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1. Introduction

The escalating fuel price, stricter environmental legislations,
and continuous increase in energy consumption pose an urgent
need for power generation technologies to operate in a more effi-
cient, cost-effective and environment-friendly manner [1-3].
Furthermore, in the recent years, the distributed power generation
has been identified as an economically viable option for small scale
applications (up to several megawatts) and specifically for
providing electrification to remote areas without access to public
grid [4]. Within this context, fuel cells, especially MCFC (molten
carbonate fuel cell) and SOFC (solid oxide fuel cell) have come into
sight as competent alternatives to conventional power generation
methods [5]. MCFC as a typical high-temperature fuel cell has
attracted a great deal of attention due to its high efficiency, low
emission of pollutants, and fuel flexibility based on its resistance to
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fuel impurities such as CO (carbon monoxide) [6]. Moreover,
operation at elevated temperatures (600—700 °C) entails sufficient
fast kinetics, allowing MCFC to use relatively inexpensive non-
noble catalysts (Ni vs. Pt) [7]. In addition, one of the most encour-
aging characteristics of high temperature fuel cells, such as MCFC, is
the high temperature of the exhaust gas, offering the possibility of
cogeneration purposes or combination with other types of power
generators such as gas turbine [8,9] and organic Rankine cycle
(ORC) [10] to achieve a high efficiency and provide additional
power.

Beside the experimental studies [5,11], many modeling and
simulation studies of the MCFC have been going on to examine the
electrochemical processes, the transport phenomena, and cell
design [12—14]. A good overview over some steady-state models of
MCFCs can be found in Koh et al. [15]. Likewise, in the development
of integrated power systems based on fuel cell technologies, due to
the obstacles upon experimental studies, numerical modeling plays
a central role to explore the performance of the system in a wide
range of operating parameters [16,17]. Lunghi et al. [18] studied an
MCFC-GT hybrid system and performed a system optimization by
varying the fuel cell size and the fuel utilization coefficient. More-
over, an MCFC operated at ambient pressure and combined with an
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Nomenclature

Acronyms
GA genetic algorithm
LMTD  logarithmic mean temperature difference

MCFC  molten carbonate fuel cell
ORC organic Rankine cycle

WGS water gas shift

Symbols

A area (m?)

ct unit cost of fuel (€ MJ™1)

CRF capital recovery factor

Conv social cost of air pollution (€ 5‘1)
Crot total cost rate (€ s 1)

D diameter (m)

E open circuit voltage (V)

ex exergy per unit mass (k] kg 1)

E exergy flow rate (kW)

Eact activation energy (k] mol ~1)

e standard chemical exergy (k] kmol 1)
f Darcy friction factor

F Faraday constant (96,485C mol~!)

G mass flux (kg m~2s1)

AG Gibbs free energy (J mol~1)

h specific enthalpy on a mass basis (k] kg~ 1)
h specific enthalpy on a molar basis (k] kmol ')
AH enthalpy (k] kmol™1)

| current (A)

i interest rate (%)

j current density (A m—2)

k thermal conductivity (W/m K)

K equilibrium constant

L length (m)

LHV lower heating value (k] kg~1)
m mass flow rate (kg s 1)

M molar mass (kg kmol 1)

N operational hours in a year
n system lifetime (year)

n molar flow rate (kmol s~1)

p pressure (Pa or bar)

Pr Prandtl number

Nu Nusselt number

q’ specific heat power (W m~2)

Q heat transfer rate (kW)

R resistance (Q)

Ry universal gas constant (J mol~! K1)
Re Reynolds number

pressure ratio
specific entropy on a mass basis (k] kg~ ! K1)
specific entropy on a molar basis (k] kmol~! K~1)
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STIG cycle was investigated by Ubertini and Lungh [19] and effi-
ciencies up to 69% were obtained. Another study conducted by
Varbanov et al. [20] revealed that coupling a steam generation
power system with an MCFC plant leads to about 24% improvement
in the overall thermal efficiency of the system.

ORC cycle can be employed downstream of the gas turbine to
extract the remaining waste heat from the exhaust gases and

S/C steam to carbon ratio

temperature (K)

turbine inlet temperature (K)

overall heat transfer coefficient (W/m? K)
fuel utilization factor

voltage (V)

power (kW)

molar fraction

capital cost in €

capital cost rate (€ s 1)

NN X g,<_c;c511—1

Greek symbols

o convective heat transfer coefficient (W m—2 K1)
n efficiency

i maintenance factor
v exergetic efficiency
W viscosity (Pa s)

p density (kg/m?)

€ effectiveness
Subscripts

an anode

B burner

cat cathode

C compressor

CcC combustion chamber
Ch chemical

cond condenser

D destruction

el electrical

env environmental
evap evaporator

ex exergetic

exp expander

f fuel

g electric generator
gen generated

HE-1 heat exchanger

ir internal

M mixer

motor electrical motor

ne nernst

o: outside

Ph physical

pp pinch point

preh preheater

R reformer

red reduced

RHE recovery heat exchanger
T gas turbine

tot total

wf working fluid

provide even higher overall power output [21,22]. Akkaya and
Sahin [23] studied the energetic performance of a combined system
consisting of an SOFC and an ORC running with R-113. The results
showed that the efficiency of the SOFC-ORC system is 14—25%
higher than the efficiency of a single SOFC because of the waste
heat recovery through ORC. Moreover, Al-Sulaiman et al. [24]
suggested a tri-generation plant based on coupling an SOFC to an



ORC can improve the efficiency by 22%. In a recent study [22], an
SOFC-GT-ORC combined system was examined from thermody-
namic standpoint and the results showed that an overall electrical
efficiency of 67.4% can be obtained.

Exergetic analysis, based on the second law of thermodynamics,
is a valuable method which enables the identification of the source
and magnitude of exergy destruction in a given process [25]. Rashidi
et al. [26] performed an exergetic investigation on an MCFC-GT
system, and reported overall energetic and exergetic ef-ficiencies of
57.4% and 56.2% respectively. Shirazi et al. [27] con-ducted thermal-
economic-environmental analyses and multi-objective optimization
on an SOFC-GT. Moreover, Silveira et al.[28] implemented the
energetic and exergetic analysis for an MCFC-based cogeneration
system to produce electricity and cold water, achieving a global
efficiency of 86%.

Numerous studies have been done on the economic analysis of
power plants equipped with MCFCs. As a case in point, Verda and
Nicolin [29] studied the thermo-economic optimization of an MCFC-
GT hybrid system coupled with a pressure swing absorption system
for the combined electricity and hydrogen production. The results
suggested that the designs corresponding to the maximum and
minimum electrical efficiencies, 0.62 and 0.46, lead to the maximum
and minimum costs of electricity, 0.055 and 0.036 USD per kWh
respectively. In order to boost the efficiency of a 250 kW SOFC
system on board a ship, Ghirardo et al. [30] employed an organic
Rankine bottoming cycle, resulting in a 35 kW extra elec-tricity
generation and 5% enhancement in the overall efficiency. There are
limited studies in which the environmental aspect of MCFC units is
considered. Monaco and Di Matteo [31] performed a life cycle
analysis of an MCFC unit in order to investigate the environmental
impact associated with this system. Moreover, Sanchez et al. [32]
propounded the MCFC unit as an active carbon sequestration device
which not only produces electricity but also captures CO, at the
same time.

In this study, a comprehensive modeling and optimization of
MCFC-GT-ORC hybrid plant is conducted, taking into account the
energetic, exergetic, economic and environmental aspects of the
system (4E analysis). As such, a complete thermodynamic model of
a hybrid MCFC-GT-ORC plant is firstly represented, enabling the
evaluation of energetic and exergetic efficiencies of the plant. An
economic model for the total cost rate of the plant, comprising the
capital, operating and environmental costs is developed. In order to
evaluate the environmental impacts, the social penalty cost
associated with CO, NOy, and CO, emissions of the plant is
determined. By employing the GA (genetic algorithm)
optimization method, the multi-objective optimization of the
system is performed. TOPSIS (technique for order preference by
similarity to an ideal solution) decision making method is applied
to choose the final optimum design point of the system. Finally, in
order to provide a better insight into the plant's behavior and to
investigate the effect of variations in some of the economic
parameters, a sensitivity analysis was performed on the Pareto front
solutions with respect to the unit cost of fuel and the interest rate.

2. Plant description

The general schematic of the system is shown in Fig. 1. The
system is mainly composed of an MCFC plant and an ORC
(organic Rankine cycle) as the bottoming unit. Natural gas,
considered to be pure methane, is used as the system fuel input
which is converted into a hydrogen-rich mixture in the reformer.
The mixture of water vapor and methane is preheated in the heat
exchanger and is subsequently fed to the reformer where
reforming reactions occur. The required heat for the endothermic

reactions (except the WGS (water gas shift)) in the reformer is
supplied by the catalytic burner which burns the anode outlet
stream containing unreacted methane, hydrogen and carbon
monoxide. The hydrogen-rich stream exchanges heat with the
reformer inlet stream and cools down to reach the desired
temperature, and then enters the anode side of the MCFC stack to
participate in the electrochemical reaction. On the other side, the
air stream entering the plant is pressurized by the air compressor
and then is mixed with the high temperature outlet stream of the
catalytic burner to provide the required amount of oxygen and
carbon dioxide for electrochemical reaction in the cathode side of
the MCFC.

Part of the cathodic outlet stream is directed to the combustion
chamber where the residual carbon monoxide is burnt together
with the appropriate amount of fuel. The resulting flue gas in
burner has a high amount of energy which can be extracted
through the turbine which not only does meet the compressor
required power but also provides further electrical power. The
waste heat in the flue gas leaving the MCFC-GT plant can be utilized
by means of a bottoming cycle. The working fluid in the ORC sub-
system is toluene which in the first step is vaporized in the evap-
orator, recovering the heat of the flue gas. The stream leaving the
evaporator enters the ORC turbine where the required power of the
ORC compressor and additional power are produced. Finally, the
turbine outlet stream is cooled down in the water cooled condenser
and is pumped back to the evaporator.

3. Energy analysis

The following assumptions were made to develop the thermo-
dynamic model of the plant:

Steady state operation is considered for all components.

Air at the inlet of the compressor consists of 79% N and 21% O.

Constant and equal pressures in the fuel cell gas flow channels.

Cathode and anode temperature are supposed to be the same at

the outlets.

o Pressure at the anode and the cathode of the MCFC is considered
to be constant and equal.

e There are no heat losses from the reformer, fuel cell stack, and
the burner to the surroundings.

e Heat exchangers, mixers, pump, compressors and the turbines
are adiabatic; hence, there is no heat transfer between these
systems and the surrounding environment.

e Combustion chamber is non-adiabatic and 2% of the total
generated heat is transferred to the environment.

e Electrolyte migration in the fuel cell stack is considered
negligible.

e The working fluid in ORC cycle is pure Toluene.

For all components, energy and mass balances have been
considered to perform the simulation and modeling.

3.1. Air compressor

The required power consumed by the air compressor to increase
the pressure of inlet air to the desired pressure is supplied by the
gas turbine. The isentropic efficiency of the compressor (n¢) is
defined as follows:

_hgs—hy
ncfm (1)

Applying the energy balance on the compressor, the compres-
sor's required power can be expressed as:



19

20 Fuel

Pump Condenser
23
Fuel 5
4
8
2 ~ 1
HE-1~'
3
Water
C )I_.: 7 _Air
9
Fig. 1. Schematic diagram of the MCFC-GT-ORC power system.
) 3.4. Reformer
Wc = mghg — mzh; (2)

3.2. Gas turbine

Gas turbine provides the required power of the air compressor
and also additional useful work which results in electrical power
generation.

Considering the following definition for the isentropic efficiency
of the turbine, the outlet temperature of the gas turbine can be
calculated:

 he—hy
nT*hQ_th (3)

The mechanical work of gas turbine is determined as follows:
Wy = mghg — iy hy (4)
3.3. Heat exchangers

The heat exchangers are modeled employing the e-NTU method
in which the effectiveness can be calculated using effective heat

transfer coefficient and surface area.
The effectiveness of the heat exchanger is defined as:

_ Ccold (Tcold‘out - Tcold,in) (5)
Cmin (Thot,in - cold,in)

where Ccolq is the heat capacity rate of the cold flow, and the Cyj, is
the minimum between Ccoq and the heat capacity rate of the hot
flow (Chot).

It is worth mentioning that since there is no heat loss from heat
exchangers, the energy balance can be considered as:

mhotﬁinhhot,in + mcoldﬁinhcoldjn = mhotﬁouthhot,out + mcold,outhcold,out

(6)

In order to provide the required fuel of anode side, which is
hydrogen, the mixture of preheated steam and methane enters
the reformer and the hydrogen-rich flow leaves this component.
Reactions occurring in the reformer are mainly endothermic
(except for the water gas shift reaction) and the required energy
Qg is supplied by the hot flue gas from the burner which can be
obtained considering the energy balance around the catalytic
burner.

Xu and Froment [33] proposed a general Langmuir—Hinshel-
wood type kinetic model for the steam reforming of methane
using a Nickel based catalyst considering the water—gas shift re-
action to occur in parallel with the steam reforming reactions.
Consequently, the following reactions are considered to take place
in the reactor:

CH4 + H,0<(CO + 3H, (7)
CH, + C0O,<2C0 + 2H, 8)
CO + H,0<(C0, + Hy (9)

The corresponding kinetics equations are as follows:

kg Pcu,PH, — Pf,Pco/Ki

_ (10)
P25 DEN?
ry = ka PcoPH,0 — PH22pcoz/K2 (11)
P, DEN
ks Pc,Ph,0 — Ph.Pco, /K3
ry = -3 ~HiTH0 _ “H, TCO; (12)

TPy DEN?



where p;j is the partial pressure of the species “i” in the mixture
and:

K

DEN =1+ KcoPco + Ki, P, + KcruPw, + % (13)
2

ki = A(ki)exp[ — Egeei/(RuT)], fori=1,....3 (14)

K; = A(K))exp| — AG; /(RuT)], fori=1,....3 (15)

K; = A(Kj)exp[ — AH; /(RuT)], forj = CHy,H,0,C0,H,  (16)

The kinetic parameters of the above reaction rates and the
applied correlations for heat transfer inside the reformer can be
found in Ref. [33].

3.5. MCFC stack

The basic concept of molten carbonate fuel cell is similar to the
other kinds of fuel cell, which is the electricity generation via
electrochemical reactions. In the anodic side, the hydrogen gener-
ated in the reformer reacts with carbonate ions (CO3~) which have
passed through the membrane and produce water, carbon dioxide
and electrons. These produced electrons are transferred through an
external circuit and generate electrical power and then enter the
cathodic side of the stack where they react with oxygen from the air
flow and carbon dioxide from recycle stream at the outlet of the
cathode. Alongside the electrochemical reaction, water gas shift
reaction, due to the presence of CO, occurs in the anodic side. The
chemical reactions taking place inside the stack are shown below:

Anodic side:

2H, + 2C02~ —2H,0 + 2C0O, + 4e™

CO + Hp0 < CO;, + H; (water-gas shift reaction)

Cathodic side:

0, +2C0, + 4e~ «2C03~

The overall reaction:
% 0y + Hy — Hy0

The molten carbonate fuel cell is made up of the anode, the
cathode and the electrolyte, but for the subsequent analyses (mass,
energy and exergy) of the stack we consider the MCFC as a single
unit.

The equilibrium constant of the water gas shift reaction can be
calculated using the following relation [34]:

Kyes= e'7 391 (17)
where T is the temperature of the stack in kelvin. The equilibrium
constant of shifting reaction can also be expressed in terms of
partial pressures:

Dco,PH
Kwes = —2—+ (18)
DcoPH,0
Assuming that y and x are the molar flow rates of H, and CO
participating in the electrochemical and water gas shift reactions
respectively:

(fco, 12 +X+Y) (12 +X —Y)

K =~ - 19

wes (”60,12 —X) (Mp,012 —X+Y) (19)
y="Ut (ﬁHz.lz + X) (20)
Us — Ny, 12 — NH, 14 (21)

MH, 12

With the knowledge of the stack temperature, the equilibrium
constant can be calculated from Eq. (17), and x and y are deter-
mined by solving Egs. (19) and (21) simultaneously.

3.5.1. Current, current density, cell potential and resistances

The MCFC fuel cell current (I) can be calculated based on the
molar flow rate of consumed hydrogen (y) during the electro-
chemical reaction in the fuel cell as follows:

[=2F (22)

where F is the Faraday constant.
The fuel cell operating voltage can be determined using the
following equation:

Veeit = E — e — IRtot (23)

where E is the maximum theoretically achievable reversible po-
tential, npe is the Nernst loss, I is the current, and R is the sum of
resistances in the an (anode), ca (cathode) and the internal resis-
tance [35]. The term E can be determined as follows:

—AG

E=—F

(24)

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

AG = —242000 + 45.8T (25)

where T is the stack temperature in kelvin.

0.5
R,T Dco, catPH, anPo, car
Npe = == % In : (26)
ne 2F PH,0,anPC0,.an
y= Uf (rin.lz + X> (27)

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

Due to voltage losses corresponding to the anodic, cathodic and
internal resistances, the actual voltage of the cell is less than the
ideal one. The total resistance in the stack (R¢) can be defined as
follows:

Rtot = Ran + Rear + Ryr (28)

where R, and R¢,¢ are the anode and cathode resistances due to the
polarization in the respective electrodes, and R;; is the internal cell
resistance which is referring to the resistance to the electron
transport within the bipolar plates and the ion transport through
the electrolyte. The following equations can be used to calculate the
foregoing resistances [34]:



AHg
Ran = Caerut P02 A7 (29)
AH, AH,
Reat = Cr€ at P620.,'C§P8ti,car + CZeFCTZCE(}z,catAi] (30)
AHjp
Ry = Cl'rem1471 (31)

where Cj coefficients are the parameters related to electrodes and
electrolytes, P and AH are the pressure (atm) and the enthalpy
(J mol~1) respectively. From theses equations, it can be observed
that resistances in anodic and cathodic sides mainly depend on
temperature and partial pressures of the gases, H, at anode, CO,
and O at cathode, and some parameters related to electrodes and
electrolyte.

The electrical power generated by the stack Wycrc(kW) is
expressed as follows:

WMCFC = VceleA (32)

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

Qgenmcrc = [AVjp5 x 1073 4+ TAS (33)
where
—| o ]_ p
- o w0 1o\ _PH,0
AS = y{(sto SH, 2502) Ruln szpoo'fﬂ .

where 5° is the entropy at standard temperature and pressure.

Qwes = X<EC02 +hy, — heo — EH;O) (35)

In order to determine the net thermal energy generated in the
stack which heats up the outlets flows from anodic and cathodic
sides both Qgen pmcrc and Qs should be taken into account:

Q = Qgenmcrc — Qwas (36)

On the other hand, this value, net thermal energy, can be
determined from the rate of the enthalpy changes of reactants and
products at the cathodic and anodic sides as follows:

Q' = myahyp + My3hyz — Myghig — Myshys (37)

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 — abs % (; Q) <0.03 (38)

In order to solve the total thermal balance of the plant, guess
values are first assumed for the temperature of the stack and the
molar flow rates of anodic and cathodic outlets. Afterwards, a loop
is considered around the reformer, burner and the RHE to find the
inlet temperatures to the stack as well as the turbine inlet mass
flow rate. Considering the created calculation loops, the iterative
procedure is continued until the convergence is reached and the
difference between the obtained values and assumed ones is less
than the specified tolerance.

3.6. ORC unit

Recovering the low grade heat from the flue gases leaving the
plant, ORC can significantly boost the overall electrical efficiency of
the system. Due to the low temperature and pressure of the exiting
flue gas, utilizing steam cycles would be pointless and not efficient
[36]. Selection of suitable working fluid, mainly according to the
waste heat temperature, is a key step in implementation of an ORC
system. Numerous thorough studies can be found in literature
proposing different strategies and criteria for the working fluid
selection [37,38]. Toluene has been chosen as the working fluid in
this study due to its viability for medium and large scale power
generations [37]. The main components in ORC system are
expander, condenser, and evaporator and pump which have been
extensively investigated since their performance directly in-
fluences the overall efficiency and power output of the bottoming
cycle.

3.6.1. Evaporator

Evaporator is the main component in the ORC cycle since it
dictates the amount of heat that can be transferred from the hot
waste flue gases to the working fluid for power generation within
the ORC expander. In the present study, preheating and
evaporation are conducted in the evaporator as superheating
toluene at the expander inlet is not recommended due to the
significant drop in the efficiency of the bottoming cycle [37]. A
finned-tube heat exchanger has been used in this study to model
the evaporator of the ORC unit. The design details and correlations
of this heat exchanger were taken from Ref. [39]. The geometric
parameters for the evaporator are presented in Table 1. The LMTD
(logarithmic mean temperature difference) Method is employed to
determine the heat transfer area of both preheater and evaporator
zones. Accordingly, for the evaporator:

Qpreh = UprehAo,prehLM TDpreh (39)

Qevap = UeuapAo,evapLMTDevap (40)

The global coefficients are calculated based on outside area as:

1
U = 41
preh = 4 In(D,/Dy) Aopren (41)
QgasTo 277L[o[.preh Keupe aprehAi.preh
1
Uevap = — In(D, /D;) Aocrap (42)
QgasMo 277L[u[.evap ktube ‘XeuapAi evap

Since both heat exchanger area and overall heat transfer coef-
ficient are unknown, an iterative procedure has been employed for
each zone to find the heat transfer area and the overall heat transfer
coefficient.

Table 1

Fixed geometric parameters of the ORC evaporator.
Parameter Description Value
Do Outer diameter tube 0.027 m
D; Inner diameter tube 0.020 m
L Tube length 8m
k Thermal conductivity 17 W/mK
CcP Column pitch 0.054 m
RP Row pitch 0.04677 m
H Fin height 0.027 m
Y Fin thickness 0.004 m
S Fin spacing 0.016 m
z Fin density 50 fin/m




For the flue gas side (outside of tubes), the convective heat
transfer coefficient can be calculated with the following
correlation:

Nitgas — Dl(;agas —0.1378 M) Pr;é? (%) (43)
gas Mgas

For the single-phase working fluid flowing within the tube, in
the preheater, the Gnielinski correlation has been used [40]:

£ ((Rews —1000)Pry, ) {1 N (& )2/3]
2/3 L
14127/ (P2 1)
In addition, considering the working fluid in the two-phase
zone, the experimental results by Huang et al. [41] suggested that

the Liu and Winterton correlation can accurately predict the
convective heat transfer coefficient.

Nupreh = (44)

2 2
Qeyapj = (Eafo) + (Fop) (45)

where correction factor for the film boiling, E, can be defined as:

) 0.35
1+ x;Pry <£ﬂ - 1)}
vap

The convective heat transfer coefficient for film boiling, o,
computation is based on the Dittus—Boelter correlation:

E— (46)

Nujiq = 0.023Rep *Pr)* (47)
The correction factor for the nucleate boiling F is:
! (48)

14 0.55E01Re®

The Reynolds number corresponding to the saturated liquid
state is expressed by:

G(1 — Xj)Di

Rerg =
f Mlig

(49)
The convective heat transfer coefficient for the nucleate boiling

anp is calculated according to the pool boiling correlation of Copper

as in Bertsh et al. [42], that results to be suitable for toluene [43]:

B 3 A 0.67
anp = 55-PRelf(— 0.4343 In preg) "M 03 (q')

red (50)
where preq is the reduced pressure (kPa), M is the molar mass (kg
kmol~1) and q” is the specific heat power (W m~2).

3.6.2. Expander
In the expander, a non-isentropic expansion process can be
described by the isentropic efficiency, which can be expressed as

ha3 — hyg
Nexp = —h23 — h24‘s (51)
The work output of the expander can be expressed as:
Wexp = it (hy3 — hag) (52)

where i,y is the working fluid mass flow rate.

3.6.3. Pump )
The ORC pump power consumption (Wpymp) is determined
based on the following formulae:

1My, X (P22 — P2s)

(53)
Pwf X Mpump

Wpump =

where Mpump is the pump isentropic efficiency.

4. Exergetic analysis

Exergetic analysis is a branch of applied thermodynamics which
is based on the second law of thermodynamics. This type of analysis
focuses not only on the quantity of energy, but also on its quality
[44].

By employing the first and second laws of thermodynamics, the
steady state exergy balance equation can be written as:

dE, QW : : _F
R R Y

where the terms EJQ E", and Ep are the exergy transfer associated
with heat transfer, the exergy transfer accompanying net useful
work, and the exergy destruction, respectively, E; and E, are the
exergy transfer rate at inlets and outlets.

Assuming negligible values of change in potential and kinetic
exergy, the exergy flow rate of the system can be expressed as:

E = EPh + ECh (55)
Epy = mi1[(h — hg) — To(s — So)] (56)
(57)

Eqp = n Zxk?k + RTO Zxk In Xk
k k

By taking into account the exergy balance equation for each
system component, the exergy destruction rate of each component
can be determined as presented in the Table 2.

5. Economic analysis

Besides being energy efficient, a power generation system
should also be economically viable and cost efficient. The system
total cost in this paper is one of objective functions aimed to be
minimized. The total cost includes capital and maintenance ex-
penses, the system operating cost (fuel cost), as well as the envi-
ronment related costs. The investment cost functions are listed in

Table 2
Exergy destruction rate for each component of the system.

System component Exergy destruction rate

Compressor Epc =E; —Eg + W¢

Epcc = Eao +E1s —Eg

Epr =Eq —E — Wy

Epp-r = Eq7 +Ero — Erg —Eny
Eppp-1 =E; +E3 —E; —Ey4
Eprir =Eg +E11 — Ero — En2

Combustion chamber
Turbine

Reformer and Burner
Heat exchanger
Recovery heat exchanger
MCFC stack

ORC pump

ORC evaporator

ORC expander

ORC condenser

Epmcrc = E12 + E13 — E1a — Eys — Wiere
Epp =Eys —Exp + Wp

Eppva = Eo +Ezp — Ex — Eps

Eppxp = Ez3 — Eas — Wixp

Epcon = Eaa + Ewaterin — E25 — Ewater out




Table 3 for major components in terms of their design parameters.
The target cost for MCFC has been estimated to be 2600 €/kW in
the previous studies, and the same cost was considered in the
present study [8]. In order to evaluate the capital cost per unit of

time (Z,, ) the following correlation has been employed:

_ Zy xCRF x ¢

k= "Nx 3600 (58)

where N, ¢, and CRF (capital recovery factor) are the annual oper-
ational hours of the system, maintenance factor, and the Capital
Recovery Factor, respectively. CRF can be determined with the
following relation:

i(1+1)"

CRF=__ "1V
T+ -1

(59)

where i is the interest rate and n is the equipment lifetime. In
addition, the operational cost of the system can be estimated by:

_ CfLHme

f="1000 (60)

wherect is the unit cost of the fuel, LHV is the lower heating value,
and m; is the total mass flow rate of fuel enters the plant.

6. Environmental analysis

The environmental issues are one of the major concerns which
should be considered while analyzing a power production system.
As a result, the environmental social cost (Ceny) has been considered
in the total cost rate of the plant through the optimization of the
MCFC-GT-ORC system. It is worth noting that no emission has been
considered from the fuel cell stack; therefore, the catalytic burner
and the combustion chamber are the only sources of environmental
emissions. The environmental social cost of the plant can be
calculated as follows:

Ceny = CcoMco + Cco,Mco, + CNo, N, (61)

Table 3
The capital cost function of various components in the MCFC-GT-ORC hybrid plant
[8,27,and36].

System component Capital cost function

_39.5xm, ( Puc Pdc
Ze = g (B )in (e )

Compressor

Combustion chamber

Zec = %&) [1+ exp(0.018Toy — 26.4)]
Pin
Turbine Zp = Wr[1318.5 — 98.328 In(W7)]
Reformer Zg = 2860A%5° + 28940V

Heat exchanger

Zue = 130(¢%3) o

Auxiliary device Zyicrc.aux = 0-1(Zyicre)

MCEFC stack Znicre = 2600Wycre
Burner 46.08x17
Zg = 09‘953& [1+ exp(0.018Tyy — 26.4)]
: Pin
ORC pump

Zp = 705.48(0<001W,‘3'”) (1+522)

T—nsp

ORC evaporator Zeva = (8500 4+ 406A0-85 )

eva+preh

Zexp = 1.5(225 4+ 170V exp )
Zeon = (8500 + 4064285 )

cond-+precond

ORC expander

ORC condenser

where mcp, Myp,, and mep, are the exhaust mass flow rates of
carbon monoxide, nitrogen monoxide, and carbon dioxide, and
Cno,,Cco andccp, are the unit damage costs of carbon monoxide,
nitrogen monoxide, and carbon dioxide emissions, respectively.
The amount of CO and NOy produced in the burner in grams per
kilogram of fuel can be estimated through the following equations:

0.179 x 109 x exp(%)
05
(%)

0.15 x 1016 x 795 exp (*7}100)

Mco = (62)

pz

Mo, = (63)

0.5
0.05 ( Ap

In these equations p is inlet pressure of combustion chamber,
Tp, primary zone combustion temperature, v residence time in the
combustion zone, and 42 the non-dimensional pressure drop in the
combustion chamber [55,46].

7. Optimization
7.1. Objective functions and design parameters

In the present work, exergetic efficiency and the total cost rate of
the system are considered as objective functions. A multi objective
optimization is conducted aiming at maximizing the exergetic ef-
ficiency while the total cost rate of the system is minimized. The
cost of the environmental damage is assumed to be added directly
to the expenditures that must be paid. Therefore, the second
objective function includes the rate of investment and maintenance

costs (Z), operational cost (Cf), and the rate of penalty cost due to

emissions (Ceny). The mathematical formulation of the objective
functions can be written as follows:

- ot En W
Objective I = Wior = @ _ Tin T =Dtfot _ el,net
Ein Ein (M0 + 1Ms)-eXcy,
(64)
Wel,net = WMCFC"DC/AC—inverter + (WT - Wc) Ng + WexpTIg
_ Wyump
Mmotor
(65)
(66)

Objective Il = Cror = > Z + Cy + Ceny
k

Moreover, the following design parameters are selected for the
system optimization: S/C (steam to carbon ratio), rc (air compressor
pressure ratio), Ur (fuel utilization factor), n (gas turbine isentropic
efficiency), TIT (turbine inlet temperature), Tevap (€vaporation tem-
perature), ATppevap (€vaporator pinch point temperature), Teond
(condensation temperature), and Teng (condenser pinch
point temperature). Table 4 represents the mentioned design
parameters, their range of variation, and the constraints for system
optimization.

7.2. Multi-objective optimization

Multi-objective optimization is an approach to find solutions to
problems with conflicting objectives. Obviously, there is no single



Table 4
List of constraints for system optimization and the range of variation of design
pa-rameters [10,29,36,and50].

Constraint Reason

2<rc<16 Typical technology and commercial availability

0.6<nr < 0.9 Typical technology and commercial availability

0.5< U< 0.9 Minimum and maximum values of fuel utilization factor
25<S/C<55 Minimum and maximum values of steam to carbon ratio
TIT<1250 K The material limit of available technology

Tmcrc<1020 K The material limit of available technology

Ty1 > 350K To avoid formation of carbonic acid (H,CO3) in

exhaust gases

Typical data for ORC systems with Toluene

as the working fluid

Typical data for ORC systems with Toluene as
the working fluid

Minimum and maximum values of pinch point
temperature in Condenser

Minimum and maximum values of pinch point
temperature in Evaporator

Maximum temperature beyond which degradation
of the working fluid is expected to take place

443K < Teva<478 K
297K < Teon<323 K
3 K<ATpp-con<16 K
4 K<ATpp-eva<25 K

Ty < 671.9K

solution which can comply with the conflicting objectives at the
same time; therefore, the solution obtained for multi-objective
optimization problems is a set of non-dominated solutions, called
the Pareto Solution [47]. The Pareto set is the set of solutions with
minimum conflict between objectives. The multi-objective opti-
mization problem can be defined as:

Findx = (X;) Vi=1,2,...,Npar (67)
Minimize or Maximize f;(x) Vi=1,2,...,Nyp; (68)
gix)=0Vj=1,2,...m (69)
hy(x) <0 Vk=1,2,...,n (70)

where X, Npay, fi(X), Nobj, gj(X) and hy (x) are decision variables
vectors, number of decision variables, objectives, number of ob-
jectives, equality and inequality constraints respectively [48].

7.3. Genetic algorithms

The GA (genetic algorithm) method is a heuristic technique
utilized to find exact or approximate solutions to optimization
problems. GA optimization procedure has been inspired by evolu-
tionary theory of Charles Darwin “survival of the fittest” and nat-
ural genetics. Accordingly, the first step in GA is to provide a
solution to the problem by a string of genes, known as a chromo-
some. In the next step, an initial population of legal chromosome is
required to start the procedure.

The key advantage of using GA is the capability of this method to
search in parallel, employing a population of points, which helps it
to avoid being trapped in a local optimal solution. By taking
advantage of genetic operators like crossover, mutation and selec-
tion, solutions become fitter and fitter as search starts, and finally it
converges to a single solution. Mutation options determine how the
GA makes small random changes in the individuals in the popu-
lation to generate mutation children. Moreover, choice of parents
for the next generation is done in the selection stage. Crossover
options specify how the GA combines two individuals to form a
crossover child for the next generation. The genetic process will
stop if there is no change in the optimal values for a specified
number of generations [49]. The flowchart in Fig. 2 represents
various stages of GA optimization process. In the present study,

Generate random initial
population

v

Evaluate the fitness of each
chromosomes

v

Select two parent
chromosomes

v

Use crossover operator to
produce offspring

v

Evaluate the fitness of
produced offspring

Use replacement operator to
incorporate new
chromosome into population

Select one offspring

v

Use mutation operator to
produced mutated offspring

v

Evaluate the fitness of
mutated offspring

Terminate?

Fig. 2. Flowchart of genetic algorithm technique for plant optimization.

Mutation
finished?

multi objective genetic algorithm implemented in MATLAB opti-
mization toolbox has been employed. The genetic algorithm opti-
mization was applied for 100 generations, using a search
population size of 120 individuals, crossover probability 0.8, and
gene mutation probability 0.01.

8. Performance indexes

In this section, the key indicators of the performance of the
MCFC-GT-ORC plant are defined before further discussion on the
obtained results. The total exergetic efficiency (Nex tot), MCFC sys-
tem exergetic efficiency (nexmcrc), and ORC cycle exergetic effi-
ciency (nex,0rc) have been employed to investigate the performance
of the proposed MCFC-GT-ORC system.

The total exergetic efficiency is defined as the net electrical
power output divided by the total chemical exergy input to the
system. Similarly, the MCFC system exergetic efficiency is defined
as the ratio of power generated in the stack and the exergy input to
the stack.

Wel net
L. S— (71)
extl ™ (mpg + 1Mis ) - eXcp,
0%
Mex,MCFC = e (72)

Eia+E13

The ORC cycle exergetic efficiency is defined as the net electrical
output of the bottoming cycle to the exergy input from the hot flue
gases.



Table 5
Input parameters used for simulation of the MCFC-GT-ORC system [21,22,and24].

Parameter Value
Ambient temperature 20 °C
Ambient pressure 1 bar
Air compressor isentropic efficiency 82%
Electrical generator efficiency 95%
Electrical motor efficiency 95%
DC-AC inverter efficiency 95%
ORC cycle pump isentropic efficiency 80%
ORC cycle turbine isentropic efficiency 80%
Fuel composition CH,4 (100%)
Fuel LHV 50,009 (k] kg™ 1)
Pressure loss
Fuel cell stack 4%
Combustion chamber 5%
Recovery heat exchanger 3%
A W umj
_ Wexpmg =500
Mex,ORC = — % (73)
E; — Exn
9. Case study

The target city for the MCFC-GT-ORC hybrid system installa-tion
has been chosen to be Milan, Italy. The ambient pressure and
temperature which are considered in the optimization procedure
are 1 bar and 20 °C respectively. Table 5 summarizes the main input
parameters used in the modeling and simulation process. The total
power output of the hybrid system (combi-nation of MCFC, gas
turbine, and ORC cycle electrical outputs) is estimated to be 150 kW. In
order to determine the CRF (Eq. (59)), the annual interest rate (i),
approximate lifetime of the system (n), and the maintenance factor
(F) are considered as 1.2%, 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 1.08, respectively. The annual
operational hours of the hybridsystem(N)is8000h.Theunitcostoffuel(cy)is
considered to be 00092 € MJ . In addition, due to

environmental concerns for pollutant emissions 0.01564 €
kg~1CO, 5.14 € kg INO,, and 0.0168 <€ kg !CO, as penalty
are used for carbon monoxide (ccp), nitrogen monoxide (cnox),
and carbon dioxide (ccp), respectively [27].

10. Results and discussion
10.1. Model validation

Fig. 3 demonstrates the voltage—current density curve of the
MCFC stack at the considered operating pressure. To validate the
MCFC stack behavior, a comparison has been made on the polari-
zation curve generated by the present model and the one reported
by Ref. [34]. Operating temperature and pressure are considered to
be the same as the ones considered in the mentioned reference
which are 950 K and 4 atm respectively. It should be noted that, in
the present study, the range of the current density, in which the
modeled fuel cell operates, is between 1500 and 3500 A/m>.
Accordingly, as can be seen in Fig. 3, the results of the present
model are in close agreement with the results proposed by Baranak
et al. [34], the fact which shows that our model is accurate enough
to estimate the performance of MCFC stack in a sufficiently
accurate way.

10.2. Optimization results

10.2.1. Pareto front

Fig. 4 demonstrates the Pareto frontier achieved from the multi-
objective optimization of the MCFC-GT-ORC hybrid system using
genetic algorithm. The conflicting relation between the two
objective functions can be observed clearly from the represented
figure. As shown in this figure, starting from the exergetic
efficiency of 49.44%—52.25% only a slight increment in the total
cost rate of the system would experience. However, after this point
(i.e. exer-getic efficiency of 52.25%), by further increase in the
exergetic ef-ficiency a steep rise in the total cost rate from 0.0098 €
s~ 1t0 0.01106 € s~ could be noticed. According to Fig. 4, the Pareto
front curve represents two ultimate points (points A and B) where
the optimization can be considered as a single objective function
optimization. The highest exergetic efficiency is at design point (A)
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Fig. 3. Comparison between the current density-cell voltage curve generated by the results of the present model and the data from a previous study [34].



(56.06%), while the total cost rate has its highest value at this point
(0.01106 € s~ ). On the other hand, the lowest exergetic efficiency,
49.44%, at design point B leads to the minimum total cost rate of the
plant (0.00971 € 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).

10.2.2. Selection of the final optimum design point

In order to select the most desirable optimum point amongst
the Pareto front solutions, different techniques can be applied.
For this purpose, in the current research after Euclidian non-
dimensionalization of all objectives, TOPSIS (Technique for Or-
der Preference by Similarity to an Ideal Solution) method has
been used to specify the final optimum design point. In TOPSIS
method, an ideal solution is an imaginary point where each
objective has its optimum value while for the non-ideal solution
each objective has its worst value. The two ideal and non-ideal
solutions are shown on Fig. 5. The best optimal point will have
the farthest distance from the non-ideal point and the shortest

0.01120

Table 6
The optimum values of system design parameters from three optimization
standpoints.
Design Point A as an extreme Point B as an Multi objective
parameters in favor of exergetic extreme in favor optimization
efficiency of total cost rate  (trade-off approach)
TIT (K) 1014 1009 1011.5
Ic 6.05 5.68 5.9
Nt (%) 87.4 86 89
Ur 0.61 0.602 0.65
S/C 431 4 5.25
Teva (K) 466.65 468 466
ATpp-eva (K) 9 104 9.7
Teon (K) 305 307.5 305.3
ATpp-con (K) 6.5 6.9 6.65

distance from the ideal point [50]. Following this method, the red
highlighted point in Fig. 5 has been selected as the final optimum
solution, corresponding to an exergetic efficiency of 54.95% and
the total cost rate of 0.01023 € s~!. The numerical values of
optimum design parameters at point A, B, and the final optimum

0.01100

0.01080

0.01060

0.01020

Total Cost Rate (€ s-')

0.01000

0.00980

0.00960

0.01040 |-————————— o

0.57 0.55 0.54

0.53

0.52

Total Exergetic Efficiency

Fig. 4. Pareto front from multi-objective optimization of MCFC-GT-ORC plant.

0.1660

0.49

0.1630

0.1600

0.1570

0.1540

0.1510

0.1480

Non-Dimensional Total Cost Rate

0.54

0.53

0.52

0.51

Total Exergetic Efficiency

0.49

Fig. 5. Non-dimensional Pareto front for optimum point selection using TOPSIS decision-making method.



Table 7
Capital costs of major system components (in Euros).

Table 9
Environmental performance of the plant from three optimization standpoints.

Component Point A as an extreme Point B as an Multi objective
in favor of exergetic ~ extreme in favor optimization
efficiency of total cost rate (trade-off approach)

Compressor 5359 4822 5095

Turbine 75,780 74,730 80,685

Reformer 13,920 13,250 14,430

MCFC 594,442 485,515 529,852

Heat 5230 5009 5694

exchangers

Expander 2220 1995 2100

Condenser 2374 2122 2268

Evaporator 10,881 9809 10,350

point are listed in Table 6. As stated before, one of the main
purposes of the present study is to evaluate the economic viability
of the proposed system and also to underline the sig-nificance of
using multi-objective optimization in finding the best trade-off
between the economic indexes and thermody-namic performance.
Table 7 presents the capital cost of each component at the
foregoing optimum points. The main share of the capital cost is
accounted for the MCFC stack which in all three operating points
(single-objective I, I, and multi-objective opti-mization)
encompasses more than 75% of the total capital cost. On the other
hand, the noticeable voltage loss of the stack with time due to the
degradation of the metal components, electrolyte vaporization,
and dissolution of the cathode necessitates the user to also take
into account the extra cost of stack replacement and/or reparation.
Furthermore, the next highest capital cost is associated with the
gas turbine and among the components of the ORC cycle the
evaporator is the most expensive component. As can be observed
in Table 8, the total cost rate of the optimum point selected by
TOPSIS lies between that of the two extremes (point A and B). In
point A in which the exergetic efficiency is most weighted, the total
cost rate reaches its highest value, 0.01106 € s~'; while in point B,
the system is optimized only from economic point of view which
leads to the lowest total cost rate, 0.00971 € s~!, as well as the least
exergetic efficiency of 49.44%. These two extreme scenarios which
suffer from high total cost rate (Case A) and low exergetic efficiency
(Case B) clearly point out the key role of the multi-objective
optimization in bringing the balance and targeting the operating
points with the best trade-off between the selected objectives. As a
result, it can be noticed that both the exergetic efficiency and total
cost rate of the TOPSIS selected point are in between of the limits
obtained from the two extremes. In addition, Table 9 summarizes
the amount of pollutant emissions and the corresponding
environmental costs in each of the three optimization method.
Expectedly, the least social cost of air

Table 8

Parameter Point A as an Point B as an Multi objective
extreme in favor extreme in optimization
of exergetic favor of total (trade-off
efficiency cost rate approach)

NO emission (kg year™!) 13.8 13.5 13.7

CO emission (kg year™!) 345 408 323

CO, emission (kg year—') 401,800 412,981 403,764

Social cost of air 6825 7015 6858

pollution (€ year')

Share of the environmental 2.14 2.5 2.33

cost in total cost rate (%)

pollution with the value of 6825 € per year is in Case A where the
exergetic efficiency is the most weighted objective function; while
this value increases by 3% in Case B and reaches 7015 <€ per year.
This is due to the fact that higher exergetic efficiency leads to a
more efficient operation with lower fuel consumption and conse-
quently lower emissions.

10.3. Sensitivity analysis

As the fuel unit price is always subjected to change over time,
investigating the effect of the variation of this parameter on the
optimum solutions of the system would provide a better under-
standing in the behavior of the proposed plant. As such, Fig. 6
depicts the sensitivity of the Pareto optimum solutions to the
variation of unit cost of fuel, i.e. 0.0092 € MJ~! as the base value, as
well as 0.0115 and 0.0069 € MJ~! respectively. It can be seen in this
figure, increasing the unit cost of fuel, the Pareto optimal solutions
shift upward and leftward (with higher exergetic efficiency)
simulta-neously. As a consequence of increasing the unit cost of
fuel, the operating cost of the plant, which is included in the total
cost rate, will rise which subsequently leads to the observed
upward move-ment of the Pareto front. Moreover, it can be
understood from the Pareto front shapes that the variation of the
objective function is less sensitive to fuel cost at high exergetic
efficiencies. Accordingly, in regions with high exergetic efficiency
and low weight of ther-moenvironomic objective the Pareto front
curves for different fuel costs converge. Further to the unit cost of
fuel, the sensitivity of the Pareto optimum solution to the interest
as another economic parameter has been performed. Fig. 7
illustrates the trends of Pareto front curve in case of interest rate of
1.2%, as the base value, and 3% as the extreme value. It can be
noticed that the Pareto front solution has a similar behavior with
interest rate variation as in case of fuel cost. Finally, Table 10
provides the results of sensitivity analysis of change in the
numerical values of TOPSIS selected optimal design

The performance-related results of the hybrid system from three optimization standpoints.

Point A as an extreme in
favor of exergetic efficiency

Parameter

Point B as an extreme in
favor of total cost rate

Multi objective optimization
(trade-off approach)

Gas Turbine electrical power (kW) 89.85
MCEFC electrical power (kW) 108.6

Air Compressor electrical power (kW) 48.82
ORC net electrical power (kW) 3.9
ORC exergetic efficiency (%) 45.8
MCEFC exergetic efficiency (%) 384
Total exergetic efficiency (%) 56.06
Total cost rate (Euro/sec) 0.01106
Total annual cost (Euro) 318,528

86.1 92.4
88.7 96.8
48.74 48.6
342 3.6
42.8 443
30.8 35.6
49.44 54.95
0.00971 0.01023
279,648 294,624




Table 10

Total Cost Rate (€ s™)

Total Cost Rate (€ s™)
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Fig. 7. The sensitivity of Pareto optimum solutions to the interest rate.

The sensitivity analysis of change in the numerical values of optimum design pa-
rameters with variation in fuel unit cost.

Change in the values
of design parameters

Variation in fuel unit cost

—25% +25%
% —1.95% +2.16%
arc —4.42% +5.85%
c
% —-0.38% +0.41%
T
ATU/ —2.23% +2.57%
f
A(S/C) +2.41% —2.78%
(570
AToa +2.35% —1.82%
Tow
AdTTp,, @ +3.88% —4.13%
pp-—eva
ATeon +2.15% —2.68%
AdTyp con +1.18% —3.42%
Ty con

parameters with variation in the unit cost of fuel. As shown in Table
10, increasing the unit cost of fuel encourages the optimal design
parameters shift to more thermodynamically efficient design.

11. Conclusions

In the present study, an MCFC-GT plant integrated with an ORC
(organic Rankine cycle) was modeled for power production and
analyzed from energetic, exergetic, economic, and environmental
aspects (4E analysis). Employing the genetic algorithm optimi-
zation technique, multi-objective optimization of the system was
conducted and the Pareto front optimum solutions were obtained.
The objective functions in the system optimization were the total
exergetic efficiency and the total cost rate (including the capital
investment cost, operational cost, and environmental cost). The
optimization results revealed that the multi-objective optimiza-
tion approach, besides keeping the exergetic efficiency at high



levels, attempts to reach the minimum total cost rate of the sys-
tem. The exergetic analysis of the MCFC-GT-ORC plant shows that
there is at least a 5% gain in exergetic efficiency compared with the
power cycle without any bottoming cycle. Finally, the sensitivity
analysis of the variation of optimal design parameters as well as
Pareto optimal solutions with alterations in the economic pa-
rameters (fuel unit cost and interest rate) was carried out and the
results revealed that a 25% growth in the fuel unit cost increases
the total cost rate by 3% in the low exergetic efficiency zone. On
the other hand, it was observed that by increasing the interest rate
the Pareto front curve shifts to regions with higher exergetic ef-
ficiency and total cost rate.
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