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a b s t r a c t

The tendency to renewables is one of the consequences of changing attitudes towards energy issues. As a
result, solar energy, which is the leader among renewable energies based on availability and potential,
plays a crucial role in full filing global needs. Significant problems with the solar thermal power plants
(STPP) are the operation time, which is limited by daylight and is approximately half of the power plants
with fossil fuels, and the capital cost. Exergy analysis survey of STPP hybrid with PCM storage carried out
using Engineering Equation Solver (EES) program with genetic algorithm (GA) for three different sce-
narios, based on eight decision variables, which led us to decrease final product cost (electricity) in
optimized scenario up to 30% compare to base case scenario from 28.99 $/kWh to 20.27 $/kWh for the
case study. Also, in the optimal third scenario of this plant, the inner carbon dioxide gas cycle produces
1200 kW power with a thermal efficiency of 59% and also 1000 m3/h water with an exergy efficiency of
23.4% and 79.70 kg/h with an overall exergy efficiency of 34% is produced in the tetrageneration plant.
© 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

Small modular reactors (SMR) is the bright future of nuclear
development. This significant hope is because of the reduced
financial risks which allow the countries to meet the ever-growing
energy demand using a safe, reliable, and green energy while
reducing the carbon footprint of the power sector and helping the
climate changemitigation plans [1]. The nuclear plants are complex
systems consisted of several subsystems utilizing various resources.
Because of this complexity, the thermoeconomic analysis is
extremely hard to be examined [2]. Therefore the economic and
thermoeconomic analysis cannot provide correct information
about the system. However, the thermoeconomic analysis, coupled
with the concept of the exergy (second law of thermodynamics),
provides a method that reports the cost and quality of the energy
(called exergoeconomic analysis) [3]. For a small modular reactor,
exergy investigation, physical, chemical, and economic
, mfani@aut.ac.ir (M. Fani), sa.

by Elsevier Korea LLC. This is an
environments must be examined. The physical section incorporates
the resources, energy, and the reference environment. The refer-
ence environment is the resource that is available to the system
limitless and free of expenses. The chemical section is related to the
chemical energy, reactions, etc. mainly appear in the reactor or
combustion chamber and fuel to energy conversion [4]. The eco-
nomic section refers to the market, price, investments, and costs.
Exergoeconomics or exergetic cost is the exergy required to pro-
duce a unit of product; for example, in the energy industry, it is a
unit of exergy per kWh of energy. A system can be investigated in
the term of its chemical and physical views and modeled in this
way, but to optimize the system and its sustainable production
economic environment must be considered. A balance needed to be
modified between improving efficiency and reducing the costs of a
system [1,2]. Some researchers investigated the process of a ther-
moeconomic analysis on the thermal systems. They stated that this
method could be applied to any products generated by the thermal
or chemical processes. Then the most important sources of the
exergy destruction can be improved to make the overall perfor-
mance of the plant better to optimize a portion of a system using
the exergy analysis [4,5]. Talebi and Norouzi investigated the exergy
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analysis method in the PWR nuclear powerplants using a firefly
optimization algorithm. This method found to be effective in
improving the efficiency of nuclear power plants, and in this
research, reactors found to be the main source of the exergy
destruction [6]. Norouzi investigated the exergoeconomic analysis
in a diesel power plant using the firefly algorithm and optimized
the overall process [7,8]. The method found to be effective in the
diesel cycle similar to the studies of Talebi and Norouzi and similar
to the previous studies in this field the boiler and fuel to energy
conversion was the main source of exergy destruction [6]. Prior
researches in the SMRs has not developed a detailed exergetic
method on the second law analysis of an SMR power plant. This lack
of enough information in the literature is themain gap, which is the
field in this research. This method requires setting an optimized
equilibrium between costs and thermo-hydraulic efficiency to have
a financially competitive system [4,9e11].

This paper is aimed to investigate the exergetic balance of an
SMR plant to estimate and optimize resources and cost for the
system and its subsystems based on the second law of thermody-
namics. This paper will examine the exergy concept in the nuclear
power plants and nuclear fuels, identify the substantial sources of
exergy destruction, and perform an exergy analysis in a 3000 kW
SMR system. Also, in this paper, a new tetrageneration plant is
proposed and analyzed for the SMR reactors to produce water,
power, heat, and chemicals combined in a single plant backed with
a PCM energy storage plant.
2. Methodology

2.1. Case study (Shiraz solar thermal plant)

Shiraz solar thermal power plant is located in the south-western
part of Iran. The city of Shiraz is one of the Iranian cities with the
highest average daily solar radiation and annual hours of sunshine
(20 MJ/m2, and 3000 h, respectively) [11]. The power plant is a pilot
power station with a parabolic trough type collector, consist of 48
collectors arranged in 8 rows in North-South direction [9]. The
designed and parametric values of the collectors and the nuclear
reactor are given in Table 1 [10,11].

The most decisive part of a solar thermal power plant analysis is
related to the calculation of reflected radiation by the mirror,
concentrated radiation on the beam, and, finally, the absorbed heat
by the collector. All of the mentioned parameters depend on situ-
ational and geographical parameters such as total radiation (Io),
declination value (d), incidence angle (q), zenith angle (qz), and
Table 1
Parabolic trough collector system specifications [14].

Collector System

Length (L) 25 m
Width 3.4 m
Aperture (W0) 3.1 m
Focal length 88 cm
Receiver Outer diameter (Do) 42 mm
Receiver Inner diameter (Di) 125 mm
Cover Outer diameter 70 mm
Cover Inner diameter 67 mm
Nuclear system
Technology HTGR-I
Reactor Type Rapid
Gen III & II
Working Temp. 750 C
Working fluid water
Circulation system 2
Cycle barrier 2
Inner cycle Circulator
geometric factors (Rb). Duffie and Beckman [12e14] introduced the
equations to determine the parameters mentioned above, as below
Table 2.

Finding out the exact radiation received by the collector and
absorbed energy by the collector, both need the calculation of beam
radiation. The following equations presented by Ref. [15] will result
in the beam radiation amounts. The monthly average of total ra-
diation amounts based on [17] for Shiraz is presented in Table 3.
This report indicates that the total annual radiation is 1018.5W=m2.
In order to have realistic analysis, 12:00 p.m. of September 21st
used as calculation base date which ranked 7th among other
months’ results and also it has irradiation amount near the annual
average (958.7 W=m2) [11].

2.2. Energetic and exergetic analysis of solar system

By having the beam radiation, energy, and exergy received and
absorbed by the collector are determined as below Table 4 [1,15,16].

Where i and s indexes represent received and absorbed for both
energy and exergy equations, and e refers to energy, while x refers
to exergy. The values of the used parameters in equations are
summarized in Table 5.

The final purpose of the solar system is to increase the heat
transfer to the HTF. Thus, energy and exergy calculation of the beam
has a high impact on the total efficiency and final results of solar
system performance. Useful energy and exergy transferred to HTF
(Qu, Xu) are determined as below [18e23]. Also, the properties of
the HTF are temperature-related, and the total energy and exergy
efficiency of the solar system of the Shiraz power plant, consistent
with the collector system and receiver system, is presented in
Table 4.

2.3. Exergetic improvement by adding PCM storage

The schematic of the working cycle of the 500 kW Shiraz power
plant is presented in Fig. 1 [19,20]. The whole cycle is divided into
two major parts, the oil cycle, which is the solar part and water
cycle, which is a regular steam power generation cycle [17,21]. In
the oil cycle, in general, solar radiation is reflected by parabolic
mirrors and concentrated on the collector beam, which the heat
transfer fluid (HTF) is passing through. This part is consists of the
collector field, oil pump, and heat exchangers to transfer the heat to
the water cycle. The other side, the water cycle, is just as same as a
nuclear steam power generation consisted of an auxiliary nuclear
boiler (SMR), steam turbine, condenser, and so forth [18].
Mirror Reflectivity (b) 0.873
Cover Transmissivity (t) 0.96
Emissivity of cover 0.88
Receiver Absorptivity (a) 0.94
Collector heat remover factor (FR) 0.98
Intercept factor (Y) 0.93
Concentration ratio (CR) 14
Rim angle 90�

Outer Cycle Solar Thermal
Outer Cycle Temp. 550 C
Heat transfer Steam Generator
Working fluid II Oil or water
Operation Primary boiler



Table 2
Solar beam radiation equations.

Description Equation

The solar beam declination value

d¼23:45 sin
�
360

284þ n
365

�
(1)

The solar beam incidence angle
cosq¼ sind sin∅ cosb� sind cos∅ sinb cosgþ cosd cos∅ cosb cosuþ cosd sin∅ sinb cosg cosuþ cosd sinb sing sinu (2)

The solar beam zenith angle
cos qz ¼ cos∅cos d cos uþ sin∅sin d (3)

The solar mirror geometric factors
Rb ¼ cos q=cos qz (4)

total radiation

Ib ¼ Io
�
1�Cfa

�h
1� e½�0:0759ðp=2�qzÞ�

i
(5)

Table 3
Shiraz monthly average of Total irradiation [20].

W/m2 month W/m2 month

1313.2 July 747.3 January
1170.6 August 907.1 February
958.7 September 1064.8 March
682.5 October 1345.6 April
561.6 November 1475.2 May
581 December 1414.7 June

1018.525 Annual average
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The new schematic cycle is shown in Fig. 2, which is a new
theoretical sample of Shiraz power plant, integrated with a PCM
storage tank to increase both efficiencies and operating time of
power plant by preserving excessive solar and nuclear heat gained
by the solar field during the working hours [19]. The new
arrangement of equipment comes up with this opportunity for the
whole power plant to work in different procedures during day and
night. The charging cycle, which occurs during the day and night
(day: solar activity and night: decrease in the nuclear demand-
load), is done when the HTF, which has gained heat passing
through the solar field, transfers thewater cycle demanded heat via
heat exchangers [18,22]. While energy demand is not at its peak or
the solar radiation is beyond the power cycle’s need, the surplus
HTF heat is transferred to PCM storage. In the opposite direction,
discharging take place when solar radiation is not adequate or even
it is not available anymore. During the discharging cycle, the HTF
receives energy from the PCM storage tank. The PCM storage tank
will be the primary heat source unless it could not satisfy the en-
ergy need, so the auxiliary SMR nuclear boiler will stabilize the HTF
to reach the required temperature [1,17,24].

In Ref. [20], all designed and working conditions of the Shiraz
STPP cycle are measured and listed. According to Table 6, which is
representing temperature, pressure values, and mass flow rate of
each process states, the HTF leaving solar field temperature is about
265 �C. Furthermore, according to the results of [12], less difference
between the HTF temperature and PCMmelting point will result in
higher exergetic efficiency of storage. As a result, by having some
practical considerations, a commercial PCMmelting point of which
is 545 �C (LiBr) is used as a case study [24,25].

The supplied exergy by HTF during the charging period, the
output exergy at the discharging cycle and exergetic efficiency of
PCM storage can be expressed by Equations (25)e(28) from Table 4,
where T0, T1, T2, and Tm respectively refer to temperatures of
ambient, HTF inlet, HTF outlet, and PCM melting point and storage
heat-loss considered to be negligible [17,18,26]. Where CHTF is ob-
tained from Eq. (11) and (mHTF) ¼ 13.7 (kg⁄s). Also, an isothermal
PCM melting and negligible sensible heat of PCM is assumed.
Moreover, in order to minimize any unsatisfactory conditions, it is
assumed that the controlling systemwould block the storage tank’s
path as soon as the difference between T2 and Tm falls below 5 �C
[19,27]. The total exergetic outcome of the systemwith PCM storage
is determined as Equation (29), Table 4. Finally, the overall exergetic
efficiency of the whole system is measured by dividing the sum of
all output exergy to the sum of input exergy of the solar system
[20e23,28]. Results showed that using “LiBr” as LHS for Shiraz
power plant, due to both PCM physical properties and power plant
working conditions, such as HTF temperature, came up with
acceptable results shown in Tables 6 and 7.

2.4. Nuclear tetra-generation

Nuclear cogeneration is a mature field of technology, and nu-
clear power plants have been used for various cogeneration sys-
tems such as desalination, heat distribution, etc. but SMR reactors
never used for cogeneration and energy storage systems. The pre-
vious studies investigating the nuclear-combined heat, power and
water production called these systems nuclear trigeneration plants
which in this paper authors developed this context into the
chemical products such as formic acid which as a hydrogen carrier
can be used as energy storage or as a beneficial component in the
oil refineries and this system is called nuclear tetrageneration
system(combined heat, power, water, and chemical production)
(see Fig. 3). Assumptions made for the reverse osmosis and elec-
trochemical reactor plant’s operational states are mentioned in
Table 8 below.

With the data provided in Table 8, the exergetic model of the
nuclear tetrageneration is developed and analyzed in the results
and discussion section.

3. Results and discussion

Nowadays, one of the most challenging problems that engineers
face are designing systems with high performance, low expenses,
and minimum environmental impact. Exergoeconomic is the
combination of theory and experiences, which will lead to the
optimum point of intersection between the parameters mentioned
earlier, and none of the conventional system analysis methods
could have results similar to those obtained by exergoeconomic
analysis. Expenses refer to the amount of supply and sources
consumed to demonstrate any changes made to the cycle flows,



Table 4
Solar beam radiation equations.

description Equation

Heat from radiation
Qi ¼ðIbRbÞWoLN (6)

Heat from radiation

cQs ¼N:Ib :Rb :ðtaÞ
�
b:Y þ Do

Wo � Do

�
(7)

Exergy received by the collector
Xi ¼Qi½1�ðTo = TsÞ� (8)

Exergy received by the collector
Xs ¼Qs½1�ðTo = TsÞ� (9)

Thermal conductivity

KHTF ¼0:1882� 8:304� 10�5 � ðTHTF þ273:15Þ (10)

Specific Heat

CHTF ¼0:8132þ 3:706� 10�3 � ðTHTF þ273:15Þ (11)

Density
rHTF ¼1071:76�0:72� ðTHTF þ273:15Þ (12)

Prandtl Number

PrHTF ¼6:73899þ 3:706� 1021 � ðTHTF þ 273:15Þ�7:7127 (13)

Heat absorbed by the unit

Qu ¼ðWO �DOÞL:FR
�

Qs

ðWo � DoÞ L�
UO

�
Tfi � T0

�
CR

�
(14)

Exergy absorbed by the unit

Xu ¼N _m
h�

hfo �hfi
�
� To

�
Sfo � Sfi

�i
(15)

Receiver energy efficiency
her ¼Qu=Qs (16)

Receiver exergy efficiency
hxr ¼Xu=Xs (17)

Energy efficiency of the solar collector
hecr ¼hc hr (18)

Exergy efficiency of the solar collector
hxcr ¼Xu=Xi (19)

Energy efficiency of the solar system
hec ¼Qs=Qi (20)

Exergy efficiency of the solar system
her ¼Qu=Qs (21)

Exergy rate
E¼ Eph þ Ech (22)

Chemical Exergy
Ech ¼ ½hðT; PÞ e hðT0; P0Þ� � T0 ½s @ðT; PÞ e s @ðT0; P0Þ� (23)

Chemical Exergy
Ech ¼

X
xiEch;i (24)

Charging exergy
Xpcm:i ¼ _mHTF CHTF ½ðT1 � T2Þ� T0lnðT1 = T2Þ� (25)

Discharging exergy
Xpcm:o ¼ _mHTF CHTF ½ðT2 � T1Þ� T0lnðT2 = T1Þ� (26)

Charge and Discharge constraint

T2 ¼ Tm þ ðT1 � TmÞe�ðhpcmApcm= _mpcmCpcmÞ (27)

Exergetic PCM storage efficiency
hpcm ¼Xpcm:o

�
Xpcm:i (28)

The total exergetic outcome
Total output exergy¼ Xu þ Xpcm:o (29)
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Table 5
Parametric values for Shiraz power plant.

Parameter Value Notes Reference

n 264 21st September e

d �0.2 Equation (1) [22]
f 29�36.’ Power plant latitude e

u 0 12:00 p.m. e

qz 29.5 Equation (3) [22]
Io (W/m2) 960 Reference [24]
Ib (W/m2) 569.83 Equation (5) [12]
kT 0.69 Reference [24]
Ts (K) 5778 Reference [24]
T0(�C) 25 Ambient temperature e

Cfa 0.131 Reference [4]
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which will be used as a rational criterion for theoretical calcula-
tions. During exergoeconomic analysis, with the assistance of cost
balance equations and auxiliary equations, the unit cost of any
process stream, either input (fuel) or output (product), is
Fig. 1. Schematic diagram of the Shir

Fig. 2. New schematic diagram of Shiraz sola
measurable. Also, these equations are the key role players in the
optimization of the system from the first stream to the final product
by considering economic arrangements.
3.1. Exergy analysis of cycle streams

Exergy is a thermodynamic function defined as maximum
available work in a specific thermodynamic condition (pressure,
temperature, enthalpy, and so forth.) relative to the reference
environment condition and can be used as a measurement of en-
ergy quality and quantity. In other words, the exergy can be
considered as a measure of the existing nonequilibrium between
the discussed matter and the environment [31].

Exergy flow is determined by aggregating the physical and
chemical exergy of the flow. The physical exergy (Eph) is the
maximum useful work obtained bypassing the unit of mass of a
substance of an initial state (T, P) to the environmental state (To, Po)
through purely physical processes. Chemical exergy is the
maximum useful energy which would be attained by passing from
az hybrid solar power plant [19].

r power plant with PCM storage [29,30].



Table 6
State properties of the system corresponding to Fig. 1 [19,20].

State points Temperature Pressure Mass State points Temperature Pressure Mass

(K) (bar) kg(s)�1 (K) (bar) kg(s)�1

1 496.65 2 13.7 12 375.75 21.2 1.7
2 496.65 7.6 13.7 13 375.75 21.2 1
3 538.65 5.05 13.7 14 488.45 21 1
4 536.15 2.82 13.7 15 375.75 21.2 0.7
5 504.15 2.46 13.7 16 488.45 21.1 0.7
6 380.25 1.3 1.7 17 488.45 21.1 0.7
7 380.25 1.3 0.008 18 523.15 21 0.7
8 380.25 1.1 1.7 19 523.15 21 1.7
9 380.25 0.86 1.7 22 298.15 1.013 44.17
10 364.15 1.1 1.7 23 318.15 1.013 44.17
11 375.75 1.1 1.7 26 298.15 20 0.073

Table 7
Selected LHS with LiBr exergetic analysis results [31,32].

Material Melting point
(�C)

Maximum working temperature
(�C)

Specific heat (kJ/kg
K)

Latent heat (kJ/
kg)

Density (kg/
m3)

Xpcm.i

(W)
Xpcm,o

(W)
Exergy Loss
(W)

Exergetic efficiency
(%)

LiBr 545 1265 2.151 3804 3464 111567 95448 16128 85.54

Fig. 3. Nuclear inner cycle and tetra-generation plant (state 17 to 18 from Figs. 1 and 2).
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the environmental state to the dead state, using chemical processes
with reactants and products at the environmental temperature and
pressure, while the composition is not in chemical equilibriumwith
the environment. The precise and detailed calculation method for
exergy equations is provided in Refs. [32], but in general, the basic
exergy equation areas mentioned in Table 4.

The new theoretical and schematic cycle of the Shiraz power
plant with PCM storage with the new arrangement and numbering



Table 8
Assumptions made for the reverse osmosis and electrochemical reactor plant’s
operational states.

Assumption (3000 KW SMR reactor) Value

Reverse Osmosis
Water production 24000 m3/day
SEC 0.7 kWh/m3

Recovery factor 60%
Seawater consumption 40000 m3/day
Salinity 1098 ppm
Pressure 1st pass 9.22 atm
Pressure 2nd pass 9.832 atm
Temperature 25 C
Electrochemical reactor
Formic acid production 79.70 kg/h
carbon capture 75.20 kg/h
power penalty 376.38 kWh/time (1 h)
Total efficiency 44%
investment cost 7.2 M$
Cathode Sn NPs
Anode IrO2
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has been shown in Fig. 2 and based on the stream exergy equations
determined above, the exergy of every stream is calculated and is
expressed in Table 9.

In Table 9, that illustrates the power plant cycle, and it is deemed
to have different paths for streams in day and night. Thus, there
would be different exergy amounts, and also the exergoeconomic
equations should consist of both of the parameters. Indeed, the
exergoeconomic analysis should strike a balance between day and
night parameters, such as operating time during the day and night,
storage system capacity, and so forth (Table 10). The results of all
the equations in the exergy analysis section are presented in
Table 11.
3.2. Numerical results and discussion

Regarding equations and values expressed in the methodology,
the base case of existing Shiraz power plant costs is available with
30-equations, 30-unknowns simple calculations. However, opti-
mization needs more considerations. Allocating the constraints
amount in lieu of the fixed value for the critical parameters of the
problem is the first step to find out the best operating point of the
system. Engineering equation solver (EES) as a robust and user-
friendly program with extensive thermodynamic parameters and
values database is used to optimize the results. Two different
exergoeconomic problems have been modeled; first, Shiraz solar
Table 9
Cycle streams’ calculated exergy corresponding to Fig. 2.

State points Mass Exergy State points Mass Exergy

(Kg/s) (MW) (Kg/s) (MW)

1 13.7 5.86 12 1.7 3.95
2 13.7 5.86 13 1.7 0.564
3 13.7 5.86 14 1.7 0.508
4 13.7 0.1116 15 1.7 0.527
5 13.7 7.592 (day)/6.795 (night) 16 1.7 0.538
6 13.7 7.504 (day)/6.707 (night) 17 1 0.317
7 13.7 6.095 (day)/5.298 (night) 18 1 2.64
8 1.7 7.701 19 0.7 0.221
9 e 0.5 20 0.7 0.535
10 1.7 3.97 21 0.7 1.78
11 0.008 0.019 22 0.7 1.85
12 1.7 3.95 23 1.7 4.5
13 1.7 0.564 26 44.17 0
14 1.7 0.508 27 44.17 3.39
15 1.7 0.527 30 0.073 3.76
power plant hybrid with LHS (PCM) and second, the optimized
results of the problem above. Eight decision variables with their
reasonable bounds are given in Table 12. Based on the expressed
limitations by using the Genetic Algorithm, optimization results
came up with up to 10% reduction in final product cost.

To bewell performed, the genetic algorithm requires some input
parameters to be set up correctly. The user should specify the
following items, such as the reasonable range of variables, the
sample size of the initial population of parent individuals, the
scaling factor, and the maximum number of generations of
offspring [36]. Parameters’ values are used as follows in Table 13.

Exergoeconomic optimization results compared with two other
scenarios, Shiraz power plant existing cycle and hybrid Shiraz po-
wer plant with LHS storage, are listed in Table 14, which shows
significant improvement in cost reduction.

3.3. Generalization survey

Another investigation has been carried out by applying the
designed conditions to 250 kW, 1000 kW, and 2000 kW STTPs,
which confirmed the enormous impact of LHS on final product cost
to obtain practical results from the current study. The results are
shown in Table 15 and Fig. 4. All 4 cases are optimized and hybrid
with a PCM storage tank and nuclear SMR system.

As it is expected, higher power output comes with lower final
product cost, because doubling the power plant capacity, does not
result in doubling the capital cost while capital cost of STTP is the
most crucial parameter in STTPs’ economic issues.

The lowest exergetic efficiency is related to the solar field and
collector system, with only 56%. Therefore, it seems to be very
beneficial and productive to enhance solar system performance.
Because solar energy is available free of charge, by increasing en-
ergy demand and energy cost, utilizing renewable energies as
much as possible would be the only solution for the future (see
Fig. 5).

Condenser’s primary objective is to gain heat from steam leav-
ing the steam turbine and transfer it to the environment in different
ways, depending on the condenser type. Base on the results from
Table 14, the exergetic efficiency of the condenser is acceptable
(84%) which means that the component is functioning correctly,
but the prominent point is that about 2.8 (MW) exergy is being
thrown away while every bit of this energy would help to achieve
better results.

Shiraz solar thermal power plant has a great response to adding
an LHS system filled with PCM material and a nuclear-coupled
reactor. The results showed that by adding a storage tank and
nuclear-coupled reactor to the power plant cycle, the electricity
production cost would be reduced up to 22.3%. Furthermore,
exergoeconomic analysis helped to decrease more than 10% of
electricity cost to achieve the goal of final cost reduction up to 32%
from power plant existing regular cycle by optimizing and adding
PCM storage tank and nuclear-coupled reactor.

According to Table 15 and Fig. 4, the final product cost for an
STTP hybrid with LHS decreases by increasing the power plant’s
output power, but it cannot be generalized to all cases and capac-
ities. Indeed this result is obtained using Shiraz STTP information,
and a complete parametric survey is needed to determine the exact
optimum capacity and conditions. This phenomenon arises from
the low efficiency of the solar collectors’ system, which is discussed
in the exergy part of the paper in detail (see Fig. 6).

3.4. Exergy analysis of the nuclear tetrageneration plant

The second law of thermodynamics results of the nuclear tet-
rageneration plant is summarized in the following Table 16. The



Table 10
Energy analysis results of collector, receiver and solar system.

System Received Energy (kW) Transferred Energy (kW) Energy Loss (kW) Energy Loss (%) First Law Efficiency (%)

Collector Qi ¼ 487:5 Qs ¼ 223:4 Ql ¼ 264:1 54.17 45.82
Receiver Qs ¼ 223:4 Qu ¼ 151:7 Ql ¼ 71:7 32.1 67.9
Solar system (total) Qi ¼ 487:5 Qu ¼ 151:7 Ql ¼ 335:8 68.88 31.11

Table 11
Exergy analysis results of Collector, Receiver and Solar system.

System Received Exergy (kW) Transferred Exergy (kW) Exergy Loss ¼ irreversibility (kW) Exergy Loss (%) Second Law Efficiency (%)

Collector Xi ¼ 458:2 Xs ¼ 89:3 Xl ¼ 368:9 80.51 19.48
Receiver Xs ¼ 89:3 Xu ¼ 47:1 Xl ¼ 42:2 47.25 52.74
Solar system (total) Xi ¼ 458:2 Xu ¼ 47:1 Xl ¼ 411:1 89.72 10.27

Table 12
Decision variables range for exergoeconomic optimization.

Variable and range

0.4 � hOil pump � 0.6
0.45 � hPump 1 � 0.6
0.45 � hPump 2 � 0.6
513.15 K � T23 � 533.15 K
18 bar � P23 � 24 bar
12 kg/s � _mHTF � 14 kg/s
0.5 � Day shift = Total working hours � 0.65
0.35 � Night shift = Total working hours � 0.56

Table 13
Genetic algorithm parameters.

Parameters Value

Population size 100
Maximum generation number 100
Elite children population 4
Selection process Stochastic uniform
Crossover fraction 50%
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results in this plant are divided into three subsections of chemical
production, power generation, and water desalination. Every three
subsections are analyzed exergetically in Table 16.

Table 16 demonstrates the exergy analysis results of the RO
desalination plant. The result shows the importance of incorpo-
rating an energy recovery device in the hydraulic turbine, which
through recovering the pressure from the rejected disposal water,
can improve its exergy efficiency from 23.4% to 27.3%, as shown in
Fig. 7.

Moreover, this analysis shows that the highest exergy
Table 14
Results and cost comparison between 3 scenarios for Shiraz STTP.

Variable Original cycle without LHS Original cycle with

hOil pump 0.45 0.45
hPump 1 0.5 0.5
hPump 2 0.55 0.55
T23 (k) 523.15 523.15
P23 (bar) 21 21
_mHTF (kg/s) 13.7 13.7
Total operating hours 1250 2500
Day shift = Total operating hours 1 0.65
Night shift = Total operating hours 0 0.35
Final product cost ($/kWh) 0.2899 0.2253
destruction to produce drinking water and for irrigation occurs in
the rejected water, and lowest occurs in the permeate flow rate,
accounting 53.2% for 2.1%, respectively. The second highest exergy
destruction occurs in the pump, which is approximately 25.4%, and
the third one occurs in the same in the membrane, as shown in
Fig. 8.

The outputs of the thermodynamic analysis by taking the 1st
and 2nd law of thermodynamics efficiencies into account demon-
strate that the storage efficiency of the formic acid as a solar fuel is
not as efficient as the batteries. However, solar fuel storage capacity
is much higher and flexible. The battery storage capacity is on the
scale of hundreds of kilowatt-hours, but the chemical solar fuel
storage is as capable as hundreds of megawatt-hours (see Table 16).

The exergy and energy analysis used in this section to determine
the exergy and energy efficiency of the electrochemical process that
can be mentioned as a chemical storage plant. In this section, the
exergy and energy efficiency is calculated for each anodic option in
the term of the charging and discharging processes of the storage
system. The exergy analysis is more accurate than the energy
analysis in the field sustainability. The results show that the exergy
LHS storage and nuclear unit Optimized cycle with LHS storage and nuclear unit

0.6
0.46
0.49
513.3
24
14.88
2500
0.58
0.58
0.2027



Table 15
Comparison between optimized 250 kW, 500 kW, 1000 kW, and 2000 kW STTPs.

Variable 250 kW 500 kW 1000 kW 2000 kW

hOil pump 0.57 0.6 0.59 0.55
hPump 1 0.54 0.46 0.49 0.51
hPump 2 0.51 0.49 0.51 0.56
T23 (k) 523.15 513.3 513.4 514
P23 (bar) 21 24 23.5 23.86
_mHTF (kg/s) 13.23 14.88 12.53 14.96
Total operating hours 2500 2500 2500 2500
Day shift = Total operating hours 0.5 0.5 0.5 0.5
Night shift = Total operating hours 0.5 0.5 0.5 0.5
Final product cost ($/kWh) 0.3204 0.2027 0.1408 0.111

Fig. 4. Power plant exergetic efficiency with and without LHS.

Fig. 5. Shiraz STTP exergetic efficiency with and without LHS.

Fig. 6. Electricity cost comparison between 3 scenarios for Shiraz STTP.

Table 16
Exergy analysis of the nuclear tetrageneration plant.

Parameter Value

Reverse Osmosis
Exergy efficiency 23.4%
Recovery 60%
Exergy rate 955.6 kW
Exergy destruction 732 kW
Water production 1000 m3/h
Electrochemical reactor
Formic acid production 79.70 kg/h
Energy cost 0.16 $/kWh-product
Exergy rate cost 0.21 $/kWh exergy
Exergy efficiency 34%
CO2 gas turbine cycle
power production 1200 kW
Energy efficiency 58.6%
Exergy efficiency 59.3%
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efficiency of the electrochemical reduction process based chemical
storage units is in a range of 35e45% (conventionally). Norouzi
calculated the exergy performances of the typical energy storage
plants in their research. They noted that the average exergy per-
formance of the thermal energy storage systems is in a range of
22e35%, and this amount for battery storage is more than 94% [33].
The results for the electrochemical reduction show that the exergy
performance of this system is much higher than the thermal stor-
age and less than the batteries. However, the capacity of the bat-
teries is on a KW scale and cannot be compared with the MW and
GW scales of the thermal and chemical storages [34e36].
4. Conclusion

Hybrid Solar thermal and nuclear power plant with LHS (PCM) is
the solution to the STTPs’ issue of much lower operating hours
(2500 h a year), while the operating time can be increased up to
8400 h per year, similar to the other types of power plants using
fossil fuels or nuclear power plants. The standard solar power
plants’ operating time varies from time to time and location.
However, adding storage tanks and nuclear reactors with suitable
capacity can extend the working hours to 3 times the base case
(2500e8400 in this paper). Among the solar field components, the
collector system has the most exergy lost value, which is more than
half the value of transferred exergy amount to the component. As a
result, the overall solar field exergetic efficiency became about 30%,
which is not very acceptable, and it would be beneficial to strive for
better results. It has been conducted that by adding appropriate
PCM and an SMR nuclear boiler, compatible with power plant
conditions will result in considerable improvement in overall
exergetic efficiency. For the case study of the Shiraz thermal power
plant, the difference between the base case without storage and
nuclear couplings and with the storage system filled with selected
PCM is more than 19%. Also, in this plant, the carbon dioxide cycle
produces 1200 kW power with a thermal efficiency of 59% and also
1000 m3/h water with an exergy efficiency of 23.4% and 79.70 kg/h
with an overall exergy efficiency of 34% is produced in the tetra-
generation plant.
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Fig. 7. Exergy efficiency in the reverse osmosis section of the nuclear tetrageneration.

Fig. 8. Share of each component from the exergy destruction in the water production
plant.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.net.2020.07.007.
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