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Abstract – Thermo-economic modeling and multi-objective optimization studies are performed for a three-
stage combined cycle system using ammonia water mixture as working fluid. This combined cycle plant is
composed of three main subsystems, Brayton cycle, Rankine and Kalina cycles. Energy and exergy analyses
and multi-objective optimization are included. In order to optimize the system, a multi-objective optimiza-
tion method based on a fast and elitist non-dominated sorting genetic algorithm is applied to determine
the best design parameters of the system. The two objective functions considered for the optimization
purpose are the total cost rate of the system including equipment costs, and the second objective func-
tion is the system exergy efficiency. The total cost rate of the system is minimized while the cycle exergy
efficiency is maximized using an evolutionary algorithm. In order to convey a deeper understanding and
identify the necessary trade-offs within the optimized objectives in a multifaceted fashion, multi-objective
optimizations are conducted in the study. Moreover, a closed form equation is derived to provide the re-
lationship between the exergy efficiency and total cost rate. Finally, sensitivity analyses are performed to
better understand the effects of various key design parameters on the total exergy destruction rate, exergy
efficiency and total cost rate of the system.
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1 Introduction

The demand for more efficient power generation sys-
tems has been strongly increased due to the importance
of energy resource limitations, adverse environmental im-
pact and daily growth of energy consumption. Cascade
power cycles are one of the potential ways to enhance
the performance of power plants. In such cycles, energy
source for the bottom cycle is provided by the outlet en-
ergy from the topping cycle. Among the cascade power
generation systems, which are proposed to improve the
system performance, ammonia-water mixture as an effec-
tive working fluid in low temperature and pressure ranges
has achieved considerable interest by many engineers and
researchers around the world [1].

The first type of the ammonia-water cycle, presented
by Kalina [2], was proposed to produce more power than a
conventional steam Rankine cycle. Comparing gas engines
and gas diesel engines with ammonia-water bottoming cy-
cle was studied by Jonsson and Yan [3]. They concluded

a Corresponding author: amin momeni@ut.ac.ir

that the high exhaust gas temperature from the gas en-
gines increases the output power of the ammonia-water
bottoming cycle in comparison with the Rankine cycle.
Srinivas et al. [4] simulated a combined cycle with Kalina
bottoming cycle. The results showed that combined cycle
efficiency increases with an increase in the turbine in-
let pressure and the same decreases with increase in the
ambient temperature, turbine inlet temperature and its
concentration. Gross efficiency between 13.5% and 18.8%
was reported by Ogriseck [5] for a Kalina cycle which was
integrated with a combined heat and power cycle. Wagar
et al. [6] developed a thermodynamic model based on the
Rankine cycle with ammonia-water mixture. They also
conducted an optimization of the system and the opti-
mization results lead to an increase in system efficiency
for about 10%. Shi and Che [7] studied a combined sys-
tem including Rankine cycle with ammonia-water and
the liquid natural gas power generation cycle. The cal-
culated results showed that electrical and energy efficien-
cies are 33.28% and 48.87%, respectively. Sun et al. [8]
and Lolos and Rogdakis [9] studied the Kalina cycle with
solar collectors and auxiliary super heaters. Sun et al.
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Nomenclature

A Area (m2)
Ex Exergy flow rate (kW)
h Specific enthalpy (kJ.kg−1)
ṁ Mass flow rate (kg.s−1)

Q̇ Heat rate (kW)
Rp Pressure ratio
S Specific entropy (kJ.kg−1.K−1)
T Temperature (K)
U Overall heat transfer coefficient (W.m−2.K−1)

Ẇ Work rate (kW)
Z Purchase cost ($)

Greeks
η Energy efficiency
Ψ Exergy efficiency

Subscripts
avl Available
B Brayton cycle
Comp Compressor
Cond Condenser
D Destruction
HE 1 Heat exchanger 1
HE 2 Heat exchanger 2
h High temperature
K Kalina cycle
l low temperature
m Mean
ph Physical
R Rankine cycle
recup Recuperator
rev Reversible
tot Total
turb Turbine
w Work
0 Dead state

Superscripts
I First
• Rate

concentrated on the effect of pressure differences on ther-
mal efficiency enhancement. The results indicated that at
2.5 MPa pressure difference, efficiency is 16.3%, where in
the Lolos and Rogdakis’ study, the maximum efficiency is
reported to be 8.3%. Dejfors et al. [10] studied thermo-
dynamic advantages of ammonia-water mixture in small
direct-fired biomass fueled cogeneration plants and con-
cluded that net power output of cogeneration system with
Kalina cycle is lesser than cogeneration configuration with
Rankine cycle. Exergy analysis as a potential tool has at-
tracted several researchers around the world to conduct
research due to its fundamental role on addressing the
issues such as finding methods to increase the system effi-
ciency and sustainability as well as to answer some criti-
cal question such as how to mitigate global warming [11].
Padilla et al. [12] studied a combined power/cooling cy-
cle, which combines the Rankine and absorption refrig-
eration cycles and uses ammonia-water mixture as the
working fluid. The maximum effective first law efficiency
was 20% for the heat source and absorber temperatures of

170 ◦C and 30 ◦C, respectively. Energy and exergy anal-
yses and environmental impact assessments of integrated
organic Rankine cycle for trigeneration were carried out
by Ahmadi et al. [13]. The exergy efficiency of the tri-
generation system was found to be higher than that of
typical combined heat and power systems or gas turbine
cycles. They also concluded that increasing the turbine
inlet temperature decreases the cost of environmental im-
pact, primarily by reducing the combustion chamber mass
flow rate. Exergy analysis of power and refrigeration co-
generation systems with ammonia-water mixture as work-
ing fluid was also investigated. Liu and Zhang [14] found
that there are certain split fractions which maximize the
exergy efficiency for a given basic working fluid concen-
tration. 18.2% reduction in energy consumption was eval-
uated in their study in comparison with the conventional
separate generation system. Vidal et al. [15] investigated
the new combined cycle proposed by Goswami. Solar col-
lectors or waste heat were suggested as heat sources to
drive the cycle. Exergy effectiveness was in the range of
51% and 53% for the heat input requirements at temper-
ature in the range 125 ◦C and 150 ◦C.

Unlike a wide range of studies conducted for two-
stage combined cycle, only few of them investigated the
performance assessment of three-stage combined cycles.
Takeshita et al. [16] proposed a three-stage cogeneration
system that recovers power to compensate for change in
heat transfer demands. Miyazaki et al. [17] and Marrero
et al. [18] investigated the thermodynamics analysis of
a triplet combined power cycle. Miyazaki et al. consid-
ered steam and ammonia as working fluids for middle
and bottom stages, respectively, where Marrero et al.
used ethane-propane and ammonia-water, respectively.
Recently, Momeni and Shokouhmand [19] investigated
a three-stage combined cycle power systems utilizing
ammonia-water mixture as a working fluid in bottoming
cycle. They have concluded that the second law efficiency
of the three-stage cycles with variable and constant am-
monia fraction are 4.71% and 5.15% higher than steam-
gas combined power cycle, respectively.

In order to have an efficient power generation system,
exergy analysis may not always be sufficient when not
reinforced by other considerations. Economic in this re-
gard, also plays an imperative role during comprehensive
design of power generation systems. Thus, it is important
to optimize the studied system in a way that a chosen
quantity, known as the objective function, is maximized
or minimized accordingly.

Applying optimization techniques based on exergy
and cost has introduced itself as a useful tool to ad-
dress and assist designers to build new power genera-
tion systems with both efficiency and total cost perspec-
tives in mind. Among several optimization techniques,
evolutionary algorithms have introduced themselves as
a good candidate for thermal system design due to the
ability to avoid being trapped in local optimal solu-
tion like traditional methods and the use of probabilis-
tic selection rules, as opposed to deterministic ones. Ah-
madi et al. [20] used evolutionary algorithm to optimize
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a poly-generation energy system. They comprehensively
model a poly-generation energy system for the produc-
tion of electricity, heating, cooling and hot water. They
used a multi-objective genetic algorithm to optimize the
system. They concluded that gas turbine inlet temper-
ature, compressor pressure ratio and gas turbine isen-
tropic efficiency tend to be at their maximum values in-
dicating that an increase in these parameters results in
better system performance. In another study, Ahmadi
et al. [21] optimized combined cycle power plants by con-
sidering three objective functions: exergy efficiency, to-
tal cost rate of the system products and CO2 emissions
of the overall plant. The optimization results suggested
that environmental impacts can be reduced by selecting
the best components and using the low flow rate into the
combustion chamber. Thermoeconomic analysis and op-
timization of an ammonia-water power/cooling cogener-
ation cycle were carried out by Zare et al. [22]. Results
indicated that the sum of the unit costs of the products
for the cost optimal design is reduced by around 18.6%
and 25.9% as compared to that of the thermal efficiency
and exergy efficiency optimal designs, respectively. Ah-
madi et al. [23] modeled a new multigeneration energy
system that produces multiple commodities: power, heat-
ing, cooling, hot water and hydrogen. Using an evolution-
ary algorithm, the total cost of the system was minimized
while the cycle exergy efficiency was maximized. They
also derived an equation for relationship between exergy
efficiency and total cost rate. Modified exergoeconomic
model was presented by Coskun et al. [24]. This model
was developed for geothermal power plants with the ex-
ergy efficiency between 37% and 48%. Arslan [25] studied
Simav geothermal field for electricity generation. Exer-
goeconomic evaluation showed that with the best design,
power generation of 41.2MW, and electricity production
of 346.1 GWh/a can be obtained with an energetic ef-
ficiency of 14.9% and exergetic efficiency of 36.2%. Fu
et al. [26] proposed a cascade utilization system includ-
ing Kalina cycle subsystem and oil production process
subsystem. Results demonstrated that the ammonia con-
centration and the inlet pressure of the turbine should
be lower than that of the optimum points in order to en-
sure the system stability. Thermoeconomic evaluation and
optimization of Brayton-Rankine-Kalina combined triple
power cycle were investigated by Singh and Kaushik [27].
The objective function considered was the minimization
of the total cost rate of the entire plant.

In this paper, a comprehensive thermodynamic model
of a three-stage combined cycle power systems is devel-
oped. Furthermore, an evolutionary based multi-objective
optimization is conducted to optimize the system parame-
ters under different operating conditions for the analyzed
system. The specific objectives are as follows:

– To develop a comprehensive model of three-stage com-
bined cycle power systems with constant ammonia
fraction at bottoming cycle.

– To apply a multi-objective optimization technique us-
ing Matlab software program and genetic algorithm
approach.

– To propose a new closed-form expression for the total
cost rate in terms of exergy efficiency at the optimal
design point.

– To conduct sensitivity analyses for each key design
parameter of the system for each objective function.

2 System description

Three-stage combined cycle power system consisting
of Brayton cycle, Rankine cycle and Kalina cycle is ther-
modynamically modeled, analyzed and optimized. This
three-stage combined system works with constant ammo-
nia concentration, which uses ammonia-water mixture at
low temperature as shown in Figure 1. The top stage in-
cludes a gas turbine cycle with air as a working fluid;
the middle stage includes a steam cycle and the bottom
stage includes a Kalina cycle with constant ammonia frac-
tion. The condenser of the steam cycle exchanges heat in
higher temperature and pressure to a Kalina cycle. This
exchanged heat is considered as a heat source for the bot-
tom stage. In order to perform the thermodynamic mod-
eling of the cycle several assumptions are made in order
to render the analysis more traceable:

– Gas turbine inlet temperature is assumed to be
1650 K.

– Turbine and compressor pressure ratios in the Brayton
cycle are assumed to be 7.

– Mass flow rate in the Brayton cycle is considered as
70 kg.s−1.

– Isentropic efficiency of all turbines in this research
study is assumed to be 0.85.

– Isentropic efficiency of all pumps and the compressors
in this research study is considered to be 0.9.

– Pinch point temperatures difference of all heat ex-
changers and recuperators are assumed to be 5 K.

– Reference environment temperature and pressure are
taken to be 290 K and 101 kPa, respectively.

– Pressure drop and heat loss in pipelines are neglected
except for the 3% pressure drop in the ammonia-water
mixture as passing through the heat exchangers and
recuperators.

– Low temperature of the cycles is assumed to be 300 K.
– Air and flue gasses in the system are assumed to work

based on ideal gas assumption.

3 Energy analysis

All components associated with the cycle were steady
flow devices. Kinetic and potential energy changes are
usually small in comparison with the work and heat trans-
fer terms and are usually negligible. Governing equations
and energy balances are divided into three subsections:
topping stage (Brayton cycle), middle stage (Rankine cy-
cle) and bottoming stage (Kalina cycle).
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Fig. 1. Schematic of three stage combined cycle.

3.1 Topping stage (Brayton cycle)

Isentropic efficiencies for compressor and gas turbine
are expressed as follows:

ηcomp,B =
h2s − h1

h2 − h1
(1)

ηturb,B =
h4 − h5

h4 − h5s
(2)

Compressor, turbine and net work of topping stage are
expressed as follows:

Ẇcomp,B = ṁB(h2 − h1) (3)

Ẇturb, B = ṁB(h4 − h5) (4)

Ẇnet, B = Ẇturb, B − Ẇcomp,B (5)

Writing the energy balance equation for heat exchangers
yields:

Q̇h,B = ṁB(h4 − h3) (6)

Q̇l,B = ṁB(h6 − h1) (7)

The first law efficiency of the topping stage can be ex-
pressible as follows:

ηI
net, B = 1 − Q̇l, B

Q̇h, B

=
Ẇnet, B

Q̇h, B

(8)

3.2 Middle stage (Rankine cycle)

Isentropic efficiencies for pumps and steam turbine are
expressed as follows:

ηpump1,R =
h8s − h7

h8 − h7
(9)

ηpump2,R =
h10s − h9

h10 − h9
(10)

ηpump3,R =
h12s − h11

h12 − h11
(11)

ηturb,R =
h13 − h14

h13 − h14s
(12)

ηturb,R =
h14 − h15

h14 − h15s
(13)

ηturb,R =
h15 − h16

h15 − h16s
(14)

Heat exchanged between Brayton and Rankine cycles is
expressed as follows:

ṁB(h6 − h1) = ṁR(h13 − h12) (15)

Mixers mass balance equations of middle stage are ex-
pressed as follows:

ṁ14(h14 − h11) = (ṁB − ṁ14)(h11 − h10) (16)
ṁ15(h15 − h9) = (ṁB − ṁ14 − ṁ15)(h9 − h8) (17)
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Pumps, turbine and network of middle stage are expressed
as follows:

Ẇpumps, R = (ṁR − ṁ14 − ṁ15)(h8 − h7)
+ (ṁR − ṁ14)(h10 − h9) + ṁR(h12 − h11)

(18)

Ẇturb, R = ṁR(h13 − h14) + (ṁR − ṁ14)(h14 − h15)
+ (ṁR − ṁ14 − ṁ15)(h15 − h16) (19)

Ẇnet, R = Ẇturb, R − Ẇpumps, R (20)

Heat exchanged equations for source and sink tempera-
tures of middle stage are expressed as follows:

Q̇h,R = ṁR(h13 − h12) (21)

Q̇l,R = (ṁR − ṁ14 − ṁ15)(h16 − h7) (22)

The first law efficiency of the middle stage is expressed as
follows:

ηI
net, R = 1 − Q̇l, R

Q̇h,R

=
Ẇnet,R

Q̇h,R

(23)

3.3 Bottoming stage (Kalina cycle)

Isentropic efficiencies for pumps and ammonia-water
mixture turbine are expressed as follows:

ηpump1,K =
h20s − h19

h20 − h19
(24)

ηpump2,K =
h22s − h21

h22 − h21
(25)

ηpump3,K =
h24s − h23

h24 − h23
(26)

ηturb,K =
h17 − h25

h17 − h25s
(27)

ηturb,K =
h25 − h26

h25 − h26s
(28)

ηturb,K =
h26 − h18

h26 − h18s
(29)

Heat exchanged between Rankine and Kalina cycles is
expressed as follows:

(ṁR − ṁ14 − ṁ15)(h16 − h7) = ṁK(h17 − h24) (30)

Mixers mass balance equations of bottoming stage are
expressed as follows:

ṁ25(h25 − h23) = (ṁK − ṁ25)(h23 − h22) (31)
ṁ26(h26 − h21) = (ṁK − ṁ25 − ṁ26)(h21 − h20) (32)

Pumps, turbine and net output power of bottoming stage
are expressed as follows:

Ẇpumps,K = (ṁK − ṁ25 − ṁ26)(h20 − h19)
+ (ṁK − ṁ25)(h22 − h21) + ṁK(h24 − h23)

(33)

Ẇturb,K = ṁK(h17 − h25) + (ṁK − ṁ25)(h25 − h26)
+ (ṁK − ṁ25 − ṁ26)(h26 − h18) (34)

Ẇnet,K = Ẇturb, K − Ẇpumps,K (35)

Heat exchanged equations for source and sink tempera-
tures of bottoming stage are expressed as follows:

Q̇h, K = ṁK(h17 − h24) (36)

Q̇l, K = (ṁK − ṁ25 − ṁ26)(h18 − h19) (37)

The first law efficiency of the bottoming stage is expressed
as follows:

ηI
net, K = 1 − Q̇l, K

Q̇h, K

=
Ẇnet, K

Q̇h, K

(38)

The overall cycle efficiency, the first law efficiency, is the
ratio of total output work to input heat. So, for the first
law efficiency of the three-stage combined cycle power sys-
tem we have:

ηI
net = 1 − Q̇l, K

Q̇h,B

=
Ẇnet,B + Ẇnet, R + Ẇnet,K

Q̇h,B

(39)

4 Exergy analysis

Exergy of a system is the “maximum shaft work that
can be done by the composite of the system and a spec-
ified reference environment” [11]. In this study, exergy
analysis is extensively utilized in order to better compre-
hend the true efficiencies by calculating the associated ir-
reversibilities throughout the system. In addition, the true
magnitude of losses, and their causes and locations are
identified by examining the sites of exergy destruction to
enhance the system efficiency. Exergy can be divided into
four major components: physical, chemical, kinetic and
potential. In this study, the chemical exergy is neglected
and the system is considered to be at rest relative to the
environment, (kinetic and potential terms are ignored),
where the total system exergy became equivalent to the
physical exergy of the system. The physical exergy is de-
fined as the maximum theoretical useful work obtained as
a system interacts with an equilibrium state [28–30] and
it is expressed as:

Ėxph = ṁ ((h− h0) − T0(s− s0)) (40)

The exergy efficiency is the ratio of the available work to
the reversible work:

(Ėxw)avl = Ẇnet = Ẇnet, B + Ẇnet,R + Ẇnet, K (41)

(Ėxw)rev = Q̇h,B

(
1 − T0

T4

)
− Q̇l, K

(
1 − T0

T19

)
(42)

ψ =
(Ėxw)avl

(Ėxw)rev
(43)

The exergy of each flow in the plant is calculated and
exergy destruction rates are determined for each compo-
nent. The exergy destruction for each component of this
energy system is shown in Table 1.
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Table 1. Exergy destruction expression of three-stage combined cycle components.

Gas turbine ĖxD = Ėx4 − Ẇturb, B − Ėx5

Steam turbine ĖxD = Ėx13 − Ẇturb, R − Ėx14 − Ėx15 − Ėx16

Ammonia-water turbine ĖxD = Ėx17 − Ẇturb, K − Ėx25 − Ėx26 − Ėx18

Condenser ĖxD = Ėx18 − Ėx19

Combustion chamber ĖxD = Ėx4 − Ėx3

Gas compressor ĖxD = Ẇcomp, B + Ėx1 − Ėx2

Steam pumps ĖxD = Ẇpumps,R + Ėx7 − Ėx8 + Ėx9 − Ėx10 + Ėx11 − Ėx12

Ammonia-water pumps ĖxD = Ẇpumps,K + Ėx19 − Ėx20 + Ėx21 − Ėx22 + Ėx23 − Ėx24

Recuperator ĖxD = Ėx5 − Ėx3 + Ėx2 − Ėx6

Heat exchanger 1 ĖxD = Ėx6 − Ėx1 + Ėx12 − Ėx13

Heat exchanger 2 ĖxD = Ėx16 − Ėx7 + Ėx24 − Ėx17

Steam mixer 1 ĖxD = Ėx8 + Ėx15 − Ėx9

Steam mixer 2 ĖxD = Ėx10 + Ėx14 − Ėx11

Ammonia-water mixer 1 ĖxD = Ėx20 + Ėx26 − Ėx21

Ammonia-water mixer 2 ĖxD = Ėx22 + Ėx25 − Ėx23

5 Economic analysis

In order to conduct the economic analysis, the pur-
chase cost function of each component in the system is
required as a function of design parameters that can be
used in the optimization study.

5.1 Purchase cost functions

Purchase cost equations of the components in the
three-stage combined cycle power systems can be ex-
pressed as follows [31, 32]:

ZCombustionChamber = 289.8ṁB(1 + e(0.015(T4−1540)))

(44)

ZGasTurbine = 301.5ṁB

(
1

0.94 − ηturb

)
lnRp(1 + e(0.025(T4−1540))) (45)

ZAirCompressor = 44.7ṁB

(
1

0.95 − ηcomp

)
RP lnRP

(46)

Zrecuperator = 43269.9A0.6019
recup (47)

ZHeatExchanger1 = 10719.1A0.6942
HE1 (48)

ZSteamTurbine = 3880.5Ẇ 0.7
turb

(
1 +

(
0.05

1 − ηturb

)3
)

×
(

1 +
T13 − 800

10.42

)
(49)

ZHeatExchanger2 = 10719.1A0.6942
HE2 (50)

ZPumps = 705.5Ẇ 0.7
pumps(1 +

2
1 − ηpump

)

(51)

ZKalinaTurbine = 3880.5Ẇ 0.7
turb

(
1 +

(
0.05

1 − ηturb

)3
)

×
(

1 +
T17 − 600

10.42

)
(52)

ZCondenser = 94693.3A0.4652
cond (53)

And finally the total purchase cost of the system is cal-
culated as:

Ztot =
∑

(ZCombustion Chamber + ZGas Turbine

+ ZAirCompressor + Zrecuperator + ZHeatExchanger1

+ ZSteamTurbine + ZHeatExchanger2 + ZPumps

+ ZKalinaTurbine + ZCondenser) (54)

Estimation of heat transfer area of the cycle components
is necessary to perform economic analysis. Heat transfer
rate of all components which exchanged heat into or out
of the cycle, including recuperator, heat exchangers and
condenser, can be expressed by overall heat transfer co-
efficient and mean logarithm temperature:

Q̇ = UAΔTm (55)

Overall heat transfer coefficient and mean logarithm tem-
perature of the cycle components are listed in Table 2 [33].

5.2 Capital recovery factor (CRF)

A capital recovery factor converts a present value into
a stream of equal and annual payments over a given length
of time at a given interest rate (i) [21] and it is defined
as:

CRF =
i× (1 + i)n

(1 + i)n − 1
(56)

Here, i denotes the interest rate and n the total operating
period of the system in years.
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Table 2. Overall heat transfer coefficients and mean logarithm temperature.

component Overall heat transfer Mean logarithm
coefficient U (W.m−2.C) temperature ΔTm (K)

Recuperator 10 ((T6 − T2) − (T5 − T3))
/

ln
(

T6−T2
T5−T3

)
Heat exchanger 1 25 ((T1 − T12) − (T6 − T13))

/
ln
(

T1−T12
T6−T13

)
Heat exchanger 2 850 ((T7 − T24) − (T16 − T17))

/
ln
(

T7−T24
T16−T17

)
Condenser 850 ((T19 − T0) − (T18 − Tout))

/
ln
(

T19−T0
T18−Tout

)

5.3 Cost rate

Since each device in a system is expected to be working
in a specific time frame, the cost rate of each device is a
good indicator to calculate the cost rate in $/s determined
as:

Ż =
ZJ × CRF × ϕ

N × 3600
(57)

where ZJ is the purchase cost of the Jth component, and
CRF is the capital recovery factor. Also, N is the an-
nual number of operation hours for the unit, and ϕ is the
maintenance factor, which is often 1.06 [34].

6 Multi-objective optimization

Based on evolutionary algorithm, a multi-objective
optimization method is applied to the three-stage com-
bined cycle power system. In this section, objective func-
tions, design parameters and constraints, and overall op-
timization are described.

6.1 Definition of objectives

Two objective functions are considered here for multi-
objective optimization: exergy efficiency (to be maxi-
mized) and total product cost rate (to be minimized).
Consequently, the objective functions in this analysis can
be expressed as follows:

ψ =
(Ėxw)avl

(Ėxw)rev
(58)

Żtot =
∑

(ŻCombustionChamber + ŻGas Turbine

+ ŻAirCompressor + Żrecuperator + ŻHeatExchanger1

+ ŻSteamTurbine + ŻHeatExchanger2 + ŻPumps

+ ŻKalinaTurbine + ŻCondenser) (59)

6.2 Decision variables

The following decision variables (design parameters)
are selected for this study: gas turbine inlet temperature
(T4), gas condenser outlet temperature (T1), steam con-
denser outlet temperature (T7), Kalina condenser outlet
temperature (T19), Kalina cycle condenser pressure (P19),

Table 3. Optimization constraints.

constraint Reason
T4 ≤ 1650 K Material temperature limit

P12 ≤ 16 MPa Commercial availability
P24 ≤ 16 MPa Commercial availability
ηturb ≤ 0.85% Commercial availability
ηcomp ≤ 0.90% Commercial availability
ηpump ≤ 0.90% Commercial availability

first bottoming pressure of the Kalina cycle (P20), sec-
ond middle pressure of Kalina cycle (P22) and evaporator
pressure of the Kalina cycle (P24). In the optimization
procedure, decision variables vary in reasonable ranges.
These constraints are listed in Table 3.

6.3 Evolutionary algorithm: genetic algorithm

Today, many search techniques are being utilized in
order to deal with multi-objective optimization problems.
Generic algorithm, simulated annealing, tabu and scatter
search, ant system, particle swarm and fuzzy program-
ing are the most commonly used among them. Since no
single technique is able to provide the optimum results
for all problems, the best method should be selected with
respect to the system at hand. In this study, generic algo-
rithm is used, mainly since it does not require initial con-
ditions, works with multiple design variables, finds global
optima, utilizes populations and uses objective function
formation.

Generic algorithms apply an iterative and stochas-
tic search strategy to reach towards an optimal solution
and have been starting to be used for wide range of ap-
plications within both academia and industry. Based on
the inspired evolutionary process, the strong species have
greater opportunity to pass their genes to future gener-
ations and thus the good genes are expected to appear
more frequently in the population, making them the dom-
inant population over time whereas the weak genes ap-
pears less frequently and these species face extinction.

In the conducted analysis, a solution vector (chro-
mosome) consists of discrete units (genes) that control
a number of chromosome features which corresponds to a
unique solution in the solution space. Moreover, the col-
lection of these chromosomes (population) is initialized
randomly at first and includes solutions with increasing
fitness as the search evolves until converging to a sin-
gle solution. Furthermore, operators called crossover and
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Fig. 2. Pareto Frontier, Best trade off values for the objective functions.

mutation are used to generate new solutions from existing
ones [35, 36].

Generic algorithms have considerably advantages and
therefore they are widely used for various multi-objective
optimization applications since any type of constraints
can be implemented without much difficulty. Moreover,
they can also find multiple near-optimal points in the op-
timization space, which allows the selection of the most
valid solution for the specific optimization problem.

7 Results and discussion

The results of the thermodynamic modeling as well as
exergy and economic analyses are presented along with
sensitivity analyses with respect to varying several design
parameters on cycle performance. The genetic algorithm
optimization is performed for 250 generations, using a
search population size ofM = 100 individuals, a crossover
probability of pc = 0.9, a gene mutation probability of
pm = 0.035 and a controlled elitism value c = 0.55. The
results of the optimization are given and described below.

7.1 Optimization results

Figure 2 shows the Pareto frontier solution for this
combined system with objective functions indicated in
Equations (58) and (59) in multi-objective optimization.
It is shown in this figure that the total cost rate of prod-
ucts increases moderately as the total exergy efficiency
of the cycle increases to about 71%. Increasing the to-
tal exergy efficiency from 71% to 74% increases the cost
rate of product significantly. The results of optimum ex-
ergy efficiency and total cost rate for all points evaluated
over 300 generations are shown in Figure 2. As shown in
Figure 2, the maximum exergy efficiency exists at design

point C (74%), while the total cost rate of products is the
greatest at this point (2.97 $/s).

On the other hand, the minimum value for the total
product cost rate occurs at design point A which is about
2.33 $/s. It can be seen that design point A only pays
attention to its own criterion (total cost rate) without
taking any other criteria (exergy efficiency) into consid-
eration, whereas the opposite is true for design point C.
Since all the points on the Pareto optimum frontier are
potentially an optimum solution for the analysis, a hy-
pothetical ideal point is selected to determine a desirable
final solution. In this selected point, optimum values ex-
ist for all objectives independent of each other and stay
below the Pareto optimum frontier as shown in Figure 2.
Although it is not feasible to achieve this point, it be-
comes useful by enabling the decision makers to select
the point on the Pareto optimum frontier that has the
closest distance to this ideal point as the desirable final
solution.

Nevertheless, in this case, the Pareto optimum fron-
tier exhibits weak equilibrium by having a small change
in one objective (from varying the operating parameters)
to cause a large variation in the other one. Thus, the ideal
point cannot be utilized for decision-making in this prob-
lem. In selection of the final optimum point, it is desired
to achieve a better magnitude for each objective function
than its initial value for the base case problem noting that
in multi-objective optimization and the Pareto solution,
each point can be utilized as the optimized point. There-
fore, the selection of the optimum solution (through the
corresponding point on the frontier) depends on the cor-
responding weighting factors, preferences and criteria of
the decision maker.

As shown in Figure 2, the optimized values for exergy
efficiency on the Pareto frontier range between 70% and
74%. In order to provide a good relation between exergy
efficiency and total cost rate of the system, a curve is
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Fig. 3. Effects of gas condenser outlet temperature on both objective functions.

fitted on the optimized points obtained from the evolu-
tionary algorithm. This fitted curve is shown in Figure 2
and the expression for this fitted curve follows:

Żtot =
5.98ψ3 − 5.13ψ2 − 2.1ψ + 1.98

ψ5 − 11.59ψ4 + 13.14ψ3 − 7.55ψ2 − 15.46ψ− 5.22
(60)

This is allowable when the efficiency varies between 70%
and 75%. To study the variation of thermodynamic char-
acteristics, three different points (A to C) on the Pareto
frontier are considered.

7.2 Sensitivity analysis

In order to have a better understanding of the multi-
objective optimization, a comprehensive sensitivity anal-
ysis is performed. The effects of each of the design pa-
rameters for points A−C on both objective functions are
investigated. It is important to know that a change in any
parameter affects the system performance and results in
a change in all the thermodynamic properties of all the
streams in Figure 1. Therefore, a comprehensive conclu-
sion would be really difficult to see the exact effect of a
variation of the selected parameters. However, the conse-
quence of different effects on the performance assessment
is reported here. The effects of the lowest temperature of
Brayton cycle (topping stage), T1, on both objective func-
tions of the system are shown in Figure 3. It is observed
from this figure that an increase in this temperature re-
sults in an increase in the total cost rate of the system
which is mainly due to an increase in purchase cost of tur-
bine and heat exchangers. On the other hand, an increase
in this temperature has two major effects on the system

performance, first this increase results in a decrease in
logarithm mean temperature of heat exchanger between
top and middle stages and also an increase in turbine in-
let temperature of steam and Kalina turbines according
to Equations (49) and (52), respectively. Thus, variation
of the system total cost rate with T1 is meaningful. Any
enhancement of this parameter increases the total cost
rate because cost rates of turbines and heat exchangers
are strong function of this parameter. It is also observed
from Figure 3 that at lower values of this temperature
(e.g. 570 K) an increase in this temperature decreases the
exergy efficiency while at the higher values of this tem-
perature (e.g. 590 K) the exergy efficiency of the system
increases by enhancement of the lowest temperature of
the Brayton cycle. Variation of the exergy efficiency with
this temperature is explained by exergy destruction rate
of heat exchangers listed in Table 1. Variation of this tem-
perature in its allowable range leads to first decrease in
the outlet exergy of heat exchanger 1 followed by an in-
crease in outlet exergy of heat exchanger 1. Figure 4 shows
the effect of gas turbine inlet temperature (T4) on both
objective functions. It is observed that an increase in this
parameter results in a decrease in exergy efficiency while
this increase leads to an increase in total cost rate of the
system. An increase in T4 results in an increase in total
cost rate of the system due to enhancement of turbine
cost rate. Also heat exchangers exergy destruction rate of
this combined cycle increases by increasing this param-
eter according to Equations (44) and (45) and Table 1,
respectively. To discuss about the exergy efficiency trend,
when the gas turbine inlet temperature increase several
effects should be fully considered and addressed. Available
work and reversible work are increased by an increase in
T4, Equations (41) and (42), respectively. Consequently,
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Fig. 4. Effects of gas turbine inlet air temperature on both objective functions.

growth rate of these works to each other determines that
exergy efficiency is increased or decreased where in this
temperature range leads to decrease in exergy efficiency,
(Eq. (43)). Therefore, the higher value of this parameter
is not favourable. The effects of the steam cycle lowest
temperature (e.g., the middle stage) on both objective
functions are investigated in Figure 5. The higher values
of this parameter are not favourable because the purchase
cost of Kalina turbine and exergy destruction rate of heat
exchanger 2 increase, (Eq. (52) and Tab. 1). On the other
hand, Kalina turbine inlet temperature and inlet exergy
of heat exchanger between the middle and bottom stages
increase due to an increase in this temperature. Increasing
this temperature leads to an increase in the inlet temper-
ature of the Kalina turbine, so exergy destruction rate
of the Kalina turbine increases and consequently overall
exergy efficiency decreases, Table 1 and Equation (43), re-
spectively. Figure 6 shows the variation of both objective
functions when the Kalina condenser outlet temperature
varies within allowable range. It is shown that an increase
in this parameter leads to an increase in system exergy
efficiency. However, it results in a decrease in the total
cost rate of the system which is due to an increase in log-
arithm mean temperature of condenser of the Kalina cy-
cle, (Tab. 2). An increase in this logarithmic temperature
results in decrease in condenser area, (Eq. (55)). Since the
condenser cost is a function of its area the lower the con-
denser area leads to the lower purchase cost, (Eq. (53)). In

addition, exergy efficiency increases due to the fact that
exergy destruction rate of heat exchangers decreases, ac-
cording to Table 1. This is because of the fact that the rate
of increase in outlet exergy flows to heat exchanger num-
bers 1 and 2 is much higher than the inlet exergy flows to
these heat exchanges. Therefore, the exergy destruction
rate of these heat exchangers decreases when the temper-
ature increases according to the information provided in
Table 1 and the exergy efficiency of the system increases
consequently according to Equation (43).

As it was already explained, three-stage combined
power systems with ammonia-water mixture at bottom-
ing cycle are a novel power generation approach. There-
fore, the effects of four pressure levels of bottoming cycle
on both objective functions are shown in Figures 7–10.
Figure 7 illustrates the variation of both objective func-
tions with respect to the Kalina cycle condenser pressure.
It is clearly observed from this figure that an increase in
condenser pressure of the Kalina cycle within its allowable
range leads to a decrease in exergy efficiency. This can be
explained by analyzing the exergy destruction rate of heat
exchangers. According to Table 1, enhancement of inlet
exergy leads to more exergy destruction and inlet exergy
in this case is increased by increasing this pressure be-
cause enthalpy of ammonia-water mixture increases. How-
ever, total cost rate decreases first followed by an increase
in the total cost rate. Variation of total cost rate of the
system is explained by the Kalina pumps and its turbine
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Fig. 5. Effects of steam condenser outlet temperature on both objective functions.

Fig. 6. Effects of the Kalina condenser outlet temperature on both objective functions.
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Fig. 7. Effects of the Kalina cycle condensing pressure on both objective functions.

Fig. 8. Effects of the first middle pressure of the Kalina cycle on both objective functions.
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Fig. 9. Effects of the second middle pressure of the Kalina cycle on both objective functions.

Fig. 10. Effects of the Kalina evaporator pressure on both objective functions.

502-page 13



A. Momeni et al.: Mechanics & Industry 17, 502 (2016)

cost rate, Equations (51) and (52), respectively. Variation
of total cost rate with the Kalina condensing pressure is
reasonable by concentrating on its pumps and turbine
power changes, Equations (33) and (34), respectively. At
first, by increasing this pressure enthalpy differences be-
tween inlets and outlets of the Kalina pumps decrease
and this leads to decrease in pumps and overall cost rate,
(Eq. (54)), however, this pressure enhancement leads to
increase in inlet enthalpy of Kalina turbine and based in
Equations (34) and (54) exergy efficiency increases. An
increase in this pressure leads to enhancement of heat ex-
changers exergy destruction, Kalina turbine and mixers
exergy destruction, (Tab. 1). The main component which
is affected by this pressure enhancement is the Kalina tur-
bine exergy destruction. This parameter is direct function
of inlet exergy to the Kalina turbine.

As it is clear from Figure 8, the first middle pres-
sure of the Kalina cycle has significant effects on both
objective functions. Exergy destruction of heat exchang-
ers increases because an increase in this middle pressure
increases the inlet exergy of the heat exchangers. On the
other hand, increasing this pressure leads to an increase in
inlet enthalpy of heat exchangers and finally exergy flow
of heat exchangers inlets increases, Equation (40). It can
be obtained from Table 1 that exergy efficiency decreases
because of enhancement of heat exchangers exergy de-
struction, (Eq. (43)). This pressure is directly in contact
with power generation of the Kalina turbine, (Eq. (34)).
By increasing this pressure enthalpy differences between
inlets and outlets of the Kalina turbine increase and its
power generation and cost rate are also increased and con-
sequently total cost rate is increased, Equations (34), (52)
and (54), respectively. Similar consequences for the sec-
ond middle pressure of the Kalina cycle can be concluded.
Increasing this pressure increases enthalpy differences be-
tween inlets and outlets of the Kalina turbine and power
generation, (Eq. (34)). So the Kalina turbine cost rate and
consequently total cost rate are increased, Equations (52)
and (54), respectively. Increasing this pressure leads to an
increase in inlet enthalpy of heat exchangers and exergy
flow of heat exchangers inlets increases, (Eq. (40)). Ex-
ergy efficiency decreases because of enhancement of heat
exchangers exergy destruction, (Eq. (43) and Tab. 1).

Effects of the Kalina evaporator pressure on total cost
rate and exergy efficiency are shown in Figure 10. Increas-
ing the evaporator pressure within its allowable range, in-
creases the exergy flow differences between inlets and out-
lets of the Kalina cycle heat exchanger (heat exchanger
2). Inlet exergy flow of the Kalina turbine is also increased
by increasing the evaporator pressure. Based on the ex-
ergy destruction of components, Table 1, by increasing
evaporator pressure exergy efficiency decreases, (Eq. (43).
The cost rate of the Kalina turbine and its pumps in-
creases by any enhancement of the evaporator pressure
because enthalpy differences between outlets and inlets
of pumps and turbine increase and it leads to increase in
power consumption and power generation of pumps and
turbine, Equations (33) and (34), respectively. By increas-
ing pumps and turbine work, their cost rates increase and

consequently the total cost rate of the system increases
according to Equations (51), (52) and (54), respectively.

8 Conclusions

The comprehensive thermo-economic and multi-
objective optimization of a three-stage combined cycle
power system using ammonia-water mixture has provided
advantageous insights. Optimization procedure of a three-
stage combined cycle requires the utilization of multi-
objective optimization to be practical and comprehensive.
Two objective functions, namely total cost rate and ex-
ergy efficiency, are used where they are minimized and
maximized respectively. The Pareto frontier for each ob-
jective function along with the equation derived from the
corresponding points enables the users to better under-
stand the trade-offs among the studied factors and assists
them with making better decisions based on their selected
criteria. We may extract some concluding remarks as fol-
lows:

– The comprehensive model of the three-stage combined
cycle power systems was developed by concentrating
on sensitivity analysis of the design parameters.

– Exergy efficiency and total product cost rate as two
objectives are optimized simultaneously by applying
multi-objective optimization technique.

– Maximum exergy efficiency is 74%, while the total cost
rate of products is 2.97 $/s.

– Minimum total cost rate of products is 2.33 $/s, while
the exergy efficiency is 71%.

– At the ideal point of multi-objective optimization, ex-
ergy efficiency is 74% and total cost rate is 2.3 $/s.
However, this point is not practically feasible to
achieve.

– The closest distance to the ideal point is selected as
the desirable final solution with exergy efficiency of
73.4% and total cost rate of 2.56 $/s.
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