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a b s t r a c t

A light water nuclear Reactor has been exergy analyzed, and the rate of irreversible exergy loss and
exergy destruction is calculated for each of its components. The ratio of these losses compared to the
total input exergy loss is calculated, which shows that most irreversible losses occur in the reactors,
turbines, steam generators, respectively, as well as in the downstream operations. The main aim of this
paper is to optimize the power plant using an innovative firefly algorithm and then to propose a novel
strategy to improve the overall performance of the plant. As shown in the results, the exergy destruction
rate of the plant decreased by 1.18% using the firefly method, and the exergy efficiency of the plant
reached 29.3% comparing to the operational amount of 28.99%. Also, the results of the firefly optimi-
zation process compared to the Genetic algorithm and gravitational search algorithm to study the ac-
curacy of the model for exergy analysis fitness problems in the power plants and the results of this
comparison has shown that the results are nearly similar in the mentioned methods. However, the firefly
is faster and more accurate in limited iterations.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Reducing energy resources is one of the main problems that
people are facing. To overcome this problem, the development
and extensive application of systems optimization techniques
have increased [1]. Power plants, including nuclear units, play an
essential role in generating electricity around the world [2].
Regarding the amount of heat produced and irreversible pro-
cesses of the thermodynamical cycles, power plants are essential
systems that need constant improvement to reduce the amount
of energy and resource waste during these irreversibilities. Nu-
clear power plants use nuclear fission to generate heat, and
generated steam is used to rotate turbines that produce elec-
tricity. There are many thermodynamic cycles to produce elec-
tricity. The most popular ones are the Rankine and Bryton cycles
[3]. The Rankine Steam Power cycle is one of the most important
cyclical processes used in power plants. This cycle is ideal for
steam and nuclear power plants, such as PWR and BWR.
a1376@aut.ac.ir (N. Norouzi).
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Rankine's cycle is a heat transfer cycle which generates entropy
difference and use that to generate power [4]. Work and heat are
two primary forms of energy that can be transferred to each
other. The first law of thermodynamics - focused on energy
conservation [5]. It states that energy is not created or destroyed.
Instead, it is converted from one form to another, for example,
from mechanical work to thermal form, while the second law
indicates the limitation and estimates the maximum amount or
portion of the heat that can be converted into work [1]. For any
thermodynamic system, there is a theoretical limit for the tran-
sition between heat and work [6]. One of the most popular
optimization studies is the power and energy analysis of power
plants. Energy analysis is based on the first law of thermody-
namics. In energy analysis, it is assumed that all types of energy
are similar, and do not differ in quality from the different en-
ergies that cross the system boundaries. In this way, the heat
transferred from the high-temperature steam tube to the envi-
ronment and heat from the external condenser is treated in the
same way [7]. In other words, only energy is desirable in energy
analysis, and energy quality is not taken into account. Besides,
the energy analysis does not provide any information about the
internal system losses. According to the mentioned facts, it is
open access article under the CC BY-NC-ND license (http://creativecommons.org/
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Nomenclature

min Kg/s Inlet mass flow
mout Kg/s Outlet mass flow
hin KJ/kg Inlet Specific Enthalpy
hout KJ/kg outlet Specific Enthalpy
Wi W Power rate
ein KJ/kg Inlet specific exergy
eout KJ/kg outlet specific exergy
h0 kJ/kg Reference enthalpy
T0 C Reference temperature
S0 kJ/kg.k Reference entropy
I Reversibility rate
En MeV Kinetic energy
K J/mol.k boltzmann constant

Tfiss C Fiussion temperature
Eloss W Exergy loss rate
ED W Exergy destruction rate
Qi W Thermal rate
eph kJ/kg physical specific exergy
ech kJ/kg Chemical specific exergy
ek kJ/kg Kinetic specific exergy
ep kJ/kg potential specific exergy
WT W Turbine power rate
jT Exergy efficiency
WP W Pump power rate
E0Q W Heat transfer exergy rate
Wu, max kJ/kg Maximum power per unit
hfiss hfiss Fussion enthalpy per unit
Sfiss kJ/kg.k Fussion entropy per unit
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clear that energy analysis is not sufficient to assess the thermo-
dynamics of systems and processes [8]. The part of the energy
that cannot be converted into work is called Anergy, and energy
minus Anergy is called exergy, or the amount of energy that can
be converted to work [9]. The Exergy analysis uses the first and
second laws of thermodynamics and takes into account the
quantity and quality of energy. Energy analysis also determines
the thermodynamic states of the system [10]. Therefore, it works
well to evaluate thermodynamics systems and processes [11]. In
the field of energy and exergy analysis for nuclear power gen-
eration systems, Edwards et al. studied different types of energy
storage to integrate with NPPs [12]. Tarazi et al. performed the
energy and energy analysis of a water-cooled NPP type reactor
and determined efficiency, voltage loss, and inefficiency sources
[13]. According to this analysis, the main losses in the NPP power
system are caused by pressure tanks, turbine components,
Table 1
Designing Data of the Power plant.

Parameter Value

Reactor
Thermal Rate 3490 MW
Cooling fluid Water
Inlet cooling water temperature 293.45 C
Outlet cooling water temperature 326.1 C
Cooling water mass flow 18800 kg/s
Reactor means pressure 158 bar
Cooling circuits 4
Steam generators
Thermal rate output 3504 MW
Inlet water temperature 233 C
Outlet water temperature 284.5 C
Outlet Steam Pressure 68.65 bar
Outlet steam mass flow 1984.169
Maximum Steam mass fracture 0.25%
Steam Turbine
High-pressure Turbine 1
Low-Pressure Turbine 4
Rotating rate 1500 rpm
Power Output 1025 MW
Isoentropic Performance 70%
Generator
Nominal Power 1620 MVA
Active Power 1025 MW
Frequency 50 HZ
capacitors, and irreversible low spacers. An expert study was
conducted at the Addison Commonwealth Nuclear Station in
LaSalle County [14]. The results showed that nuclear power
plants powered by boiling water reactors have a thermal effi-
ciency of 35%. Also, over 80% of plant failure returns to the
reactor reservoir occurs through fission and irreversible heat
transfer processes in a steam generation [15]. Ahmed and Hasbi
calculated the thermodynamic efficiency and irreversibility fac-
tor for each component of the light water reactor [16]. Empirical
analysis covers entropy generation and work loss. The basics of
exergy analysis determine the path of thermodynamic optimi-
zation. Improving thermodynamic parameters can reduce power
wastes. This type of analysis is the evaluation of the irrevers-
ibility of the power plant. The optimal point design reduces en-
tropy generation, although many useful parameters are to be
checked. This fact is the basis of multi-target optimization [15].
Parameter Value

Cooling water pump
Cetrifuge type 1 stage
Pumps 4
Pump flow rate 4700 kg/s
Power Consumption in Pumps 3.42 MW/u
Isoentropic Performance 85%
Condensing systems
Inlet water mass flow 1198.804 kg/s
Coolant water mass flow 59729.42 kg/s
Condenser Pressure 0.101 bar
Inlet cooling water temperature 30 C
Outlet cooling water temperature 40 C
Condensing Pump system
Power Demand 3.488 MW/u
Isoentropic Performance 85%
Low-pressure Feedwater Heater Pump
Power Demand 130 MW
Isoentropic Performance 85%
Feedwater pump
Power Demand 13.3 MW
Isoentropic Performance 85%
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It takes an exceptional amount of search space to choose
thermodynamic states to find perfect solutions. In this case, the
implementation of abstract methods is inevitable. The
complexity of energy improvement in a power station relative to
its research space reveals the need for abstract methods. Nature-
based metaphoric algorithms for solving physical problems are
useful methods for this type of engineering problems. In this
context, a Firefly algorithm was implemented to improve the
previous exercises in the literature [16].

In this work, VVER (water-water energetic reactor) exergy
optimization is implemented using a new optimization method,
the Firefly optimization (FO). FO is a recently developed opti-
mization method based on the laws of nature (firefly pack de-
fense strategies) [12]. In this work, FO is used to obtain optimum
operating parameters for the VVER unit while minimizing exergy
loss. Indeed, the primary purpose of this study is to reduce
Exergy destruction and Irreversibility under conditions of FO
[11]. In this study, FO is evaluated in a complex function known
in the field to demonstrate performance. According to the pre-
vious studies for VVER, the exergy analysis based methods never
used on thermodynamics in combination with the FO method.
This document provides the basics of entropy generation and
exergy destruction in the primary and secondary aspects of
VVER. The irreversibility coefficients for all components are
calculated, and the potential for the difference in voltage is
estimated compared to the operating parameters. The improve-
ment of the VVER experiment is repeated using a genetic algo-
rithm (GA) and gravitational search algorithm (GSA), to evaluate
the results of FO. By implementing these optimization
Fig. 1. Simplified flow diagram
algorithms, optimal operating parameters are reported in VVER.
A comparison of results helps to determine the method reliability
for process improvement problems [14].
2. VVER nuclear power plant

VVER nuclear power plant is a typical nuclear plant, and as a
case study, a power plant with similar capacity compared to the
Bushehr nuclear power plant is studied in this paper. It is a light
water power plant under the pressure of PWR with 1000 MW and
3490 MW thermal capacity [6]. The power plant consists of two
primary cycles:

1. The cooling cycle, also known as the primary cycle, is called the
water cycle, steam, or the operating fluid cycle, also referred to
as the secondary cycle [7].

2. The primary material is a lightweight water cooling fluid that is
always kept undersaturation by the pressurizing system [8].

In the primary cycle, fission of the enriched uranium releases
thermal energy [13].

The primary cycle consists of four similar cycles, each with a
pump and a steam generator. A pressure vessel also regulates the
internal pressure of the four sub-cycle above and intercepts the
pressure fluctuations inside them (See Table 1) [14]. Fig. 1 and
Table 1 show the technical specifications of the power plant under
investigation (See Fig. 1).

Using the following algorithm, which is called firefly, the opti-
mum point of the decision parameters is calculated (see Fig. 2).
of the nuclear power plant.
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Using the mentioned algorithm, the optimization process is
done for the system. This process includes Exergy efficiency, energy
efficiency, and other technical parameters of the condensing sys-
tem. Moreover, the results of this optimization are compared with
other studies implemented Genetic algorithm (GA) and gravita-
tional search algorithm (GSA) (see Fig. 2). In this study, due to
comparing the results of the FO optimization process with the other
optimization algorithms (GA, GSA), the results are being compared
to the results of the Naserbegi et al. (2018) [1].

3. Methods and materials

3.1. Process description

The heat generated by the Fission reaction is cooled by con-
ventional light water by four cooling chambers, each containing
four steam generators and four pumps together with a pressurizer
unit for the control of the primary melt fluid [17]. The output fluid
from the steam generator is a two-phase fluid, with a temperature
of 285 C and 0.9975 steam quality ratio [13]. Part of the steam is
transferred to the H.P. turbine and part of it to an R.H (reheat) unit
from the humidifier. HP Turbine's Output After passing through the
humidifier and being reheated is superheated and goes to the L.P.
Turbine. In the L.P. Turbine, the steam is subjected to four stages of
cooling and is subjected to cooling cycle heaters. The final stage has
a 10.1 KPa pressure and a temperature of 46 C. The ambient tem-
perature is set at 30 �C. Governing Equations [11]:

The law of conservation of mass for each component of the
power plant:X
i

ðmin �moutÞ¼0 (1)

The first thermodynamic law for each component of the plant:X
in

minhin �
X
out

mouthout �wi þ Qi ¼ 0 (2)

Exergy Balance and Exergy Losses for Each Power Plant
Component:
X
in

minein �
X
out

mouteout ¼ Eloss þ ED (3)

Calculate physical exergy anywhere:

e¼ eph þ ech þ ek þ ep (4)

In the above equation ePh is physical exergy, and ech is chemical
exergy and ek kinetic exergy and ep exergy potential, which can be
ignored as potential, kinetic, and chemical exergy. Then we have
[24]:

eph ¼ðh� h0Þ � Tðs� s0Þ (5)

Exergy Balance in a Turbine [1]:

Ein � Eout ¼ WT þ ED þ Eloss (6)

Assuming the turbine is adiabatic [26]:

Eloss ¼0 (7)

As a result, the exergetic turbine efficiency is [1]:

jT ¼
WT

Ein � Eout
(8)

Exergy Balance in a Pump [2]:

Ein þWp ¼ ED þ Eout þ Elos (9)

ED represents the heat exchanged from the process to the
environment, which appears as thermal exergy destruction.
Generally, pumps are assumed to be adiabatic, which is well
approximated [27]. The exergetic pump efficiency can be neglected
if the ED,pump due to the exergy destruction rate is affected by the
friction traction. The exergy efficiency of the pump is calculated by
the following formula [3]:

jP ¼
Ein � Eout

WP
(10)

3.1.1. Exergy Balance in a heat exchanger

X
in

Ein �
X
out

Eout ¼ Eloss þ ED (11)

If the heat exchanger is entirely adiabatic, we have:

Eloss ¼0 (12)

3.1.2. Exergy Balance in reactor
In PWR nuclear reactors, refueling takes place before the oper-

ation, and no combustion is possible, so the reactor is an unstable,
unsteady system, which means that the reactor is pre-loaded while
operating. The inlet fuel flow rate to the zero-state reactors is
generated in this state of thermal energy through nuclear fission,
which is mainly uranium fission. For the convenience of the plant, it
is assumed that the thermal energy enters the reactor continuously
with a constant flow rate [18]. The nuclear reaction produces ki-
netic energy equivalent to 84 MeV. As a result, the maximum
amount of worku,max can get from this walkthrough is [3]:

Wu;max ¼hfiss �h0 � T0
�
sfiss � s0

�
(13)



Fig. 2. Firefly Algorithm Flow chart.
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Fission fragments can be assumed to be an ideal gas [4]. Thenwe
have:

Wu; max ¼
�
ufiss þ Pfissvfiss

�
� ðu0 � Pov0Þ � T0

�
Sfiss � S0

�
¼

�
cvTfiss þ Pfissvfiss

�
� ðcvT0 þ P0v0Þ � T0

�
sfiss

� s0
�
Tfiss[T0 to wu;max

¼ CvTfiss ¼ ufiss (14)

Moreover, from the following relation, the fission temperature
of the fission process can be obtained [7]:
En ¼3
2
KTfiss ¼ 84MeV ; K ¼ 1:38066*10�23 J

mol:K
(15)

The above expression denotes the fact that all the energy of
fission can be useful as a function of the graphic process, so the
fission exergy is [7]:

efiss ¼ cvTfiss (16)

So we have the exergy reactor balance:

Qfiss þ
X
in

Ein �
X
out

Eout ¼ Eloss þ ED (17)



Table 2
Decision variables.

Parameter Range Parameter Range

Flow pressure 8, bar [24.8, 25] Flow temperature 25, C [60, 67]
Flow pressure 9,bar [10,15] Flow temperature 28, C [80, 95]
Flow pressure 17, bar [1.9, 2.25] Flow temperature 31, C [105, 115]
Flow pressure 18, bar [0.8, 1.1] Flow temperature 36, C [160, 165]
Flow pressure 19, bar [0.28, 0.353] Flow temperature 39, C [220, 222.5]
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3.2. Firefly optimization

Shen Xin Yang proposed the FA algorithm at Cambridge Uni-
versity. He was inspired by the behavior of fireflies [8,19]. FA can be
described in three ways [10]. First, fireflies attract each other
regardless of gender, because all fireflies are bisexual. Second,
attractiveness is proportional to the brightness, as the brighter
firefly will attract the other less bright firefly. Third, the objective
function is firefly brightness. To minimize the fitness function, the
firefly brightness function has to be minimized. Mathematical
attraction can be shown in equation (18) As follows [11]:
Table 3
Base case Exergy Analysis.

Component Exergy Destruction [MWth]

Reactor 1814.544
Steam generator 90.433
Cooling fluid pump 7.247
H.P turbine 51.050
L.P turbine 260.984
Moisture separator 12.010
Reheater 7.142
Condensor 83.889
Condensor to ambient 41.764
Feedwater heater Close 1 9.313
Feedwater heater Close 2 25.819
Feedwater heater Close 3 22.727
Feedwater heater Close 4 11.005
Open feedwater heater 41.621
Feed water pump 5.614
Condensing water pump 2.753
L.P heater pump 0.063
other 7.456

Table 4
Thermodynamic parameters of the streams of fluid in the VVER in the base case.

stream Enthalpy (kJ/kg) Mass flow (kg/s) Exergy rate (kJ/kg)

1 1494.000 18800.000 436.000
2 1307.000 18800.000 347.000
3 1307.800 18800.000 347.200
4 2770.100 1984.200 1013.500
5 1004.200 1984.200 211.400
6 2769.669 1849.600 1009.000
7 2769.669 134.600 1010.000
8 2630.300 1849.600 842.000
9 2630.300 1839.800 842.000
10 2630.300 309.800 842.000
11 2160.800 134.600 733.007
12 2801.600 1398.600 900.000.
13 935.800 141.300 184.000
14 2860.200 1398.600 922.000
15 2762.300 1398.600 795.000
16 2762.300 1313.000 795.000
17 2762.300 85.600 795.000
18 2628.000 1313.000 625.000
19 2628.000 1213.800 625.000
20 2471.000 1213.800 413.000
21 2471.000 1198.800 413.000
22 2628.000 99.200 625.000
bðrÞ¼b0e
�grm m � 1 (18)

Where the distance between the i and j is calculated with the
Cartesian distance r, which is represented in Equation (19) As fol-
lows [17]:

rij ¼ Xj � Xi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXk
m¼1

�
xj;m � xi;m

�
2̂

vuut
Xj ¼

h
xj;1; xj;2; xj;3;…; xj;k

i
; Xi ¼

�
xi;1; xi;2; xi;3;…; xi;k

� (19)

Xi firefly movement attracts lighter fireflies (Xj)

Xi ¼Xi þb0e
ð�grmÞ�Xj �Xi

�þ aεi (20)

Where εj is the random value of the Gaussian distribution. Equation
(20) explains that fireflies' movements consist of three additions.
First, it describes the current status of the first spotlight. Second,
the firefly movement with less brightness attracts another brighter
firefly. Third, it describes the random movement of the firefly with
Energy loss [MWth] Exergy efficiency [%]

0 49.44
0 89.99
0 99.72
0 94.12
0 84.78
0 e

0 73.01
0 e

2447.2 e

0 61.29
0 76.42
0 81.99
0 82.53
0 e

0 95.77
0 73.75
0 94.32
7 e

stream Enthalpy (kJ/kg) Mass flow (kg/s) Exergy rate (kJ/kg)

20 2471.000 1213.800 413.000
21 2471.000 1198.800 413.000
22 2628.000 99.200 625.000
23 2471.000 14.955 413.000
24 2251.500 1198.804 104.000
25 191.810 1312.961 0.950
26 194.500 1312.961 1.500
27 417.440 114.157 13.000
28 232.008 1312.961 1.500
29 417.440 114.961 29.300
30 384.900 1312.961 23.530
31 604.730 99.202 72.900
32 604.730 99.202 64.200
33 781.328 85.560 127.500
34 514.000 1312.961 49.800
35 783.000 85.560 128.000
36 935.964 1984.961 182.600
37 942.642 1984.961 186.500
38 1246.498 134.578 317.900
39 1247.192 134.587 303.500
40 125.770 59729.420 0.000
41 167.540 59729.420 0.693



Fig. 3. Exergy destruction in the principal component compared to the inlet exergy.

Fig. 4. Exergy destruction in the principal component compared to the total exergy destruction.

Fig. 5. Exergy destruction in the primary and secondary circuits compared to the total
inlet exergy.

Fig. 6. Exergy destruction in the primary and secondary circuits compared to the total
exergy destruction.
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a value from the interval range of [0,1]. The schematics of FA is
shown in Fig. 2 [3].
3.3. Constraints and optimization modeling

To reduce the Exergy destruction, 10 points are determined in
the flow diagram in VVER. Variable solutions in optimizations of
thermodynamic states of these points are assigned to the second-
ary sides. In designing and optimizing thermal systems, it is
appropriate to distinguish between two types of independent
variables [20]. These variables are decision variables and operating
parameters. Variable solutions can be traded during the optimiza-
tion process. However, the decision parameters remain constant in



Fig. 7. Energy analysis diagram of the plant.
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this program. All other variables are dependent variables; Their
values are calculated from the independent decision variables using
a thermodynamic model. In other words, the parameters are fixed
data that must be entered into the optimization, while decision
variables are obtained by a compromise and assumption, and other
parameters are calculated using these assumptions [18]. Mentioned
ten points are assumed to be constrained in the specified ranges
and assumed to be decision variables that were taken into account
Fig. 8. Exergy analysis diagram o
in the optimization process. This paper proposes these variables to
improve VVER performance. Theses ten decision variables are
mentioned in Table 2.

A MATLAB FO Code has been developed for mapping the exergy
destruction. This section presents the results of the FO on the
minimization process of exergy destruction for the VVER nuclear
power plant [21]. Decision variables for the optimum fitness point
for VVER are presented for each FO, GSA, and GA methods in
f Plant (Grassman diagram).



Table 5
The summary of the plant in the term Operational and simulated values.

Parameter Operational Estimated Error [%]

Reactor thermal rate, MWth 3472 3490 0.52
Net Power output, MWe 1019 1025 0.59
H.P turbine Power, MWe 408.2 410.5 0.56
L.P Turbine power,MWe 610.8 614.5 0.61
Heat transfer (condenser), MWth 202.3 204 0.84
Net efficiency,% 28.99 29.36 1.28
Exergy destruction ratio, % 66.01 65.47 0.82
Exergy destruction rate, MWth 1976.83 1978.01 1.16
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Table 6. The ten parameters mentioned above are chosen from 100
different operations for each optimization method. In these cases,
the fitness values are calculated using the following fitness function
[13,14]:

minimization

"
fitness�

Xm
k¼1

ED;k ¼0 (21)

4. Results and discussion

4.1. Base case modelling results

Using equations and exergy analysis, the results are presented in
Tables 3 and 4, along with Figs. 3 and 4. Figs. 7 and 8, respectively,
show the energy flow chart (Grassman diagram) for the VVER.
Considering the tables and figuresmentioned, the exergy loss in the
important components of a nuclear power plant is as follows (see
Table 3):

4.1.1. Primary cycle (vapor generator reactor)
In the primary cycle, as shown in Fig. 4, the most significant

irreversibilities were estimated in the reactor with a share of 72.6%
and the steam generator with a share of 3.6%, which accounted for
the most considerable exergy losses in the power plant. In the
Fission Reactor, there is a high voltage with a high degree of irre-
versibility, which is technically unavoidable. In the reactor, the heat
generated by the Fission reaction, which is itself a reaction with
high recoilability and irreversibility, is transferred from the fuel
pellets to the Pellet surface and then to the Cladding surface and
finally to the Coolant fluid and the multiple heat transfer processes
Table 6
Comparing the accuracy of the Optimization of the FO, GA, GSA optimization methods.

Parameter FA FO optimal-Operational point,% GSA [1] GA [1]

P1,bar 24.9615 0.16 24.986 24.937
P2,bar 11.6045 4.35 10.975 10.296
P3,bar 2.1795 11.19 2.216 2.143
P4,bar 0.9495 10.15 0.953 0.946
P5,bar 0.4 13.31 0.283 0.329
T1,C 69.706 4.27 62.507 65.481
T2,C 97.193 8.65 80.004 83.41
T3,C 118.778 4.28 109.45 108.594
T4,C 168.054 2.12 160.77 161.323
T5,C 221.872 0.30 222.067 220.723
ED,MWth 1943.11 1.18 1945.9 1945.9

The points are described in section 3.3.
GSA and GA values are calculated in references [1] and compared to evaluate the model
with a high-temperature gradient, these series of heat transfer
processes cause significant exergy destruction in this part of the
system. (See Fig. 3).

Neutron Control and Adsorption of Neutrons in the Control Rod
partly eliminates the combusted energy and reduces the exergy
rate. This massive exergy destruction is related to the significant
difference of exergy loss in the steam generation in the nuclear
power plants compared to the fossil power plants in the same case
(see Fig. 4).

There is a 3.6% exergy loss in the steam generator due to the
irreversibility of high-temperature gradient heat transfer, which
can be partially offset by increasing the fluid inlet temperature to
the steam generator, which is enhanced by the steam economizer.

4.1.2. Secondary cycle
4.1.2.1. Turbines. The second component of the plant is the turbine
set (HP and LP turbines). There is an exergy loss of 2% in HP turbines
and 10.4% in LP turbines due to the irreversibility of the low
isotropic efficiency in the power turbines (approximately 70%). The
use of high-efficient turbines (albeit with economic considerations)
can significantly reduce the amount of exergy destruction in this
part of the plant. This fact notes the enormous potential of opti-
mization in the steam turbine set of the nuclear power plant (see
Fig. 5).

4.1.2.2. Feedwater heaters. Another critical component of a power
plant that has significant exergy efficiency is the heaters. At the
plant, open and closed feedwater heaters accounted for 4.5% of the
cooling cycle, and L.P turbine feedwater heaters in the heating cycle
accounted for 0.3% of the total exergy loss. The use of higher heat
exchange rates and higher efficient heaters (with economic con-
siderations) can reduce some of the exergy losses in this part,
although the limitation of DTmin in exothermic heat exchangers is a
technical limitation for optimization in the feedwater heater exergy
losses (Fig. 6).

4.1.2.3. Condenser. In energy analysis (the first law of thermody-
namics), usually, the condenser of the power plant is an essential
part of the energy waste of the power plant due to the heat wasting
out of the condenser cooling water so that according to results of
the energy analysis for the power plant almost 99% of the energy
loss is due to the condenser. But in the exergy analysis (the second
law of thermodynamics) only 3.5% of the exergy loss of the power
plant has occurred in the condenser which is not a significant part
of the exergy performance of the powerplant due to the low quality
of heat excreted into the environment from the exergetic point of
GSA Optimal-Operational point [1],% GA optimal-Operational point [1],%

0.26 0.07
1.30 7.41
13.06 9.34
10.56 9.74
19.83 6.80
6.50 2.05
10.56 6.75
3.91 4.66
2.30 1.96
0.39 0.21
1.17 1.17

of this paper.



Table 7
Estimated main parameters for the recommended system in Fig. 9

Parameter Base case (amount) Recommended system (Change)

Capital cost [M$/MWp] 2.8 þ5% to þ10%
O&M cost [$/MWp] 46 þ5% to þ10%
Exergy efficiency [%] 33.53 þ0.7% to þ1.3%
Energy efficiency [%] 29.36 þ0.5% to þ0.9%
Exergy destruction rate [MWth] 1943.11 �5% to �9%
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view because of the lowgradient in the condenser temperature this
exergy destruction (wasted energy) is not considered as the exergy
loss. It is technically inevitable (See Fig. 7)[24].

This paper calculates the Exergy efficiency values and Exergy
loss and Exergy destruction rates for each VVER component. The
results are shown in Tables 4 and 5. It is evident that the most
significant Exergy loss is due first to the reactor and then to the
steam generator. The slightest loss in exergy occurs in deaerator
components and pumps[25]. The energy efficiency and loss of
exergy are compared in Fig. 3 and 4, as can be seen from Table 4,
and the reactor is responsible for the highest Exergy loss rate for
VVER. Fig. 6 indicates that nearly half of the fuel exergy is
destroyed and lost in the reactor. This is mainly due to the inability
to refer to the separation process (See Fig. 8). In Figs. 7 and 8, the
power flow and VVER energy and exergy flows are simplified[26].
These figures refer to losses from heat transfers. Table 6 provide an
overview of the efficiency of VVER. The Exergy destruction rate
(energy loss quality factor) and VVER efficiency were calculated
respectively at 65.47% and 29.36%[24]. In Table 5 below, the
operational and estimated values of the target parameters are
presented (see Table 5).
Fig. 9. The proposed hybrid fos
4.2. Optimized case results

The value of the Exergy destruction rate is 1943.11 MWth, ac-
cording to the assumptions of this paper. It can be seen that the
minimum fit values for GA and GSA are 1945.9097 and 1945.893,
respectively, for the assumptions made in the paper, which is
presented by Naserbegi et al. (2018). Fitness values of FO against the
GA and GSA repeats using 30 particles for the top 10 iterations in 50
steps. The results have shown that the effectiveness of FO, GSA, and
GA in minimizing fitness was near the same. Using optimization
methods, the destruction of VVER is reduced by about 23 (MW).
Table 6 shows the best-optimized values (Fitness result value) ac-
cording to FO, GA, and GSA and their difference from the opera-
tional status. The results show that the implementation of these
VVER operating parameters reduces Exergy destruction and in-
creases the performance of the plant (see Table 6).
5. Conclusion

Byanalyzing the exergyandenergyflowsof anuclearpowerplant,
the energy and exergy efficiency of the same plant is nearly similar
sil fuel and nuclear cycles.
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(approximately 29%) because of the nature of the fuel carrierwhich is
uranium [20]. However, the energy analysis does not give us a clear
understanding of the source and the magnitude of the irreversibility
and the quality of the energy, since in the energy analysis the most
significantenergy loss source in thepowerplant is the condenser and,
in terms of exergy analysis, the maximum exergy loss in the power
plant is considered as the reactor and S.G units [18]. This is because of
the increasing irreversibility (increasing entropy or entropy produc-
tion) in the process of nuclear fission [13]. Although these irrevers-
ibilities are unavoidable exergy destruction sources, however, there
are many potential strategies to improve it, such as nuclear-fossil
hybrid power plant, which is an acceptable strategy to improve the
overall performance of the plant [16,21] The primary purpose of this
study is to implement the FO method to improve the exergy perfor-
mance of the BNP [22]. In this study, the GA and GSA methods were
also used to demonstrate the capabilities of FO, and the results were
compared in three cases [19,21]. Initially, the fitness function is
resolved by FO, GSA, and GAmethods. The results indicate that in the
problem processing, to reduce the exergy destruction of VVER, the
thermodynamic values of the ten states, which were suggested in
section 3.3 has to be controlled to stay in the optimal range [17]. This
issue has been resolved with FO, GSA, and GA, and the best solutions
have been reported in Table 6. The Exergy destruction in VVER was
1978.01 MWbefore optimization and was reduced to 1943.11. In this
case, the fitness values of all three optimization methods are very
close, although the average frequencyof the FOmethod ishigher than
the other methods. Therefore, FO has been proposed as a reliable
optimization method for energy and exergy analysis of power plants
[22].

5.1. Recommendations

To improve exergy efficiency of the power plant, one of the
recommended methods is to use a Superheater-Economizer unit
that works with fossil fuel, which is connected to the nuclear pri-
mary power cycle in addition to the power plant, which causes the
steam generator to superheat the steam in the inner phase [1]. The
exhaust gas of this fossil unit can preheat the inlet air of the plant in
the Air heater [2,3]. The exhaust gas can also increase the tem-
perature of the compressed fluid in the cooling cycle of the plant
[18,23]. As a result, the plant is transformed into a hybrid (fossil-
nuclear) power plant that can increase the energy and exergy ef-
ficiency of the power plant as it is outlined in the proposed hybrid
power plant of Fig. 9 (See Fig. 9). Also, the estimated impacts of the
recommended system on the power plant are described in Table 7
(See Table 7).
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