considering the following design variables: turbine inlet tempera-
ture (TIT), air compressor pressure ratio (rC), air compressor isen-
tropic efficiency (hC), gas turbine isentropic efficiency (hT), fuel
utilization factor (Uf), and steam to carbon ratio (S/C). Table 2
represents design parameters with their ranges as well as other
system constraints.

4. Case study

The proposed MCFC-GT hybrid plant as well as the optimization
procedure is applied in Tehran, Iran. The ambient pressure and
temperature considering in the optimization procedure are 1 bar
and 25 �C respectively. The pressure losses within the fuel cell, heat
recovery exchanger and recovery heat exchanger are considered to
be 4% of the inlet pressure and in the case of combustion chamber
the pressure loss is equal to 5% of the inlet pressure. The total power
output of hybrid system (combination of MCFC and gas turbine
electrical outputs) is estimated to be about 100 kW. The outlet
stream (stream 2) contains high amount of thermal energy so its
energy is recovered by utilizing the heat recovery exchanger to
provide hot water (with temperature of 60 �C) for domestic
applications.

In order to determine the CRF (Eq. (34)), the annual interest rate
(i), approximate lifetime of the system (n), and the maintenance
factor (F) are considered as 14%, 8 years (in case of MCFC stack we
consider two 4 years periods by changing the stack after 4 years due
to considerable voltage drop), and 1.06, respectively. The annual
operational hours of the hybrid system (N) is 8640 h. The unit cost
of fuel (cf) is considered to be 0.004 USD MJ�1. In addition, due to
environmental concerns for pollutant emissions 0.02086 USD kg�1

CO, 6.853 USD kg�1NOx, and 0.0224 USD kg�1CO2 as penalty are
used for carbon monoxide (cCO), nitrogen monoxide (cNOx), and
carbon dioxide (cCO2), respectively [24].

5. Results and discussion

5.1. Optimization results

The optimization parameters considered in this study are listed
in Table 2. The GA optimization is applied for 120 generations, using
a search population size of 300 individuals, cross over probability of
0.9 and gene mutation probability of 0.05. Fig. 2 shows the Pareto
frontier solution for the MCFC-GT hybrid plant with the objective
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Fig. 2. Pareto optimal frontier from multi-objective optimization of MCFC-GT hybrid
plant.
functions in the multi objective optimization. The figure evidently
displays the competing relation between the two objective func-
tions that led to the obtained Pareto front curve. In this figure, while
the total exergetic efficiency of the system increases to about 47%,
the total cost rate increases only slightly. Going further and
increasing the total exergetic efficiency from 47% to 49% is corre-
sponding to the moderate increase in the cost rate of the plant.
More rise in the exergetic efficiency from 49% to the higher values
leads to drastic increment in the total cost rate. As it can be
observed in Fig. 2, the Pareto front curve represents two ultimate
points (points A and B) where the optimization can be considered
as a single objective function optimization. Themaximum exergetic
efficiency exists at design point (A) (54.5%), while the total cost rate
is the highest at this point (0.01066 USD s�1). In contrast, the lowest
exergetic efficiency is at design point B (44.4%), while the total cost
rate has its minimum value at this point (0.01029 USD s�1). Point A
represents the situation where the thermodynamic objective
(exergetic efficiency) is most weighted, while point B has been
mostly weighted in favor of economic objective (total cost rate of
the system). It is worth mentioning that in multi-objective opti-
mization and the Pareto solution, each point can be considered as
an optimized point. Therefore, selection of the optimum solution
depends on preferences and criteria of each decision-maker. In the
present work, TOPSIS (Technique for Order Preference by Similarity
to an Ideal Solution) decision-making method was utilized to select
the final optimum design point [35].

The exergetic efficiency and total cost rate at the final optimum
design point, selected by TOPSIS, are 51.7% and 0.01042 USD s�1

respectively. The numerical values of optimum design parameters
for single-objective and multi-objective optimization methods are
listed in Table 4.

Fig. 3 summarizes the exergy destruction rate in different
components of the hybrid system at optimum points obtained from
three methods of optimization (single-objective function I (exer-
getic efficiency), single objective function II (total cost rate), and
multi-objective functions (both exergetic efficiency and total cost
rate)). As it shown in this figure, the highest amount of exergy
destruction rate occurs in reformer and burner.

In order to demonstrate the share of the cost of each component
in the total capital cost of the plant, Table 3 illustrates the capital
cost of each component at optimum points with single-objective I,
II, and multi-objective optimization methods. As expected, the
most dominant component cost is the MCFC stack cost, and the
second highest capital cost is the one contributing to the gas tur-
bine. It is noteworthy to mention that the capital costs of the turbo-
machinery are much higher than those of heat exchangers, mixers,
and combustion chamber. In all three cases (single-objective I, II,
and multi-objective optimization) capital cost of MCFC stack is
accounted for more than 80% of the total cost.

The performance results of the MCFC-GT plant at 3 optimal
design points are presented in Table 4. As expected, the total cost
rate associated with the optimal point selected by TOPSIS method
is in between those corresponding to only one objective function.
The total cost of the hybrid system obtained from objective
function I (maximum exergetic efficiency) and objective function
II (minimum cost rate) have the highest (0.01066 USD s�1) and
lowest (0.01029 USD s�1) values respectively. Furthermore, the
optimum values of the system exergetic efficiency with opti-
mizing the single-objective function I, single-objective function II,
as well as optimizing multi-objective functions I and II are 51.7%,
44.4%, and 54.5%, respectively. The results show that when only
exergetic efficiency is considered as the objective function, the
system is optimized only thermodynamically regardless of the
total cost rate. Conversely, by considering only the economic
aspect of the plant, the cost rate decreases noticeably but
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Fig. 3. Exergy destruction rate in various components of the hybrid system.

Table 4
The optimum values of system design parameters and the corresponding hybrid
system performance-related results from three optimization standpoints.

Parameter Point A as an
extreme in favor
of exergetic
efficiency

Point B as an
extreme in
favor of total
cost rate

Multi objective
optimization
(trade-off
approach)

TIT(K) 1035 1032 1037
MCFC temperature (K) 948 981 963
rC 6.11 5.42 5.81
ȠT 0.9 0.83 0.89
thermodynamic efficiency of the system will be affected
adversely. The multi objective optimization, on the other hand,
results in a trade-off between thermodynamic efficiency and total
cost rate at the same time.

Furthermore, a sensitivity analysis has been carried out on the
impact of fuel unit cost and interest rate on the Pareto front in order
to provide a better understanding of the optimization problem.
Fig. 4 represents the variation of Pareto front for different values of
fuel unit cost. As can be observed from the figure, with increasing
the fuel unit cost Pareto front shifts upward and leftward (higher
exergetic efficiency) toward higher exergetic efficiencies and cost
rates. The upwardmovement of the Pareto front optimum solutions
is due to the fact that increasing the fuel cost results in higher total
cost rates. Moreover, it should be noted that at the higher exergetic
efficiencies regions (with lower weight of thermodynamic objec-
tive) the Pareto front variation is much less sensitive to the fuel cost
fluctuations compared to regions with lower exergetic efficiency.
Similar behavior can be seen in Fig. 5 which depicts the sensitivity
of Pareto front to annual interest rate. As it is vividly shown in the
figure, at high exergetic efficiency region, the Pareto fronts at
different interest rates almost overlap which indicates the weak
dependence of objective functions on costing parameter (i.e. in-
terest rate).

In order to investigate the influence of environmental aspect on
the optimum solutions, the same optimization procedure has been
performed without including the environmental costs in the total
cost rate (second objective function). The final optimum point
chosen based on the Pareto solutions obtained by the new defini-
tion of the second objective function results in a total cost rate of
0.0096 USD s�1 and exergetic efficiency of 48.5%. In fact, the
reduction in the total cost and exergetic efficiency is attributed to
Table 3
Capital costs of system major components (in terms of USD).

Component Point A as an
extreme in favor of
exergetic efficiency

Point B as an
extreme in favor
of total cost rate

Multi objective
optimization
(trade-off approach)

Compressor 6156 3742 7284
Turbine 76036 67445 73293
Reformer 14913 12704 13999
MCFC 536120 412880 486200
Auxiliary 26806 20644 24310
Heat exchangers 6009 5082 5501
the fact that, as the environmental cost is not taken into account,
less weight is given to the operating cost of the system. This fact
moves the selected design to a less efficient optimal design point
with lower capital cost and less exergetic efficiency.
5.2. Sensitivity analysis

5.2.1. Steam to carbon ratio (S/C)
As the first analysis, the impact of steam to carbon ratio (S/C) on

the exergetic efficiency is investigated and plotted in Fig. 6. This
figure reveals a weak influence of the steam to carbon ratio on the
exergetic efficiency, with exergetic efficiency mainly improves with
increasing steam to carbon ratio. By employing higher S/C ratios,
the amount of water for the reforming and water gas shift reactions
(reactions (1) and (3) respectively) increases, resulting in the
equilibrium shift to the right side due to the Le Chatelier's principle.
On one hand, the improvement in the reactions brings about higher
hydrogen concentration at the reformer outlet which accordingly
improves the electrical efficiency of the fuel cell stack. On the other
ȠC 0.84 0.79 0.85
Uf 0.8 0.63 0.72
S/C 3.09 2.5 3.17
Social cost of air

pollution ($ year�1)
8075 9702 8489

Electrical power output
from turbine (kW)

86.4 75.5 82.9

Electrical power output
from MCFC (kW)

103.1 79.4 93.5

Air compressor and pump
electrical power (kW)

48.4 47.1 46.0

HRE net exergy gain (kW) 3.6 4.9 2.8
Exergetic efficiency (%) 54.5 44.4 51.7
Total annual cost ($) 331568 320060 324104
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Fig. 6. Effect of S/C variations on exergetic efficiency.
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Fig. 4. The sensitivity of Pareto front shape to fuel unit cost.
hand, due to the reactants dilution at the reformer outlet, lower
temperatures for cogenerative purposes would be expected which
reduce the cogeneration efficiency of the plant.

On the other hand, the reactants dilution at the reformer outlet
results in a lower corresponding outlet temperature which in turn,
in order to keep the TIT constant, requires higher flow rate of
auxiliary fuel in the combustion chamber. The mentioned incre-
ment in the auxiliary fuel results in higher exergy destructions
within the combustion chamber and consequently lower exergetic
efficiency of the overall plant. As a result of these contradictory
influences of increasing S/C ratio, the graph of exergetic efficiency
versus S/C ratio indicates an optimum in S/C ¼ 4.
5.2.2. Compressor pressure ratio (rC)
Fig. 7 illustrates the effect of the compressor pressure ratio on

the exergetic efficiency of the plant. The upward trend of the
exergetic efficiency with pressure ratio can be easily observed from
the figure. Increasing the operating pressure influences the plant
through different ways. Firstly, the reforming reactions tend toward
the reactants side, due to the Le Chatelier's principle, which exac-
erbate the hydrogen production performance within the reformer.
On the other hand, at elevated pressures the power and the exer-
getic efficiency of the MCFC enhance since, according to Eq. (20)
and Eq. (21), the increment in the partial pressures of gases and
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Fig. 5. The sensitivity of Pareto front shape to interest rate.
corresponding improvement in the mass transport characteristics
of the cell leads to lower cathodic and anodic losses [36] and sub-
sequently higher performance of the cell.
5.2.3. Turbine inlet temperature (TIT)
Fig. 8 shows the variation of overall exergetic efficiency of the

system with the turbine inlet temperature (TIT). It can be seen that
the overall hybrid system efficiency has a steady decrease with in-
crease in TIT. This behavior is due to the fact that higher TIT requires
higher amount of heat provided by the combustion chamber which
results in higher exergy destructions within this component. In
addition, higher TIT diminishes the total exergetic efficiency since
the heat input to the combustor is utilized in a less effective manner
than that of the fuel cell [9,37]. It should be pointed out that the
major purpose of heating the MCFC outlet stream in the combustion
chamber, though it is not beneficial from exergetic point of view, is
to obtain a certain power output from the whole cycle.
5.2.4. Current density (j)
The falling trend of exergetic efficiency with increasing current

density is depicted in Fig. 9. An increase in the current density in-
curs lower operating voltage due to the electric losses which also
can be concluded from Eq. (14). As a result, higher current densities
lead to higher rate of exergy destruction of fuel cell which
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Fig. 7. Effect of compressor pressure ratio variations on exergetic efficiency.
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comprises the largest contribution to the total exergy destruction of
the plant and subsequently deteriorate the exergy efficiency of the
entire plant.
6. Conclusions

The current research encompasses a comprehensive study of
an external reforming molten carbonate fuel cell/gas turbine
hybrid cycle from exergy, economic, and environmental aspects.
The system was modeled and analyzed in MATLAB® environ-
ment. Multi-objective optimization of the system was performed
using genetic algorithm technique, while considering the total
cost rate and the exergetic efficiency of the plant as objective
functions. It is noteworthy that for our case study, the exergetic
efficiency at the final optimal design point obtained from multi-
objective optimization was 51.7%, corresponding to the total cost
of 0.324 million USD per year. A sensitivity analysis of the Pareto
optimal solutions with change in fuel unit cost and interest rate
was also carried out and discussed in detail. Moreover, the
sensitivity analysis on variations of key system parameters
revealed that the operating pressure has the most significant
effect on the exergetic efficiency of the plant.
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