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Abstract. In this study, a combined cycle power plant with a nominal capacity of 500 MW, including two gas

turbine units and one steam turbine unit, is considered by a mathematical model. This study is carried out to

optimize three objective functions of exergy efficiency, CO2 emission and produced power costs. This multi-

objective optimization has been carried out by using the Non-Dominated Sorting Genetic Algorithm (NSGA-II).

The results indicate that the efficiency of the combined cycle power plant depends on the design parameters

including gas turbine input temperature, compressor pressure ratio, and pinch point temperature. Furthermore,

any change occurring in these settings may lead to noticeable changes in objective functions, so that the

efficiency of this power plant is increased after optimization by up to 8.12 %, and its heat rate is correspondingly

reduced from 7233 (kJ/kWh) to 7023 (kJ/kWh). Similarly, exergy destruction in the total system shows a

reduction by 7.23%.

Keywords. Environmental effects; optimization; exergy loss; exergy efficiency; combined cycle.

1. Introduction

Given the limitations of energy resources, protecting and

moderating the consumption of these resources have

become increasingly important. Competition has increased

for the development of lower use industries, as well as

efforts to find solutions for improving and optimizing

energy consumption. In this regard, power plants are con-

sidered one of the primary consumers of fuel resources.

Exergy analysis, including the determination of exergy at

different points along with energy conservation, is a way to

evaluate the performance of devices and processes. With

this information, the efficiencies can be assessed, and the

methods that have the most exergy casualties are identified.

Nowadays, many researchers have devoted their studies to

analyzing exergy and increasing the efficiency of the

individual components of a power generation system.

Sanjay et al investigated Energy and exergy Analysis of

the Combined cycle Gas-Steam with Cold Steam, which

was a particular type of power plant [1]. In this paper, it is

shown that the range of compressor pressure is a funda-

mental parameter for change to improve efficiency and

increase thermal efficiency. The reheat pressure parameter

is another critical design parameter for increasing produc-

tivity. With the analysis of exergy, it was found that the most

considerable losses in this cycle are related to combustion

chamber and turbine.

Sahoo carried out an economics exergy analysis for a

cogeneration system which produced 50 MW of electricity

and 15 kg/s of steam and optimized it using an evolutionary

algorithm. The results of his work for an optimal mode in

the analysis of economic exergy indicate 9.9% reduction in

the base cost of the system [2]. Barzegar et al have eval-

uated the ecosystems exergy analysis for a gas turbine

plant. The results show that increasing the exergy efficiency

reduces the emission of carbon dioxide [3].

Ning-Ning-Sai et al evaluated the exergy for a 1000-MW

coal-fired power plant in China. The results show that the

heat recovery system is associated with the loss of exergy.

Also, 85% of the exergy loss of the power plant is due to

the lack of energy in the combustion chamber and the heat

exchangers [4]. Yasser Abdullah and his colleagues con-

ducted an Exergy Assessment for the 180 MW Combined

Cycle Power Plant in Sudan. The results of this study also

show that the highest exergy destruction occurred in the

combustion chamber due to the high irreversibility of the

combustion process [5]. There are several methods and

approaches in thermo-economics that include: exergy cost

theory [6], the theory of explicit exergetic-cost method [7],

analysis of thermo-economic functions [8], the applied

intelligent approach [9], the principle of last in first out [7],

the individual cost approach [8, 10], the functional analysis
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of engineering [11, 12] and optimization problems [13–29].

In this study, a particular cost approach is applied.

This research consists of three major parts. In the first

part of this study, using the individual cost approach, the

cost of exergy is calculated on streamline. In the second

part of this research, the optimization of the performance of

this system is based on the cost function and exergy effi-

ciency and the amount of power plant emissions. Ulti-

mately, the impact of the parameters affecting the system’s

performance is studied separately.

Exergy analysis is a particularly attractive subject, which

has drawn significant attention both inside and outside of

Iran [30–50].

2. Theory and modeling

In this research, the combined cycle power plant (CCPP) of

Mess (city in Iran) with a nominal capacity of 500 MW has

been investigated, as demonstrated in figure 1. The com-

ponents of this power plant consist of a combination of two

gas turbine units and a two-stage steam turbine unit. The

gas turbine used on this power plant is V94-2, and its steam

turbine is the E-Type of Siemens in which the conditions

are illustrated in table 1.

To model this combined cycle power plant, the following

assumptions are considered [13].

All processes in this research are stable. The air and

exhaust gases from the combustion chamber are considered

to be entirely gaseous. The kinetic and potential changes in

energy and exergy are neglected. The reference state in this

research is T0 = 299.15 K and P0 ¼ 1bar.The pressure drop

in the combustion chamber is considered to be 0.03 kPa.

Turbine, compressor, and pump are assumed to be adia-

batic. The environment temperature and pressure are con-

sidered as input conditions into the compressor. The fuel

used in this modeling is assumed to be the methane gas.

The econometric exergy analysis refers to the cost

associated with the exergy of each flow line. Therefore, to

analyze the exergy-economic and the exergy rates of each

of the input and output lines to the various components

Figure 1. Mess combined cycle power plant scheme.

Table 1. Specifications for the combined cycle power plant of

Mess.

Design

temperature

(�C)

15 Initial temperature difference

of coolant tower (�C)
45

Altitude from the

sea level (m)

2000 Nominal Capacity (MW) 500

Condenser

pressure (kPa)

9 Relative Humidity (%) 38

Heat rate

(kW-1h-1)

7233
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should be specified. Exergy rates are determined at different

points in the power plant by applying the balance of mass,

energy, and exergy formulations.

The balance of mass, energy, and exergy for various

components of the power plant can be calculated by con-

sidering their appropriate control volume applying the

following equations [14, 15]:

X

I

_mi ¼
X

e

_me ð1Þ

X

I

_mihi þ _Q ¼
X

e

_mehe þ _W ð2Þ

_EQ þ
X

i

_miei ¼
X

e

_meee þ _EW þ _ED ð3Þ

_ED in (3) represents the rate of exergy destruction. Also,

the exergy rate of work ( _EW) and the exergy rate of heat

transfer at temperature T are calculated from the following

relationships, respectively:

_EQ ¼ 1� T0

Ti

� �
_Qi ð4Þ

_EW ¼ _W ð5Þ

The exergy of each of the flow lines at the points shown

in figure 1 can be obtained by the following relations

[4, 16–19]:

_E ¼ _me ð6Þ

_E ¼ _Eph þ _Ech ð7Þ

_Eph ¼ _m h� h0ð Þ � T0 s� s0ð Þ½ � ð8Þ

_Ech ¼ _mechmix ð9Þ

echmix ¼
Xn

i¼1

Xie
ch
i þ RT0

Xn

k¼1

XkLnXk

" #
ð10Þ

In Eqs. (6) to (10): _E expresses the exergy flux, _Eph the

physical exergy flux, _Ech the chemical exergy flux, h the

specific enthalpy, T0 the absolute temperature, s the specific

entropy and X is the molar ratio of fuel.

Equation (10) cannot be used to calculate the fuel exergy.

Therefore, the fuel exergy is extracted from the following

equation that n represents the corresponding chemical fuel

exergy ratio [16, 20]:

n ¼ ef

LHVf

ð11Þ

The ratio of the chemical exergy of the fuel ef to the

lower heating value LHVf is usually close to 1 for gaseous

fuels [21].

nCH4
¼ 1:06 ð12Þ

nH2
¼ 0:985 ð13Þ

For hydrocarbon fuels CxHy, the following empirical

relation is used to compute n [21]:

n ¼ 1:033þ 0:0169
y

x
� 0:0698

x
ð14Þ

In the present research, the exergy of each line and the

exergy changes in each component are calculated for the

exergy analysis of the power plant.

The thermo-economic calculations of each system are

based on the cost of investing its components. Here, we

use the cost function proposed by Rosen et al [22].

However, improvements have been made in order to

achieve regional conditions in Iran. To convert the cost of

investment into cost per unit time, the following relation

can be used:

_Zk ¼
ZkCRFU
3600Nð Þ ð15Þ

Zk is the cost of purchasing equipment in dollars. The

cost-return factor (CRF) in this equation depends on the

estimated interest rate and estimated lifetime for equip-

ment. CRF is calculated according to the following

equation:

CRF ¼ i 1þ ið Þn

1þ ið Þn�1
ð16Þ

Here, i is the interest rate, and n is the sum of system

operation years [11]. In Eq. (14), N is the number of hours

of operation of the power plant in one year, and U is the

maintenance factor, which is equal to 7446 and 1.06,

respectively.

In each flow line, to calculate the cost of exergy, the

balance equation is written for each component of the

power plant separately. There are many thermo-economic

approaches in this field. The individual cost method of

exergy has been used in this study [10, 18]. This method is

based on the specific exergy and the cost of each exergy

unit and the auxiliary cost equations for each component of

the thermal system. This process consists of three steps:

Identification of the exergy stream; the fuel and product for

each of the heating system components determination; the

formulation of the cost equation for each element of the

power plant separately.

The cost associated with the transfer of exergy by the

input and output current and the power and heat transfer

rate are written as follows [10, 18]:

_Cin ¼ cin _Ein ¼ cin _mineinð Þ; _Cout ¼ cout _Eout ¼ cout _mouteoutð Þ
ð17Þ

_Cw ¼ cwW ð18Þ

_Cheat ¼ cheat _Eheat ð19Þ
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In which cin, cout, cw and cheat represent the average cost

of the exergy unit. Accordingly, the cost equilibrium

equation for the power plant component is written based on

the following equation:

X
cin _Ein

� �
k
þCw;kWk ¼

X
cout _Eout

� �
k
þcheat;k _Eheat;k þ _Zk

ð20Þ

In the above equation, the positive and negative sign for

Wk will be used for input and output power, respectively

[10]. Using cost equilibrium equations and auxiliary

equations for each component, a set of linear equations that

their concurrent response will result in the cost of each flow

line. Therefore, the value and auxiliary balance equations

are based on the unique cost approach for the various

components of the combined cycle power plant under the

conditions given in tables 2 and 3.

In this section of the analysis, two concepts of fuel and

product are defined. In the equation of equilibrium cost (20),

no cost term directly correlates with the destruction of the

exergy of the components. Accordingly, the cost associated

with the removal of exergy in an element or process will be a

hidden cost, which only appears in the thermo-economic

analysis [18, 23, 24].

_CP;k ¼ _CF;k � _CL;k þ _Zk and

cP;k _EP;k ¼ cF;k _EF;k � _CL;k þ _Zk
ð21Þ

In Eq. (21): _CP;k expresses the Cost rates associated with

Product for the kth component, _CF;k The Cost rates asso-

ciated with Fuel for the kth component, _CL;kthe Cost rates

associated with Exergy Loss for the kth component, _Zk the

Capital Cost rates for the kth component, cP;k the average

unit cost of the Product for the kth component and cF;k is

the average unit cost of the fuel for the kth component.

_EP;k ¼ _EF;k � _EL;k þ _ED;k ð22Þ
_EL;k expresses the rate of Exergy Loss for the kth com-

ponent, _ED;k the rate of Exergy Destruction for the kth

component, _EF;k the Exergy rate of the fuel for the kth

Table 2. Equilibrium cost equations based on special cost approach for gas cycle.

Power plant components Auxiliary equation Equilibrium cost equations

Compressor 1 c1 ¼ 0 c2 _E2 � c1 _E1

� �
¼ cw:BC1 _WAC1 þ _ZAC1

Combustion chamber 1 – c3 _E3 ¼ c2 _E2 þ _ZCC1 þ _Cf�CC1

Gas turbine 1 c3 ¼ c4 cw:BC1 _WGT1 ¼ c3 _E3 � c4 _E4

� �
þ _ZGT1

Recovery boiler 1 c32 _E32�c30 _E30

_E32� _E30
¼ c38 _E38�c36 _E36

_E38� _E

c38 _E38�c36 _E36

_E38� _E36
¼ c44 _E44�c43 _E43

_E44� _E43

c44 _E44�c43 _E
_E44� _E

¼ c46 _E46�c45 _E45

_E46� _E45

c46 _E46�c45 _E45

_E46� _E45
¼ c47 _E47�c46 _E46

_E47� _E46

c47 _E47�c46 _E46

_E47� _E46
¼ c52 _E52�c51 _E51

_E52� _E51

c52 _E52�c51 _E51

_E52� _E51
¼ c53 _E53�c52 _E52

_E53� _E52

c53 _E53�c52 _E52

_E53� _E52
¼ c54 _E54�c53 _E53

_E54� _E53

c13 ¼ c4

c32 _E32 � c30 _E30

� �
þ c38 _E38 � c36 _E36

� �

þ c44 _E44 � c43 _E43

� �
þ c46 _E46 � c45 _E45

� �

þ c47 _E47 � c46 _E46

� �
þ c52 _E52 � c51 _E51

� �

þ c53 _E53 � c52 _E52

� �
þ c54 _E54 � c53 _E53

� �

¼ c4 _E4 � c13 _E13

� �
þ _Cf�db1 þ _ZHRSG1

Compressor 2 c14 ¼ 0 c15 _E15 � c14 _E14

� �
¼ cw:BC2 _WAC2 þ _ZAC2

Combustion chamber 2 – c16 _E16 ¼ c15 _E15 þ _ZCC2 þ _Cf�CC2

Gas turbine 2 c16 ¼ c17 cw:BC2 _WGT2 ¼ c16 _E16 � c17 _E17

� �
þ _ZGT2

Booster Recovery 2 c33 _E33�c31 _E31

_E33� _E31
¼ c39 _E39�c37 _E37ð Þ

_E39� _E37

c39 _E39�c37 _E37ð Þ
_E39� _E37

¼ c56 _E56�c55 _E55

_E56� _E55

c56 _E56�c55 _E55

_E56� _E55
¼ c58 _E58�c57 _E57

_E58� _E57

c58 _E58�c57 _E57

_E58� _E57
¼ c59 _E59�c58 _E58

_E59� _E58

c59 _E59�c58 _E58

_E59� _E58
¼ c61 _E61�c60 _E60

_E61� _E60

c61 _E61�c60 _E60

_E61� _E60
¼ c62 _E62�c61 _E61

_E62� _E61

c62 _E62�c61 _E61

_E62� _E61
¼ c63 _E63�c62 _E62

_E63� _E62

c17 ¼ c26

c33 _E33 � c31 _E31

� �
þ c39 _E39 � c37 _E37

� �

þ c56 _E56 � c55 _E55

� �
þ c58 _E58 � c57 _E57

� �

þ c59 _E59 � c58 _E58

� �
þ c61 _E61 � c60 _E60

� �

þ c62 _E62 � c61 _E61

� �
þ c63 _E63 � c62 _E62

� �

¼ c17 _E17 � c26 _E26

� �
þ _Cf�db2 þ _ZHRSG2
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component and _EP;k is the Exergy rate of the product for the

kth component. By elimination _EF;kand and _EP;k, Eqs. (21)

and (23) are obtained:

cP;k _EP;k ¼ cF;k _EP;k þ cF;k _EL;k � _CL;k

� �
þ _Zk þ cF;k _ED;k

ð23Þ

cP;k _EF;k ¼ cF;k _EF;k þ cP;k _EL;k � _CL;k

� �
þ _Zk þ cP;k _ED;k

ð24Þ

The last term on the right of Eqs. (24) and (25) will

include the rate of exergy destruction. As discussed above,

assuming that the product exergy is assumed to be constant

and the cost of the unit of fuel cF;k for the k component is

independent of the exergy destruction, the cost of the

exergy degradation is defined by the last term of equation

(25) [18].

_CD;k ¼ cF;k _ED;k ð25Þ

The amount of carbon monoxide and nitrous oxide

emissions in the combustion chamber are due to the com-

bustion reaction, which is related to various properties,

including the adiabatic flame temperature. The adiabatic

flame temperature can be calculated from the following

equation [3, 17].

Tpz ¼ Ara exp b rþ kð Þ2
� �

px
�
hy

�
nz

� ð26Þ

In this equation, p and h represent the dimensionless

pressure and temperature values and n is the H/C atomic

ratio. Also, for u B 1, the value of r is equal to u and for

u[ 1 its value is calculated from the relation r = u - 0.7,

where u is molar or mass ratio. Also x, y, and z are second

order functions of r:

x� ¼ a1 þ b1rþ c1r
2 ð27Þ

y� ¼ a2 þ b2rþ c2r
2 ð28Þ

z� ¼ a3 þ b3rþ c3r
2 ð29Þ

The values of the above parameters are in table 4. The

amount of carbonmonoxide and oxides of nitrogen produced

in the combustion chamber depends on the variation of

combustion properties in the flame’s adiabatic temperature

relationship. The following relationship gives the values of

the two gases in grams per kilogram of fuel.

_mNOx
¼

0:15� 1016s0:5exp �71100=Tpz
� �

p0:053 s Dpin=pin

� �0:5
ð30Þ

_mco ¼
0:179� 109exp 7800=Tpz

� �

p23s
Dpin=pin

� �0:5
ð31Þ

Also, s is the remainder in the combustion zone (as-

suming the value of s is constant and equal to 0.022 sec-

onds). Dpin=pinis the amount of pressure drop in the

combustion chamber. These equations are based on the

experimental values obtained to estimate the amount of

carbon monoxide and nitrous oxide emissions [17].

As the amount of material emission in the combustion

chamber of the turbine is of the PPM order, the combustion

process is assumed to be complete in the combustion

chamber.

If the combustion process is assumed to be complete in a

combustion chamber, the carbon dioxide emission can be

calculated from the following equation [17]:

Table 3. Equilibrium equations based on cost approach for steam cycle.

Power plant components Auxiliary equation Equilibrium cost equations

Steam turbine c65 ¼ c64 ¼ c27 cw:RC _WST ¼ c65 _E65 þ c64 _E64 � c27 _E27

� �
þ _ZST

Condenser – c28 _E28 ¼ c27 _E27 þ _ZCond
Pump – c29 _E29 � c28 _E28

� �
¼ cw:RC _Wp þ _Zp

DeEriter – c34 _E34 þ c40 _E40 þ _ZDea;BFP�LP ¼ c35 _E35 þ c42 _E42

Table 4. Constants of Eqs. (27) to (30) [17].

Constants

1:0�u� 1:6 0:3�u� 1:0

2� h� 3:2 0:92� h� 2 2� h� 3:2 0:92� h� 2

A 1246.177 916.826 2361.764 2361.764

a 0.381 0.288 0.115 0.115

b 0.347 0.145 -0.948 -0.948

k -2.036 -3.277 -1.097 -1.097

a1 0.036 0.031 0.014 0.014

b1 -0.085 -0.078 -0.055 -0.055

c1 0.051 0.049 0.052 0.052

a2 0.009 0.025 0.395 0.395

b2 0.502 0.260 -0.441 -0.441

c2 -0.247 -0.131 0.141 0.141

a3 0.017 0.004 0.005 0.005

b3 -0.189 -0.178 -0.128 -0.128

c3 0.103 0.098 0.082 0.082
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_mCO2
¼ 44:01� x� _mfuel=mfuel

� �
ð32Þ

That x is the molar ratio of carbon in the fuel and mfuelis

the molar mass of fuel. This simple equation estimates the

amount of carbon dioxide emissions in a complete com-

bustion process accurately.

Multi-objective optimization is used to optimize the

CCPP. Therefore, to achieve this goal, two different target

functions are defined. The first objective function of the

CCPP exergy efficiency is obtained by dividing the network

output of the entire power plant into the fuel exergy

according to the following equation [20].

gex ¼
P

_Wnet

_Ef

ð33Þ

The second objective function consists of a set of costs

for the components of the plant, the fuel cost used in the

combustion chamber and the fire channel, and the cost

associated with the exergy degradation.

_CTotal ¼ _CF þ
X

k

_Zk þ _CEnv þ _CD ð34Þ

_CEnv ¼ cco _mCO þ cNOx
_mNOx

þ cCO2
_mCO2

ð35Þ

_CF ¼ cf _mf � LHV ð36Þ

The third objective is the amount of carbon dioxide

emissions by the combined cycle power plant calculated

from the following equation.

� ¼ _mCO2

_Wnet

ð37Þ

In this multi-purpose optimization, maximizing the

exergy efficiency and minimizing the overall cost rate

along with the amount of pollution is considered. It is

evident that with increasing exergy efficiency, the total cost

will increase.

To optimize, there are a number of control variables:

compressor compression ratio rAC, isentropic compressor

efficiency gAC, gas turbine isentropic efficiency gAC, gas
turbine input temperature (TIT), high pressure pinch point

PPHP, the temperature of the low pressure pinch point

PPLP, the input temperature to the high pressure steam

turbine THP, the inlet temperature to the low pressure steam

turbine TLP, the condenser pressure PCond, the isentropic

pump efficiency gPump and isentropic steam turbine effi-

ciency gST. These design parameters will be used for

optimizing.

Also, due to limitations such as selecting a suitable alloy

for the gas turbine or commercial acceptability, etc. as

constraints in this research (table 5).

Table 5. The range of decision variables.

Reasons for the applied constraints Optimization constraints

Temperature limit for the alloy TIT\1550K

Economic acceptability rAC\12

Economic acceptability gAC\0:9
Economic acceptability gGT\0:9
Economic acceptability 0:75\gST\0:9
Economic acceptability 0:75\gPump\0:9

Limit of thermal efficiency 5bar\PCond\15 bar

Avoid formation of sulfuric acid THRSG:Out � 120
�
C

Heat transfer limitation 5
�
C\PPHP;PPLP\45

�
C

Figure 2. (a, b) Pareto Front.
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3. Result

Using the relationships described in the previous section for

each component of the combined cycle power plant and

applying the constraints listed in table 5, multi-objective

optimization has been done on the design variables. Fig-

ure 2 shows the optimization results from the three objec-

tive function of exergy efficiency and the total cost of

producing electricity and carbon dioxide emissions for a

combined cycle power plant in the Pareto front. In fig-

ures 2(a) and 2(b) increasing the exergy efficiency from

48% to 51%, the cost of the produced electricity will

increase significantly. In fact, the highest exergy efficiency

at the end point of the Pareto front line is to the right of the

graph, (51%), at which point we will have the highest total

cost of the electricity (6.768 $/s).

To optimize the multi-objective, a solution to the deci-

sion-making process is needed from the solution to the final

solution. The decision-making process is accomplished

with the help of the equilibrium point, which is an ideal

state. The simultaneous access of three target functions to

optimal values is impossible, and the balance point does not

fit on the Pareto front, and at the point of maximum exergy

efficiency and the minimum for cost and carbon dioxide

emissions. The nearest point to the equilibrium point on the

Pareto front can be considered as the final answer. How-

ever, the Pareto optimal front has a weak balance, which

means that with a small change in the efficiency of exergy,

the electricity generation rate will change a lot. In fact, in

Multi-Purpose Optimization and Pareto’s solution, you can

use any point as an optimization point. Therefore, selecting

the optimal response can vary depending on the criteria and

criteria of the decision maker. Given the objective functions

and the constraints applied to them, as well as the use of the

genetic algorithm for this problem, one can obtain decision

variables for a combined cycle power plant with the opti-

mal final point. The optimum point in figure 2 is marked

with a red color that has the nearest distance to the equi-

librium point.

In the present Study, a comparison of decision variables

before and after optimization has been shown in table 6.

Table 6. Comparison of decision variables before and after optimization.

Design variables

gST
%ð Þ

gPump
%ð Þ

PCond

Kpað Þ
TLP
Kð Þ

THP
Kð Þ

PPHP

Kð Þ
PPHP

Kð Þ
GTIT

Kð Þ
gGT
%ð Þ

gAC
%ð Þ rAC

Before optimization 70 90 9.3 488.15 783.15 30 25 1323.15 80 87 10

After optimization 89 75 20 578.21 829.89 52 45 1473.5 87 91 10.69

Figure 3. Exergy destruction of each component of the power

plant in percent.

Figure 4. The effect of condenser pressure changes on exergy

efficiency.

Figure 5. Exergy degradation rate of the power plant Effect of

change in pinch point on the exergy efficiency and the amount of

exergy destruction of the entire power plant.
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Sensitivity analysis is performed on some target functions,

to understand the effect of decision variables on them better;

figure 3 shows the magnitude of exergy degradation in each

of the plant’s components. In this chart, the most significant

exergy destruction occurs in the combustion chamber and the

lowest in the pumps.

Condenser pressure is another important design param-

eter in power plants. Figure 4 shows that with increasing

this design parameter, the exergy efficiency decreases due

to increased heat dissipation from the power plant to the

environment. In fact, by changing the pressure of the con-

denser in the range of 5 to 20 kPa, the total exergy effi-

ciency of the entire power plant will be reduced by about

2%.

Figure 5 shows that by changing the temperature of the

high-pressure pinch point, both the parameters of the

exergy efficiency and the destruction rate of exergy change.

Also, It is observed that by increasing the temperature of

the pinch point, the effectiveness of the exergy decreases,

which means lower energy supply for the steam line and

will reduce the output power of the steam turbine. Mean-

while, the increase of the exergy rate of destruction indi-

cates an increase in irreversibility in the recovery boiler,

and the increase in the rate of exergy destruction increases

with this change.

Figure 6 shows the changes in exergy efficiency and total

exergy degradation relative to changes in the temperature

of the gas entering the gas turbine. Also, It is perceived that

with increasing compressor compression ratio due to lower

fuel consumption, the efficiency of exergy increases and

thus the amount of exergy destruction decreases to 6.45%.

By increasing the compressor ratio, the exergy efficiency

can grow, but given the need for more air to compress it,

the overall cost of the electricity produced will increase.

Figure 8 shows that by increasing the compressor pres-

sure, the cost of the power plant’s emissions decreases. This

is because the fuel injection rate inside the combustion

chamber decreases and the pollutant emissions increase by

decreasing the gas turbine efficiency.

Also, with the increase in the input temperature to the gas

turbine, the amount of pollutant emissions in the combined

cycle power plant will be reduced by about 0.003$ per

second, which is significant as shown in figure 7. Finally,

with the reduction of the gas turbine efficiency, the amount

of pollution also increases.

4. Conclusion

By applying the decision-making variables resulting from

this optimization, the efficiency of the power plant is

increased by 8.12% and the exergy efficiency is increased

by 10%. Also, the influence of decision variables such as

compressor compression ratio, gas turbine input

Figure 6. Effect of the compressor compression coefficient

change on exergy efficiency.
Figure 8. Effect of compressor compression coefficient change

on cost of pollutant effects.

Figure 7. Power plant: the effect of changing the temperature of

the input to the gas turbine on the amount of power plant effluent

effects.
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temperature; pinch point temperature on two proposed

target functions has been investigated. Accordingly, with

increasing compressor compression ratio, the exergy effi-

ciency of the combined cycle increases. Of course, with

growing exergy efficiency, the total exergy loss of the

entire cycle will be reduced. Increasing the compressor

compression ratio alone would improve the effectiveness of

the power plant by 1.09% and also increase the exergy

efficiency by 1.11%. The input temperature to the gas

turbine enhances the ability of the power plant by 2.53%

and the exergy efficiency of 2.39%.

Furthermore, according to the contents expressed it can

be concluded that the analysis exergy economic cost

approach is an extraordinarily useful tool for identifying

and evaluating inefficiencies concerning cost and effi-

ciency. Plus the methods and equations used in this study

were limited to heating systems. Also, it is usable in

another order. Moreover, based on the results expressed, it

can be concluded that the analysis exergyeconomic cost

approach is a beneficial tool for identifying and evaluating

inefficiencies and cost efficiency. The methods and equa-

tions used in this study were limited to heating systems and

this can also be used in other systems.

Nomenclature
c cost per exergy unit ($/MJ)

cf cost of fuel per energy unit ($/MJ)
_C cost flow rate ($/s)

cp specific heat at constant pressure (kJ/kg K)

CRF capital recovery factor

E exergy MJ
kg

� �

f exergoeconomic factor
_E exergy flow rate (MW)

_ED exergy destruction rate (MW)

_EW exergy rate of work (MW)

e specific exergy (kJ/kg)

ef chemical exergy of the fuel (kJ/kg)

i annual interest rate (%)

h specific enthalpy (kJ/kg)

h0 specific enthalpy at environmental state (kJ/kg)

LHV lower heating value (kJ/kg)

_m mass flow rate (kg/s)

n number of years

N number of hours of plant operation per year

PP pinch point
_Q heat transfer rate (kW)

rAC compressor pressure ratio

s specific entropy (kJ/kg K)

s0 specific entropy at environmental state (kJ/kg K)

T0 absolute temperature (K)
_Wnet net power output (MW)

Z capital cost of a component ($)
_Z capital cost rate ($/s)

Greek letters
g isentropic efficiency

n coefficient of fuel chemical exergy

r standard deviation

U maintenance factor

p dimensionless pressure values

h dimensionless temperature values

Subscripts
a air

AC air compressor

CC combustion chamber

ch chemical

Cond condenser

D exergy destruction

f fuel

GT gas turbine

HP high pressure

HRSG heat recovery steam generator

i ith trial vector

k kth component

LP low pressure

ph physical

tot total

ST steam turbine

sys system

w water
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