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A B S T R A C T   

Today, due to the reduction of fossil resources and on the other hand the high environmental pollution of these 
resources, it is necessary to pay attention to alternative resources, including clean and available renewable re
sources. In this study, solar and geothermal energy sources are combined, generating electricity, cooling, 
freshwater, and hydrogen, along with selecting a suitable heat transfer fluid for parabolic trough solar collectors. 
This system consists of parabolic trough solar collectors, a steam Rankine cycle, a steam Rankine cycle with an 
organic Rankine cycle, a proton exchange membrane electrolyzer, and a reverse osmosis desalination unit. To 
analyze the performance of solar collectors, Therminol 59, Marlotherm SH, Syltherm 800, and Therminol VP1 
heat transfer fluids are selected. Solar radiation intensity, solar collector mass flow rate, turbine and pump ef
ficiency, evaporator pinch-point temperature, and organic Rankine cycle turbine inlet temperature were inves
tigated as design parameters affecting system performance. Maximizing energy efficiency and reducing cost rate 
were selected as two objective functions and determined using a multi-objective sorting genetic algorithm 
(NSGA-II). The results showed that Therminol 59 has the highest energy efficiency and net power output 
compared to other heat transfer fluids. Also, the proposed system produces 1140 kW of electricity in the optimal 
state, and in the best state, it has an energy efficiency of 32.39% and a cost of 36.32 $/GJ.   

1. Introduction 

The need for energy and its use in industrial and domestic applica
tions is one of the criteria for determining the level of progress and 
quality of life in a country. The expansion of the need for energy sources 
has always been one of the important basic issues in human life, and 
trying to reach an inexhaustible source of energy has been one of the 

long-standing dreams of man. Today, societies and countries of the 
world are more dependent on energy than in the past decades and years. 
The reason is to look for ways to increase system performance and 
simultaneously reduce system costs and reduce environmental pollution 
caused by system activity and burning fossil resources as the main cause 
of this CO2 emission. Currently, the energy demand is increasing in all 
countries of the world and this demand is also increasing day by day. 
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Energy has a significant impact on the ability of industries to produce, 
type of tools, and machines, methods of operation and transportation. 
Today, mankind has become so dependent on energy that it rarely even 
bothers to think about its role and impact, for this reason, researchers 
pay attention to improving the performance of energy production sys
tems by trying to increase efficiency and reduce system costs. has been 
drawn. 

As the driving force for production purposes, energy is considered 
the fundamental infrastructure of the social and economic activities of 

every country. The depletion of fossil fuels and environmental pollution 
problems have prompted policymakers to discover suitable and sus
tainable approaches for solving energy intricacies [1]. Researchers have 
endeavored to design and implement renewable energy systems such as 
geothermal energy and solar energy. As clean and renewable energy is 
inherent to the Earth, geothermal energy has been commercially used 
since 1913 [2], and its utilization in both electricity generation [3] and 
direct use [4] has grown rapidly over the last half-century. For example, 
only a small fraction of geothermal resources has been exploited so far 
[5]. With advancements in geothermal exploitation technologies and the 

Fig. 1. Schematic process flow diagram of the proposed poly-generation system.  

Table 1 
Input data used in the simulation.  

Parameter Value 

T0 25 ◦C 
P0 101.3 [kPa] 
ṁ1 15 [kg/h] 
Tsun 5505 [◦C] 
Tgeothermal 190 [◦C] 
ηturbine 0.80 % 
ηpump 0.90% 
ppEva 5 [◦C] 
ppCond 5 [◦C] 
P7 1500 [kPa] 
P9 100 [kPa] 
Gb 850 [W/m2]

Table 2 
Energy balance of system components.  

Components Relation 

SRC turbine Ẇturbine, steam = ṁ7 × (h7 − h8)

Pump No. 1 Ẇpump1 = ṁ6 × (h6 − h9)

Pump No. 2 Ẇpump2 = ṁ15 × (h16 − h15)

Pump No. 3 Ẇpump3 = ṁ18 × (h10 − h18)

ORC turbine Ẇturbine, ORC = ṁ11 × ((h11 − h12)+ (1 − y)× (h12 − h13))

Evaporator 1 QEvaporator1 = ṁ6 × (h7 − h6)

Condenser 1 QCondenser1 = ṁ8 × (h8 − h9)

Evaporator 2 QEvaporator2 = ṁ10 × (h11 − h10)

Condenser 2 QCondenser2 = ṁ14 × (h14 − h15)
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demand for renewable and low-carbon-producing energy, there is a high 
prospect for the accelerated use of geothermal energy in the future. 
However, its scope of application is limited because of the limited 
temperature achieved by geothermal energy. Therefore, a hybrid 
application should be implemented to further enhance the temperature 
by integrating geothermal energy with other forms of renewable energy, 
such as concentrated solar-thermal technology [6,7]. Solar energy is 
regarded as the most promising material for wide utilization, and 

concentrated solar-thermal technology is one of the dominant solar 
utilization applications; the technology can make the heat transfer fluid 
(HTF) inside heat-collection elements achieve high-grade thermal en
ergy at high temperatures [8,9]. A commercial parabolic trough solar 
collector (PTSC), as a popular concentrated solar-thermal technology, 
can harvest the thermal energy of HTFs at almost 400 ◦C [10,11]. The 
high-temperature thermal energy obtained can be adopted in cascade 
utilization systems according to the residual energy grades. For instance, 
high-grade thermal energy can first be carried to thermal-power systems 
based on the Steam Rankine cycle [12] and the ORC [13]; then, the 
residual low-grade thermal energy can continue to be used in other 
systems, such as absorption cooling systems [14]. Many researchers 
have been conducting tremendous efforts in the research and develop
ment of geothermal energy, concentrated solar-thermal technology, and 
hybrid renewable systems. In the field of integrated geothermal energy 
applications, Heidarnejad et al. [15] attempted to optimize a geothermal 
site using biomass to generate power and freshwater. Kahraman et al. 
[16] thermodynamically analyzed a geothermal power plant using air 
conditioning and investigated the effect of ambient temperature change 
on the plant’s efficiency. Kianfard et al. [17] analyzed a freshwater- and 
hydrogen-producing geothermal-driven system from economic and 
exergy standpoints. Alirahmi et al. [18] studied a fuel cell-electrolyzer 
combination for the load management of the network peak in a 
geothermal site to convert power to hydrogen and vice versa. In the field 
of PTSC-integrated applications, Hu et al. [19] optimized a combined 
geothermal-solar energy system thermally and economically. Kerme 
et al. [20] analyzed a multigenerational system based on solar energy 
utilization. In this study, the required energy of the system was supplied 
by the PTSC’s absorption of thermal energy from the sun. The results 
revealed that the solar collector and reverse osmosis (RO) desalination 
unit were the main sources of exergy destruction. Assareh et al. [21] 
probed a renewable system based on solar and geothermal energy usage, 
fueled by thermoelectric generators to produce power, cooling, and 
freshwater. Their findings indicated that the replacement of a thermo
electric generator with a condenser reduced the total cost rate and 
exergy efficiency of the enhanced system. Kumar Gupta et al. [22] 
designed a renewable system that included an ORC with a triple- 
pressure level vapor absorption system and a PTSC solar system. The 
system concurrently generates cooling and energy at two different 
working temperatures. Assareh et al. [23,24] conducted energy, exergy, 
multi-objective optimization, and economic analysis on a multi- 
generation system, producing solar-based power, hydrogen, fresh
water, cooling, and heating in Dezful. Furthermore, a PEM electrolyzer 
was designed to supply the network-required power in addition to the 
load at different times.Through the above state-of-the-art research on 
multi-generation systems involving geothermal energy and PTSC, note 
that the selection of HTF in PTSCs has been the focus of published 
literature because it is directly associated with its ability to absorb and 
convey thermal energy. Bellos et al. [25] reviewed the heat transfer 
fluids, namely, Therminol VP1, sodium liquid, molten salt, CO2, air, 
Helium, and water for use in PTSCs. They reported that, for extremely 
high temperatures, helium, and CO2 were the most suitable heat transfer 
fluids, and the sodium liquid achieved the highest exergetic efficiency of 
47.48% at 800 K. Dehaj et al. [26] experimentally assessed the use of 
nickel ferrite (NiFe2O4) nanofluids in a PTSC. They asserted that the 

Table 3 
Exergy destruction of system components.  

System components Relation 

Evaporator 1 ĖEva 1 = Ė2 + Ė6 − Ė7 − Ė3 

Evaporator 2 ĖEva 2 = Ė3 + Ė10 − Ė11 − Ė4 

ORC turbine ĖTurbine, ORC = Ė11 − Ė12 − Wturbine 

SRC turbine ĖTurbine, steam = Ė7 − Ė8 − Wturbine, steam 

Condenser 1 Ėcond2 = Ė8 + Ė31 − Ė9 − Ė32 

Condenser 2 Ėcond2 = Ė14 + Ė19 − Ė15 − Ė20 

OFOH ĖOFOH = Ė12 + Ė17 − Ė18 

Pump No. 1 Ėpump1 = Ė9 + Ẇpump1 − Ė6 

Pump No. 2 Ėpump2 = Ė15 + Ẇpump2 − Ė16 

Pump No. 3 Ėpump3 = Ė18 − Ė10 

IHE ĖIHE = Ė13 + Ė16 − Ė14 − Ė17 

PTSC ĖPTSC = Ėsun + Ė1 − Ė2 − Ė17  

Table 4 
Purchase equipment cost of system components.  

Component Purchase equipment cost (ZK) 

PTC ZPTC = 240× Aap tot 

ORC turbine 
ZTurbine ORC = 4750× (

(

Ẇturbine
0.75

)

+ 60×

(

Ẇturbine
0.95

))

SRC turbine 
ZTurbine steam = 6000×

(

Ẇturbine
0.7

)

Absorption chiller Zchiller = 1144.3×
(
Qturbine

0.67)

Pump No. 1 ZPump1 = 3541× (ẆPump1
0.71

)

Pump No. 2 ZPump2 = 3500× (ẆPump2
0.41

)

Pump No. 3 ZPump3 = 3500× (ẆPump3
0.41

)

Condenser 1 ZCond1 = 150×
(
ACond1

0.8)

Condenser 2 ZCond2 = 150×
(
ACond2

0.8)

Evaporator 1 ZEvap 1 = 276×
(
AEvap 1

0.88)

Evaporator 2 ZEvap2 = 276×
(
AEvap2

0.88)

PEM electrolyzer Zelectrolyzer = 1000× WPEM 

RO desalination unit ZRO = 1000× ṁ28 × 0.98  

Table 5 
Cost balance and axillary relations for system components [43,47–49].  

Component Cost balance Auxiliary equation 

PTC field Ċsun + Ċ1 + Żsolar = Ċ2 c1 = c2 , csun = 0 
SRC turbine Ċ7 + ŻSteam,T = Ċ8 + ĊSteam,T c7 = c8 

ORC turbine Ċ11 + ŻORC,T = Ċ12 + Ċ13 + ĊORC,T c11 = c12 , c11 = c13 

Condenser 1 Ċ8 + Ċ31 + ŻCon1 = Ċ9 + Ċ32 c8 = c9,c31 = 0 
Condenser 2 Ċ14 + Ċ19 + Żcond = Ċ15 + Ċ20 c14 = c15 , c19 = 0 
Evaporator 1 Ċ2 + Ċ6 + ŻEva1 = Ċ3 + Ċ7 c2 = c3 

Evaporator 2 Ċ3 + Ċ10 + ŻEva2 = Ċ4 + Ċ11 c3 = c4 

Pump 1 Ċ9 + ĊP1 + ŻPump1 = Ċ6 cP1 = cSteam,T 

Pump 2 Ċ15 + ĊP2 + ŻPump2 = Ċ16 cP2 = cORC,T 

Pump 3 Ċ18 + ĊP3 + ŻPump3 = Ċ10 cP3 = cORC,T 

IHE Ċ13 + Ċ16 = Ċ14 + Ċ17 Ċ13 = Ċ14 

OFOH Ċ12 + Ċ17 = Ċ18 – 
PEM electrolyzer Ċ32/ + ĊPEM + ŻPEM = Ċ33 + Ċ35 Ċ33 = Ċ35 

RO desalination unit Ċ36 + ŻRO = Ċ39 + Ċ38 Ċ39 = Ċ38, Ċ36 = 0 
Absorption chiller Ċ4 + Żchiller = Ċ5 + Ċchiller × Qe c4 = c5  

Table 6 
Validation of the RO desalination unit.  

Variable Unit Present Study Nafey [105] Difference (%) 

Ẇpump RO kW 1122 1131 0.796 
Mf m3/h 485.9 485.9 0 
SR – 0.9944 0.9944 0 
Xb ppm 64,180 64,180 0 
Xd ppm 252 250 0.8 
ΔP kPa 6856 6850 0.088  

E. Assareh et al.                                                                                                                                                                                                                                 



Applied Thermal Engineering 231 (2023) 120698

4

thermal efficiency of the PTSC was enhanced by the volume fraction and 
flow rate of the nanofluid. Further, a 51% maximum efficiency was 
achieved at 0.05% volume fraction and 3 L/min flow rate. Malekan et al. 
[27] modeled the heat transfer in PTSCs with Fe3O4 and CuO/Therminol 
66 heat transfer fluids. They stated that the collector efficiency was 
higher when Fe3O4 was employed, and the increase in volume fraction 
and decrease in particle size enhanced it. Malviya et al. [28] compre
hensively evaluated different heat transfer fluids in PTSC applications. 
The effect of the heat transfer fluid on tube-absorber material was 
studied. The effects of the outer temperature level, exergy efficiency, 
and tube-absorber material were investigated. They asserted that 
Therminol VP1 and water were the best choices for the heat transfer 
fluid at high and low temperatures respectively. Interestingly, air should 
not be used in any temperature range. In addition, other very useful 
articles [29–33] can be reviewed to gain a better understanding of this 
article’s proposed system. Examining these studies helps to understand 
the innovation of the present work.Many studies have been conducted in 
the field of using renewable energies, especially the available solar en
ergy, as well as other renewable energies such as fuel cells, geothermal, 
etc. And sunlight has been made, which can be used in new and clean 
systems [34–53]. 

Also, the issue of reducing the emission of environmental pollution 
and, on the other hand, meeting the consumption needs of residential 
buildings and industrial centers from clean energy has been taken into 
consideration, which requires many studies to be able to introduce this 
clean science to start it with high performance [54–71]. 

In 2020, Cuceet al. worked to improve the thermal performance of 
thermoelectric coolers (TEC) by designing a nanofluid-driven water-to- 
air heat exchanger. Three different nanoparticles (Al2O3, TiO2, and 
SiO2) with mass fractions of 0.1, 0.5, and 1% were added to the running 
water in the system and the temperature difference between the first and 
final states of the cooling process was determined for different ambient 
temperatures. The results showed that despite the slight decrease in the 
coefficient of performance (COP) values of the system, it can be easily 
claimed that the new TEC design integrated with nanofluids and water- 
to-air heat exchanger block is much more beneficial than conventional 
water cooling units [72]. 

In 2022, Mert Cuce et al. investigated the effect of using hybrid 
nanofluids as a coolant on the thermal performance of portable ther
moelectric refrigerators. Hybrid nanofluids prepared with Al2O3-TiO2- 
SiO2 and nanoparticles and water were used as refrigerants in the sys
tem. To evaluate the thermal performance of these hybrid nanofluids, 
the experiments were repeated using water without added nanoparticles 
as a reference case. According to the results obtained from the experi
mental study, it was observed that in all cases, the experiments using 
nanofluids had better results than the reference cases. In addition, it was 
found that the efficiency obtained from the system increases in all cases 
as the ratio of nanoparticles in the mixture increases [73]. 

In 2023, Shakibi et al investigated a system based on solar energy 
and natural gas to produce freshwater. The proposed system consisted of 
a heliostat field with a gas turbine cycle, multi-effect desalination, steam 
Rankine cycle, organic Rankine cycle, and thermoelectric generator. To 
optimize the system, a combined model of support vector regression, 

Fig. 2. Validating the PEM electrolyzer of the proposed system [106].  

Table 7 
Electrolyzer PEM information.  

Property Value 

MW Molar mass (Hydrogen) 
TEle 80 [c] 
F 96,487 [C/mol] 
D 50*10− 6 [m] 
lambdaa 14 
lambdac 10 
J 500 [A/m2]  

Table 8 
Heat transfer fluid properties.  

Heat transfer 
fluid 

Density (kg/ 
m3) 

Kinematic viscosity cSt 
(mm2.s) 

Specific heat capacity (kJ/ 
kg.K) 

Thermal conductivity (W/ 
m.K) 

Operating range 
(◦C) 

Flash point 
(◦C) 

Therminol 59 974 7.04  1.68  0.1213 − 49 to 315 146 
Marlotherm SH 1040 16  1.56  0.1305 − 5 to 350 219 
Syltherm 800 936 10  1.608  0.1350 − 40 to 400 160 
Therminol VP1 1064 4.03  1.546  0.1363 12 to 400 124  
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multi-objective gray wolf optimization algorithm, multi-objective 
grasshopper optimization algorithm, and two different decision- 
making methods were proposed. According to the obtained results, 
exergy efficiency, total product cost rate, and CO2 emission were re
ported as 45.6%, 2.716 dollars/gJ, and 30.26 kg/s of freshwater 
respectively. Furthermore, after system optimization, the total exergy 
destruction rate decreased from 15,153 kW to 14,820 kW [74]. 

In 2023, Shakibi et al. conducted an economic study and multi- 
objective optimization of a solar and wind power plant and conducted 
a case study to determine the performance of the system to the climate 
changes of the city of Las Vegas. The investigated multiple generation 
system including parabolic solar collector, wind turbine, thermoelectric 
generator, and its combination with steam Rankine cycle was suggested 
to produce higher electricity. Also, a reverse osmosis desalination unit 
and a single effect absorption chiller and proton exchange membrane 
electrolysis were used to produce freshwater and hydrogen production 
cooling. A case study that considered the conditions of the city of Las 
Vegas produced 22.02 megawatt hours of power and 4.50 tons of carbon 
dioxide in one year, resulting in an environmental cost of $107.8 per 
year [75]. 

In 2023, Assraeh et al. investigated a renewable system based on 
solar energy to produce electricity and freshwater from a new gas power 
plant and a solar power plant and conducted a case study of climate 
changes in Australia, Spain, South Korea, and Iran. They gave. In this 
study, a new power plant configuration consisting of a concentrated 
solar power plant integrated into a Brayton cycle before the combustion 
chamber was investigated. Among the most importantly effective and 
practical parameters in this research, we should mention gas turbine 
efficiency, inlet temperature to the organic turbine, inlet pressure to the 
steam turbine, and inlet temperature to the gas turbine [76]. 

In 2022, Assraeh et al. worked on thermodynamic modeling and eco
nomic evaluation of a cogeneration system of power and freshwater based 
on compressed air energy storage and multi-effect desalination. This study 
examines the design of a renewable system for generating electricity and 
freshwater based on the solar cycle and the use of thermal storage in 
different cities. The results showed that the parameters of the number of 
heliostats and turbine and compressor efficiency have the greatest effect on 
the system outputs. Based on the economic analysis of the system, the costs 
of the compressed air storage source, the solar unit, and the gas turbine 
were the highest among the costs of the system components [77]. 

Fig. 3. Effect of solar radiation intensity (Gb) on system outputs (with different heat transfer fluids): (a) power, (b) cooling production, (c) freshwater, (d) hydrogen 
production, (e) exergy efficiency, (f) energy efficiency, (g) cost rate, and (h) levelized cost. 
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In 2023, Dezhdar et al used solar energy and ocean thermal energy to 
supply the required energy for a power generation system. This system 
was launched based on the use of the temperature difference of the dam 
water and the absorption of solar radiation energy in that area. A case 
study was conducted on climate changes at Karkheh Andimeshk Dam in 
Iran, and the system consisted of two solar units and an organic Rankine 
cycle, and a thermoelectric generator was used to increase the perfor
mance of the system in electricity generation [78]. 

In 2023, Pourmoghadam and Kassaiyan used the energy-economic 
evaluation of multiple production systems based on solar energy and 
the use of parabolic collectors to feed from the sun to produce cooling, 
heating, electricity, and water. Their proposed system was modeled with 
the help of Mattel, solving engineering equations and TRNSYS software. 
The results showed that toluene organic fluid has the best annual per
formance for power generation. Also, the repayment period for the base 
case was determined to be 6 years [79]. 

In 2022, Karaca et al. investigated the development of an integrated 
solar and wind energy system for desalination and power generation, 
specifically for Antigua and Barbuda, an island nation in the Caribbean 
Sea, to reduce the region’s reliance on energy infrastructure. Based on 
volatile fossil fuels and reduce pollution. The evaluation of the system 
showed that the system is functional with energy and exergy efficiency 

of 45.4% and 37.6%, respectively. The annual electricity production of 
this system was estimated to be 316 GW-hours, equivalent to 102.6% of 
the annual electricity needs of Antigua and Barbuda. In addition, the 
system supplies 124 tons of freshwater and compressed air per day to 
fuel 140 short-range (80 km) wind cars. Environmental analysis showed 
that the implementation of the potential system can reduce the emission 
of greenhouse gases in the region by 88% [80]. 

In 2022, Razmi et al reported the concept of green hydrogen energy 
storage based on a parabolic collector and proton exchange membrane 
electrolyzer/fuel cell by thermodynamic and exerguaeconomic analyses 
with multi-objective optimization. The main goal of this research is to 
introduce a new configuration of green hydrogen production for elec
tricity generation in periods of peak demand and an innovative hy
bridization of a solar unit based on a parabolic collector with a proton 
exchange membrane electrolysis and a fuel cell from a thermodynamic 
and exergoeconomic point of view became. A sensitivity analysis and a 
multi-objective optimization based on a combination of neural network 
and gray wolf optimization algorithms were performed to select the best 
working fluid for the solar unit and the ideal operating conditions ac
cording to the minimum cost rate and maximum exergy efficiency. The 
results showed that the proposed system can generate 9, 14.9, and 20.1 
MW of electricity in off-peak, middle, and peak times, respectively. Also, 

Fig. 3. (continued). 
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the results showed that the proposed system works with an exergy ef
ficiency of 17.6% and a cost rate of $492.4 per hour under optimal 
conditions [81]. 

Also, in 2022, Rajeb et al. investigated an innovative integrated 
multi-generation solar energy system for the production of hydrogen, 
oxygen, electricity, and green heat. The designed system includes 
photovoltaic solar thermal collectors (PVT) with organic Rankine cycle 
(ORC), PEM electrolyzer, and liquid natural gas. Using engineering 
equation solving (EES), thermodynamics (energy, exergy), and eco
nomic evaluation of the proposed power plant were done. Non- 
dominated sorting genetic algorithm was used to estimate the optimal 
results for the proposed system. The objective functions are energy ef
ficiency, cost rate, and net power output. The results showed that the 
proposed system operates with an exergy efficiency of 16.24%, a cost 
rate of $4.48/hour, and a net electrical power of 33.32 kW under 
optimal conditions, based on TOPSIS (Technique for Similarity-Based 
Order Performance) [82]. 

In 2022, Nedai et al. evaluated the performance of multiple pro
duction systems based on solar energy absorption based on the heliostat 
field and using Brayton’s closed cycle, absorption refrigeration cycle, 

desalination and dehumidification and proton exchange membrane 
electrolysis along with multi-objective optimization they paid. The re
sults showed that the simulation in basic operational conditions has 
resulted in the production of 8.32 MW of power, 3.16 kg/s of freshwater, 
8.37 MW of cooling load, and 0.22 kg/h of hydrogen with an exergy 
efficiency of 39.15% and $8.81/gizole [83]. 

Today, meeting energy needs with the least environmental impact is 
a serious challenge that must be solved with knowledge and technology. 
Therefore, the development of energy systems to produce electricity 
with high performance and reduce CO2 emissions as well as the 
reasonable cost is of great importance. In this regard, in this research, a 
system for producing clean electricity is proposed to deal with this issue. 

The present study proposes a polygene-ration power plant combining 
solar and geothermal energies with a steam Rankine cycle (SRC) and 
ORC, an absorber chiller, an RO desalination unit, and PEM electrolyzer 
subsystems, which produce electricity, cooling, freshwater, and 
hydrogen. The study focuses on selecting a suitable heat transfer fluid 
for the PTSCs. Thermodynamic and economic analyses were applied, 
and multi-objective optimization was implemented. Additionally, the 
system was configured for use in Bandar Abbas as a case study. The goal 

Fig. 4. Effect of the solar collector mass flow rate on system outputs (with different heat transfer fluids): (a) net output power, (b) cooling production, (c) freshwater 
production, (d) hydrogen production, (e) exergy efficiency, (f) energy efficiency, (g) cost rate, and (h) levelized cost. 
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and innovation of this study are to produce clean products with the 
proposed system. Engineering Equation Solving (EES) software is used 
to model and obtain thermodynamic software results. Finally, in the 
proposed system with the optimum HTF, an efficient optimization pro
cedure based on an artificial neural network (ANN) and NSGA-II opti
mizer is implemented. 

The innovations of this research can be stated as follows:  

• Simultaneous use of two renewable solar and geothermal energies 
with high potential and high availability.  

• Using energy, exergy, and exergeoeconomic analyses to provide a 
comprehensive view of system performance and capabilities.  

• The combination of two power generation units including the steam 
Rankine cycle and the modified organic Rankine cycle.  

• Providing a multiple energy production system including four 
products: electricity, cooling, hydrogen, and freshwater.  

• Reviewing different lubricants for parabolic solar collectors and 
introducing the best lubrication. 

• From the thermoelectric generator to increase the electricity pro
duced by the system  

• Analyzing Sankey to calculate the amount of exergy and exergy 
destruction of units and system equipment.  

• Feasibility of starting the proposed system in Bandar Abbas city in 
Iran.  

• Optimization of the investigated objective functions with two neural 
network methods and the use of the genetic algorithm. 

2. System description 

Fig. 1 depicts the schematic of the proposed polygene ration system. 
This system, grounded on geothermal and solar energies, comprises 
several subsystems, including PTSCs, SRC, ORC, PEM electrolyzer, LiBr 
absorption chiller, and RO desalination units. The system generated 
electricity, hydrogen, cooling, and freshwater. The geothermal output 
fluid with a temperature of 160–190 ◦C directly entered the PTSC, and 
by exchanging heat with the heat transfer fluid of the PTSC, its tem
perature increased to 340 ◦C. After the solar collector, the geothermal 
fluid transfers its heat to the SRC, ORC, and absorber chiller and is 
injected back into the reinjection wells. Water is used for the SRC 
condenser in this system, the output of which is divided into two parts: 

Fig. 4. (continued). 
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hot water (stream 32) for domestic consumption and hot water required 
by the electrolyzer. The efficiency of the evaporator depends on the fluid 
type, tube surface, material, temperature difference, and other factors. 
The R123 refrigerant is the working fluid used in the ORC that enters the 
ORC turbine (stream 11), produces power similar to SRC, and passes an 
open feed-water organic heater (OFOH) and internal heat exchanger 
(IHE). In the organic Rankine cycle, an internal heat exchanger and open 
feedwater heater are used to improve the efficiency of the Rankine cycle 
and enhance its power generation. Saturated steam with a quality of one 
exits the evaporator (stream 7), proceeds to the SRC turbine, and sup
plies power that can be used in the electrolyzer and RO desalination 
unit. A share of the generated power is delivered to the power distri
bution network. In the PEM electrolyzer, water is fed, and power is 
supplied by the SRC and ORC turbine, eventually producing hydrogen 
(stream 33). The geothermal fluid (stream 4) exchanges heat with the 
generator of the LiBr absorption chiller, and cooling is produced. Finally, 
seawater (stream 35) enters the RO desalination unit and is converted to 
freshwater (stream 37). 

The main goal of this research is to introduce a multiple energy 
production system based on the use of two high-potential renewable 

energies for all regions and countries of the world, including solar and 
geothermal energies, using a parabolic-linear solar collector and using 
two cycles. The modified organic Rankine and steam Rankine cycle in 
the system along with the use of absorption chiller, reverse osmosis, and 
PEM electrolyzer produce useful products needed by humans including 
freshwater, hydrogen, cooling, and electric energy. 

To model the system and obtain the results of the parametric analysis 
of the system, thermodynamic software for solving engineering equa
tions (EES) was used. To optimize the designed system, the multi- 
objective genetic sorting algorithm (NSGA-II) was used to find the best 
value for the objective functions. The two conflicting objective functions 
investigated include increasing exergy efficiency and decreasing cost. 
The advantages of this system include high energy utilization, reduction 
of energy losses and exergy, high efficiency of exergy, and reduction of 
greenhouse effects. 

3. Methodology 

The proposed polygene ration system was modeled in the EES soft
ware environment using the input data presented in Table 1. 

Fig. 5. Effect of turbine efficiency on system outputs (with different heat transfer fluids): (a) net output power, (b) cooling production, (c) freshwater production, (d) 
hydrogen production, (e) exergy efficiency, (f) energy efficiency, (g) cost rate, and (h) levelized cost. 
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As mentioned earlier, this system uses two renewable energies, 
geothermal and solar, so after the parameters affecting this system, we 
can mention the intensity of solar radiation and the mass flow rate 
entering the collector. Because the activity of the system can increase or 
decrease by absorbing solar energy. In other words, on the hot days of 
the year and in the hottest hours of the day when solar radiation in
creases, the performance of the system also increases, because the 
thermal energy absorbed by the system increases. The input temperature 
from the geothermal source can also cause changes in the system per
formance, it should be noted that the three units of organic Rankine 
cycle, steam Rankine cycle, and absorption chiller work with thermal 
energy. So by supplying the required energy of these three units, it is 
possible to improve the overall performance of the system. Also, by 
changing the efficiency of the turbine and pump, you can see changes in 
the performance of the system. Other parameters include ambient 
temperature, ambient pressure, etc., which are part of the environ
mental and technical parameters of the system, according to studies in 
the field of research, it was concluded that they can influence the 
functional changes of the system. 

3.1. Parabolic trough collectors (PTSC) 

The following equations were used to calculate the rate of useful 
energy generation in the PTSCs [29–31]: 

Q̇u = ṁ1[CPc × T2 − CPc × T1] (1)  

Q̇u = nptcFR[S × Aap − Ar × UL × (T1 − T0)] (2)  

where T1 and T2 denote the output water temperatures at points 1 and 2, 
respectively; Cpc is the specific heat capacity at constant pressure; ṁ is 
the mass flow rate of the collector; FR is the heat removal factor; UL is the 
collector’s total pressure drop; Aap is the collector’s plate area; and S is 
the visual efficiency, computed using [21]: 

S = Gbηr (3)  

ηr = ρc × λ × τc × ky × α (4)  

Aap = (width − Dco)*Length (5) 

Fig. 5. (continued). 
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Here, Gb is the solar radiation intensity, ηr is the efficiency of the 
solar collector, ρc is the reflectance, τc is the transmittance of the cover 
glass, α is the absorptivity of the PTSC, λ is the interception factor, and 
FR is determined by [84,85]: 

FR =
ṁ1Cp c

ArUL

⎡

⎣1 − exp

⎛

⎝ −
ArULF1

ṁ1Cp c

⎞

⎠

⎤

⎦ (6)  

F1 =

1
UL

1
UL

+ Do r
hfi

+
(

Do r
2k ln Do r

Di r

) (7)  

where F1 is the collector efficiency factor. The following equation was 
used to determine the area of the PTSCs [32]: 

Ap tot = nptc × Aap (8)  

3.2. PEM electrolyzer 

Electrolyzer is a device that splits water into hydrogen and oxygen 
using direct electric current. In other words, it is a means of converting 
electrical energy into chemical energy, which can be considered as a 
non-linear voltage-sensitive DC load. By increasing the DC voltage 
applied to the electrolyzer, its current increases, and more hydrogen is 
produced. 

The SRC cycle turbine supplies the power required by the PEM 
electrolyzer for electrochemical reactions. After passing through the 
pump, seawater enters the PEM electrolyzer, where a hydrogen and 
water-oxygen mixture is produced. The following equations were used 
to model the PEM electrolyzer [17,86–93]. The power output of the PEM 
electrolyzer is calculated as follows: 

ẆPEM = 0.25 × Ẇtotal (9) 

The generated hydrogen rate is calculated using: 

ṄH2Out = 3600 × ṀH2Out kg/h (10) 

Fig. 6. Effect of pump efficiency on system outputs (with different heat transfer fluids): (a) net output power, (b) cooling production, (c) freshwater production, (d) 
hydrogen production, (e) exergy efficiency, (f) energy efficiency, (g) cost rate, and (h) levelized cost. 
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ṀH2Out = aH2 × ẆPEM
bH2

+ cH2 kg/s (11) 

The a, b, and c coefficients are determined using: 

aH2 = 3.382 × 10− 6 (12)  

bH2 = 0.9727 (13)  

cH2 = 5.928e × 10− 6 (14) 

The rate of generated oxygen in the system is given as: 

ṀO2Out = aO2 × ẆPEM
bO2

+ cO2kg/s (15) 

In equation (15), the value of aO2 is equal to 1.691× 10− 6, the value 
of bO2 is equal to 0.9728, and the value of cO2 is equal to 2.978× 10− 6. 

3.3. Reverse osmosis (RO) desalination unit 

Reverse osmosis is one of the new methods of purification and 
desalination of impure water. Reverse osmosis is a physical process that 
uses the phenomenon of osmosis, which means the difference in osmotic 

pressure between salt water and pure water, to remove salts and im
purities from water. In this process, the raw water flow is divided into 
the product water flow and concentrated water flow. 

This section examines the relations and conditions associated with 
the RO desalination unit analysis. 

The power of the RO desalination unit pump was calculated as fol
lows [94–96]: 

ẆRO Pump = 0.15 × Ẇ total = (1000 × ΔTnet × M36)/(3600 × rho36 × ηpump RO)

(16)  

where rho36 is the density of the input seawater, M36 is the molar mass of 
the input water, and ηpump,RO is the efficiency of the RO desalination 
pump. The output power of the RO turbine is [94–96]: 

ẆRO Turbine = (1000 × ΔTnet × M39 × ηTurbine RO)/(3600 × rho39) (17)  

where ηpump,RO is the efficiency of the RO desalination unit pump and 
ΔTnet is the temperature variation of the input water to the RO desali
nation unit. The net required power of the RO desalination unit was 
calculated as follows: 

Fig. 6. (continued). 
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Ẇnet RO = (ẆRO Pump − ẆRO Turbine) (18)  

3.4. Energy balance 

The relations in Table 2 are used for the energy balance of the system 
components examined in the present study. 

The total power of the SRC is given as: 

Ẇnet, steam = Ẇturbine, steam − Ẇpump1 (19) 

The total power of the ORC is calculated using: 

Ẇnet, ORC = Ẇturbine, ORC − Ẇpump2 − Ẇpump3 (20) 

Regarding the relations in Table 2, the net power output of the sys
tem performance is obtained using: 

Ẇnet = Ẇnet steam + Ẇnet, ORC (21)  

3.5. Exergy analysis 

The exergy of each flow is computed in this section. Table 3 displays 
the exergy destruction relation for each component. 

The total exergy destruction rate of the absorber chiller is calculated 
using: 

Ėchiller = ĖG LiBr + ĖABS\_LiBr + ĖC LiBr + ĖEva LiBr + Ėp LiBr + Ėvalve1 LiBr

+ Ėvalve2 LiBr + ĖHEX LiBr

(22) 

The total exergy destruction rate of the electrolyzer is calculated 
using: 

ĖPEM = Ė32 + ẆPEM − Ė33 − Ė35 (23) 

The total exergy destruction rate of the RO desalination unit is 
calculated using: 

ĖRO = Ė37 + ẆRO − Ė38 − Ė39 (24) 

Fig. 7. Effect of the evaporator pinch-point temperature on system outputs (with different heat transfer fluids): (a) net output power, (b) cooling production, (c) 
freshwater production, (d) hydrogen production, € exergy efficiency, (f) energy efficiency, (g) cost rate, and (h) levelized cost. 
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3.6. Economic analysis 

The cost rate is obtained using economic parameters, such as the 
capital recovery factor (CRF) and interest rate, to achieve a thorough 
evaluation of the cost of the system. Because every component of a 
combined system is expected to operate at a specific time, the levelized 
cost rate of every component reflects a proper criterion for the cost rate 
symbolized by Żk. The levelized cost rate of every component is summed 
as the capital investment cost and operating and maintenance costs as 
[97–99]: 

ŻK = ŻK,CI + ŻK,OM (25)  

ŻK,CI =
CRF⋅ZK

β
(26)  

ŻK,OM =
ϕ⋅ZK

β
(27)  

where ZK is the purchase cost of the equipment (Table 4) and φ 

represents the maintenance and repair coefficients (herein, 1.06). 
Similarly, N is the number of operating hours of the system (7446). The 
CRF is given as [92,93]: 

CRF =
i(1 + i)n

(1 + i)n
− 1

(28)  

where i is the interest rate (which is equivalent to 0.1) and n denotes the 
plant operation period in years (20). Table 4 presents the relations 
linked to the cost of the components in addition to auxiliary relations. 

3.7. Exergoeconomic analysis 

A parameter, known as the flow cost rate (Ċ), is defined for every 
exergy flow of the system, and a cost-balance equation is written for 
every component. In addition, a (c) parameter is the defined cost per 
unit exergy. In an exergoeconomic analysis, the cost balance for every 
component of the system is expressed as [100–104]: 

Ċq.k +
∑

i
Ċi.k + Żk =

∑

e
Ċe.k + Ċw.k (29) 

Fig. 7. (continued). 
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Ċj = cjĖxj (30) 

Subscripts e, w, q, and i indicate the output, work, heat, and input 
exergy cost, respectively. The final costs of the components of the system 
are listed in Table 5. 

3.8. Integrated system 

By integrating the poly-generation system, the following equations 
were used to estimate the energy and exergy efficiencies of the system: 

ηen = (Ẇnet steam + Ẇnet ORC + Qcooling + (hhvh2 × ṁ33) − Ẇnet PEM

− Ẇnet,RO)/

(

Qu2 + ṁ1 × h1

)

(31)  

ηex = (Ẇnet steam + Ẇnet ORC + Excooling + Ėx38 + Ėx32 + Ėx33 + Ėx35

− Ẇnet PEM − Ẇnet RO)/(Ėx1 + Ėxsun) (32)  

4. Validation 

To validate the research, two energy-producing units from this sys
tem were selected for validation. Because the poly-generation energy 
system proposed in this study is novel, the RO desalination unit sub
system is compared with that of Nafey et al. [105] (Table 6). As the 
results of this validation show, the results obtained for the modeling of 
the reverse osmosis desalination unit of the present work have a low 
error compared to the reference research and indicate the accuracy of 
the modeling. 

To increase the credibility of the research, the hydrogen production 
unit was also selected for validation. The PEM electrolyzer results are 
compared with the data of Ioroi et al. [106] (Fig. 2) to validate the re
sults. The modeling procedure and results were validated based on the 
results. 

The specifications of the electrolyzer used in the system have been 
checked. The information required for electrolysis is introduced in 
Table 7. 

Fig. 8. Effect of the ORC turbine input temperature on system outputs (with different heat transfer fluids): (a) net output power, (b) cooling production, (c) 
freshwater production, (d) hydrogen production, (e) exergy efficiency, (f) energy efficiency, (g) cost rate, and (h) levelized cost. 
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5. Results and discussion 

5.1. Parametric analysis 

Discovering the optimal solution for the system efficiency and its 
costs and determining the system-impacting parameters are the main 
challenges in analyzing energy-generating systems that employ renew
able energy. Herein, the parameters (i.e., net output power, cooling, 
hydrogen, and freshwater, as well as exergy and energy efficiencies, cost 
rate, and levelized cost) are analyzed to determine the effects of heat 
transfer fluids on system outputs. Different parameters were analyzed, 
including the SRC turbine outlet pressure, ORC condenser temperature, 
SRC turbine input pressure, pump efficiency, input temperature to the 
ORC turbine, and input pressure to the open feedwater heater. In 
addition, the solar radiation intensity, geothermal fluid mass flow rate, 
turbine efficiency, and evaporator pinch-point temperature substan
tially affected the system performance; only the results of these four 
parameters are delineated in the following. 

Table 8 lists the properties of the four heat transfer fluids selected for 
employment in the parabolic solar collector, and they are used in the 
modeling and simulation of the system. 

5.1.1. Solar radiation intensity 
First, the effect of solar radiation intensity variations in the 450–950 

W/m2 range on the system outputs and parameters for different heat 
transfer fluids is investigated (Fig. 3). Solar radiation intensity is among 
the most fundamental parameters affecting the thermal efficiency of 
solar systems. Solar radiation intensity increases and decreases as the 
sun rises and sets, respectively; however, its rate of change is maximal 
when the distance between the sun and earth varies. Solar radiation 
determines the rate of the output efficiency of a solar system. The effi
ciency and performance of solar collectors are highly dependent on solar 
radiation intensity because the entire energy required by solar collectors 
for energy generation is supplied by sunlight. As the solar radiation in
tensity increased, the net output power of the system increased, and the 
best result was associated with the Therminol 59 heat transfer fluid 

Fig. 8. (continued). 
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(increased from 800 to 1200 kW). This is because, as the solar intensity 
increases, the heat transfer from the collector to the heat transfer fluid 
and thereof to the geothermal fluid increases, which elicits a higher 
output power (a). The system-produced cooling is enhanced, and the 
best result of cooling production is related to Therminol 59 (b). The rates 
of freshwater and hydrogen generated by the system increased when the 
solar radiation intensity increased, and the best production result was 
obtained with Therminol 59 (c and d) The exergy efficiency of the sys
tem decreased, and the best exergy result was related to Therminol 59 
(e) Further, the energy efficiency increases, but the best result for energy 
efficiency is associated with Therminol VP1 (f). The cost rate of the 
system increments as the solar radiation intensity increases, and the 
results show that the lowest and highest cost rates are linked to Syltherm 
800 and Therminol 59, respectively (g) (Fig. 3 a-g). The levelized cost 
rate of the system increased, and the results revealed that the minimum 
and maximum cost rates were associated with Syltherm 800 and Ther
minol 59, respectively (h). The rising cost rate of the system can be 
attributed to the fact that they are directly interrelated; that is, the need 
for larger and energy-consuming equipment and installations increases 
with the increase in the total power of the system, augmenting the 
system cost. Therefore, solar radiation can be one of the most effective 
parameters in the proposed system. 

5.1.2. Solar collector mass flow rate 
The effect of the solar collector mass flow rate, ranging from 10 to 20 

kg/h, on the system outputs and parameters for different heat transfer 
fluids is investigated (Fig. 4). An upsurge in the mass flow rate of the 
solar collector increases the total power of the system. Fig. 4a shows that 
the rate of power of the system increases with an increase in the mass 

Table 9 
Sensitivity analysis.  

Row Objective 
Function 
Parameter 

Exergy 
Efficiency 
(%) 

Energy 
Efficiency 
(%) 

Levelized 
Cost 
($/Gj) 

Cost Rate 
($/h) 

1 ORC turbine 
input 
temperature 
(0C) 

Max: 33.82 
Min: 30.24 
− 11.83% 

Max: 19.02 
Min: 16.25 
− 17.04% 

Max: 
28.81 
Min: 27.7 
− 4.01% 

Max: 
52.21 
Min: 
47.87 
− 9.06% 

2 Pump 
efficiency (%) 

Max: 32.95 
Min: 32.88 
+0.21% 

Max: 18.34 
Min: 18.29 
+0.27% 

Max: 
28.29 
Min: 28.17 
− 0.42% 

Max: 
51.24 
Min: 51.2 
− 0.08% 

3 Turbine 
efficiency (%) 

Max: 36.42 
Min: 31.77 
+14.63% 

Max: 21.29 
Min: 17.33 
+22.85% 

Max: 
31.15 
Min: 27.16 
+14.69% 

Max: 
54.31 
Min: 
50.14 
+9.11% 

4 Solar collector 
mass flow rate 
(kg/h) 

Max: 35.24 
Min: 30.39 
+15.95% 

Max: 18.91 
Min: 17.93 
− 5.46% 

Max: 
32.22 
Min: 28.28 
− 13.93% 

Max: 
54.71 
Min: 
46.96 
+16.51% 

5 Solar radiation 
intensity (W/ 
m2) 

Max: 38.88 
Min: 32.12 
− 21.04% 

Max: 18.46 
Min: 17.65 
+4.58% 

Max: 
30.02 
Min: 28.5 
+5.33% 

Max: 
52.03 
Min: 
47.23 
+10.16% 

6 Evaporator 
pinch-point 
temperature 
(0C) 

Max: 32.94 
Min: 31.78 
− 3.65% 

Max: 18.33 
Min: 17.87 
− 2.43% 

Max: 
51.21 
Min: 50.93 
− 0.55% 

Max: 28.2 
Min: 
26.53 
− 6.29%  

Fig. 9. Grossman diagram for system exergy analysis. of (a) Therminol 59, (b) Marlotherm SH, (c) Syltherm 800, and (d) Therminol VP1.  
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flow rate of the solar collector, and the best result of the net output 
power is related to the Therminol 59 heat transfer fluid. Fig. 4b illus
trates that the cooling production of the system increases as the mass 
flow rate of the system increases, and the best result for cooling pro
duction is connected to the Therminol 59 heat transfer fluid. Fig. 4c and 
Fig. 4d show that the rates of the generated freshwater and hydrogen 
increased when the mass flow rate of the solar collector increased, and 
the best production result was associated with the Therminol 59 heat 
transfer fluid. As shown in Fig. 4e, the exergy efficiency of the system 
increased as the mass flow rate of the solar collector increased. There
fore, the exergy efficiency and power of the system are directly inter
related, and the best result is related to Therminol 59. 

Fig. 4f displays that the system energy declined, and the best energy- 
efficiency result was linked to Therminol VP1. The cost rate of the sys
tem is amplified, and the results show that the minimum and maximum 
cost rates are related to the heat transfer fluids of Syltherm 800 and 
Therminol 59, respectively (Fig. 4g). The levelized cost of the system 
increases as the mass flow rate of the solar collector increases (Fig. 4h). 
The results reveal that the lowest and highest costs are linked to the heat 
transfer fluids of Therminol 59 and Therminol VP1, respectively. 

5.1.3. Turbine efficiency 
This section investigates the effect of turbine efficiency in the 

0.75–0.95 range on system outputs and the parameters for different heat 
transfer fluids (Fig. 5). Turbine efficiency is the ratio of the output power 
to the total input power. Fig. 5a shows that the power of the system is 
enhanced when the turbine efficiency improves. Further, the best and 
weakest results for the net output power are related to the heat transfer 
fluids of Therminol 59 and Syltherm 800, respectively. The produced 

cooling of the system does not change, although the turbine efficiency 
increases and its value remains constant (Fig. 5b). However, the best 
cooling production result was related to the Therminol 59 heat transfer 
fluid. Fig. 5c and Fig. 5d depict that the rates of freshwater and 
hydrogen escalated, and the best results were related to Therminol 59. 

Fig. 5e and Fig. 5f demonstrate that the exergy and energy effi
ciencies of the system are directly enhanced by the turbine efficiency. 
This is because the exergy efficiency and output power of the system are 
directly interrelated. The results revealed that the best exergy and en
ergy efficiencies were related to Therminol 59. Fig. 5g depicts that the 
cost rate of the system increased. The results revealed that the minimum 
and maximum cost rates were related to Syltherm 800 and Therminol 
59, respectively. The level of the system increased with an increase in 
turbine efficiency (Fig. 5h). The results indicate that the minimum and 
maximum costs were associated with Therminol 59 and Therminol VP1, 
respectively. 

5.1.4. Pump efficiency 
This section investigates the effect of pump efficiency in the 

0.75–0.95 range on the system outputs and the parameters for different 
heat transfer fluids (Fig. 6). The pump efficiency is defined as the ratio of 
the fluid-obtained operative power to the total power. In mathematical 
terms, pump efficiency is the ratio of the pressure to its enthalpy. The net 
output power, cooling, freshwater, and hydrogen production; exergy 
and energy efficiency; and cost rate increase gradually with the Ther
minol 59 heat transfer fluid performing better than the others (Fig. 6a–6 
g). However, regarding levelized cost, all heat transfer fluids follow a 
declining trend, and the Therminol 59 heat transfer fluid encompasses 
the least levelized cost. Regarding energy efficiency, the Therminol VP1 

Fig. 9. (continued). 
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leads compared with other heat transfer fluids. In all system outputs, 
Syltherm 800 had the lowest performance. 

5.1.5. Evaporator pinch-point temperature 
This section examines the effect of the evaporator pinch-point tem

perature in the 5–15 ◦C range on the system outputs and parameters for 
different heat transfer fluids (Fig. 7). The pinch-point temperature is an 
important parameter that affects heat transfer to the SRC. The output 
power of the system increases with an uptrend in the pinch point tem
perature (Fig. 7a). Further, the strongest and weakest output powers are 
related to the heat transfer fluids of Therminol 59 (from 1117 to 1086 
kW) and Syltherm 800 (from 1027 to 998.5 kW) in the PTSC, respec
tively. With the increase in the pinch-point temperature, the rate of heat 
transfer to the SRC declines, reducing the net output power of the sys
tem. Therefore, the increase or decrease in the heat transfer rate was 
directly related to the output power of the system. Fig. 7b shows that, 
due to an increase in the evaporator pinch-point temperature, the pro
duced cooling of the system increases, and the best cooling production 
result is connected to Therminol 59. 

The rates of the generated freshwater and hydrogen decrease, and 
the best result is related to the Therminol 59 heat transfer fluid (Fig. 7c 
and Fig. 7d). An increase in the pinch-point temperature of the evapo
rator causes a decline in exergy (from 33.88% to 32.78%) and energy 
efficiencies of the system due to the direct relationship with the net 
output power of the system (Fig. 7e and Fig. 7f). The results reveal that 
the best exergy and energy efficiencies are related to the Therminol 59 
heat transfer fluid. The cost rate of the system is reduced (Fig. 7g). The 
figure shows that the minimum and maximum cost rates are connected 

to the heat transfer fluids of Syltherm 800 and Therminol 59, respec
tively. Fig. 7h illustrates that the levelized cost of the system decreased 
as the evaporator pinch-point temperature increased. Therefore, the 
minimum and maximum costs are related to the heat transfer fluids of 
Therminol 59 (from 28.11 to 26.53 $/h) and Therminol VP1 (from 28.57 
to 26.87 $/h), respectively. 

5.1.6. ORC turbine input temperature 
This section examines the effect of the evaporator pinch-point tem

perature in the 120–160 ◦C range on the system outputs and parameters 
for different heat transfer fluids (Fig. 8). 

The net output power of the system declines when the ORC turbine 
inlet temperature increases and the best result for the output work are 
related to the Therminol 59 heat transfer fluid (Fig. 8a). The maximum 
net output power at 120 ◦C can be expressed as follows. According to the 
energy balance of the ORC evaporator, and with an increase in the ORC 
turbine input temperature, the enthalpy of stream 11 increased, and the 
mass flow rate of the ORC decreased. This leads to a reduction in the net 
output power. Fig. 8b displays that the cooling production increments at a 
low gradient escalated, and the best production result was obtained with 
the Therminol-59 heat transfer fluid. Freshwater and hydrogen produc
tion followed a similar decreasing trend (Fig. 8b and Fig. 8c) as the ORC 
turbine input temperature increased. The best performance in both cases 
was also associated with the Therminol 59 heat transfer fluid. The exergy 
and energy efficiencies of the system decrease because the exergy effi
ciency and net output power of the system are directly interrelated 
(Fig. 8d and Fig. 8f,). The best results for the exergy and energy effi
ciencies are associated with the Therminol 59 heat transfer fluid. 

Fig. 9. (continued). 
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The cost rate of the system also decreases as the ORC turbine input 
temperature increases (Fig. 8g) because a decline in the system output 
leads to a decrease in the cost rate. The results reveal that the minimum 
and maximum cost rates are associated with the heat transfer fluids of 
Syltherm 800 and Therminol 59, respectively. The levelized cost of the 
system decreases when the ORC turbine input temperature increases to 
approximately 150 ◦C (Fig. 8h); thereafter, the levelized cost begins to 
increase. The results reveal that the minimum and maximum levelized 
costs are related to the heat transfer fluids of Therminol 59 and Ther
minol VP1 on average, respectively. 

The main challenge in the analysis of energy production systems that 
are designed based on the use of renewable energy is to find the most 
optimal and best solution for the efficiency of the system, its costs and 
determining the parameters affecting the system. 

External costs are the harmful results of economic activities and 
these costs appear as destructive effects on the environment. Energy 

production from power plants and facilities causes the environment to 
incur costs that are not included in the final price of that product. Failure 
to pay attention to the environmental costs of electricity production 
causes destructive effects on natural resources, in the country’s energy 
system, external costs imposed on the environment cause air pollution, 
reduction of freshwater resources, etc. By substituting new and renew
able energies, we can help reduce these costs. 

5.2. Sensitivity analysis 

Using sensitivity analysis is one of the effective methods for simpli
fying numerical models. In the models that are built to simulate the 
behavior of multiple energy production cycles, there are a large number 
of variables that do not necessarily all have the same effect on the output 
of the model. Therefore, using sensitivity analysis methods, less 
important variables can be identified and kept constant in their nominal 
values, and modeling and predictions can be made based on more sen
sitive variables to save time and money. In this study, the analysis of the 
sensitivity of the design parameters on the performance of the system 
has been investigated. The results of sensitivity analysis on the main 
output of the system, including exergy efficiency, energy efficiency, 
levelized cost, and cost rate for Therminol 59 oil as the best lubrication 
for the parabolic collector, are reviewed in Table 9. This analysis is 
calculated to investigate the effect of changes in design parameters on 
the technical and economic performance of the system. 

It should be noted that in this table, the positive sign (+) indicates 
the percentage growth of the objective function and the negative sign (-) 
indicates the percentage decrease of the objective function. To show the 
effect of six design parameters and the effect of each parameter on the 

Fig. 9. (continued). 

Table 10 
Energy analysis and exergy destruction.  

Collector oil Exergy 
destruction 
(kWh) 

Power 
(kWh) 

Cooling 
(kWh) 

Hydrogen 
(kg/h) 

Freshwater 
(m3/h) 

Therminol 
59 

5266 1094 226 3 31 

Marlotherm 
SH 

5223 1084 217 3 30 

Syltherm 
800 

5026 1004 200 3 29 

Therminol 
VP1 

5094 1042 206 3 30  
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technical and economic performance of the system, the effect of these 
parameters has been calculated in Table 9. The results show that the 
increase of two parameters, Evaporator pinch-point temperature, and 
ORC turbine input temperature, reduces the technical performance of 
the system, and due to the reduction of the system performance and the 
reduction of the hidden and visible costs of the system due to the 
maintenance of the system, it also decreased. But the increase of two 
parameters of turbine efficiency and intensity of solar radiation in
creases the performance of the system, and due to the increase in pro
duction and the need for maintenance, the costs of the system also 

increase. As the results show, Turbine efficiency, Solar radiation in
tensity, Solar collector mass flow rate, and ORC turbine input temper
ature parameters had the greatest effect on the objective functions. It has 
had the least impact on the target functions, respectively, the Pump 
efficiency and Evaporator pinch-point temperature parameters. 

In the following, the effect of the parameters on the objective func
tions is briefly discussed:  

• The reason for the increase in the cost and cost rate of the system in 
the studies carried out can be related to the fact that the cost and the 

Fig. 10. Location of Bandar Abbas on Iran’s map regarding (a) annual direct normal irradiance (DNI) and global horizontal irradiance (GHI) [107] and (b) Iran’s 
geothermal resources map [108]. 
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work output of the system have a direct relationship, that is, as the 
total work increases, the need for larger and more consuming 
equipment and facilities increases and As a result, it increases the 
cost of the system.  

• The costs of finding and hiding the failure of equipment, devices, and 
subsystems are significant. If the maintenance and repair costs of the 
devices are discussed, mainly the obvious costs have been examined, 
also the obvious costs can be mentioned the cost of manpower and 
repairs. It should be said that the hidden costs of the system also 
affect the overall costs of the system, which can be attributed to the 
costs of non-production during machine downtime, and the costs of 
providing low-quality spare parts that lead to repeated failures. Be 
and … pointed out.  

• The intensity of the sun’s radiation increases or decreases with the 
sunrise and sunset, but its main changes are greater when the dis
tance of the earth from the sun changes. Solar radiation determines 
the output power performance of a solar system. The performance 
and efficiency of solar collectors depend more on the intensity of 
solar radiation than any other factor, because all the power required 
to produce energy is provided by solar collectors from sunlight, and 

the higher the amount of solar radiation, the more efficient the solar 
collectors will be. Found.  

• The intensity of solar radiation on the absorbing plate of this energy 
in renewable systems is a factor that has a significant impact on the 
performance of solar systems.  

• As the intensity of solar radiation increases, the flow rate of the input 
fluid to the solar system increases, and as a result, with the increase 
of the input flow rate to the collector, the output work of the turbine 
increases, which will increase the total output work, and vice versa.  

• With the increase in the intensity of solar radiation, the flow rate of 
the input fluid to the parabolic-linear solar collector is increased, and 
as a result of the increase of the input flow rate to the collector, there 
will be a direct effect on the increase of the total output work, and 
vice versa.  

• Pump efficiency is generally the ratio of the practical power obtained 
by the fluid to the total power, and in mathematical terms, pump 
efficiency is the pressure ratio to the pump enthalpy ratio.  

• Turbine efficiency means the ratio of practical power to total power.  
• As the pinch point of the evaporator increases, the amount of heat 

transfer decreases. By reducing the heat transfer from the evaporator 

Fig. 11. Hourly solar radiation intensity variations in Bandar Abbas during the year (MeteoNorm Software) [109].  

Fig. 12. Results of solar radiation intensity variations during the year on the net output work of the system with the heat transfer fluids of (a) Therminol 59, (b) 
Marlotherm SH, (c) Syltherm 800, and (d) Therminol VP1. 
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Fig. 13. Effect of variations in solar radiation intensity during the year on the exergy efficiency of the system with the heat transfer fluids of (a) Therminol 59, (b) 
Marlotherm SH, (c) Syltherm 800, and (d) Therminol VP1. 

Fig. 14. Effect of variations in the solar radiation intensity during the year on the energy efficiency of the system with the heat transfer fluid of (a) Therminol 59, (b) 
Marlotherm SH, (c) Syltherm 800, and (d) Therminol VP1. 
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to the steam Rankine cycle, the work output of the entire system is 
also reduced. So it is concluded that increasing or decreasing the 
amount of heat transfer affects the work of the whole system and the 
efficiency of the system. 

5.3. Sankey analysis 

Exergy destruction means the rate of exergy loss in the system. The 
exergy destruction ratio shows the overall efficiency of the system. In 
general, exergy is the maximum useful work of a system, and destruction 
of exergy means the destruction of useful work or disruption of the 
process of useful output work. Analyzing exergy in renewable systems 
based on the first and second laws of thermodynamics makes it possible 
to identify the optimal method of analyzing energy systems and unfa
vorable thermodynamic processes affecting a system. 

Exergy analysis consists of two steps, the first step is to identify and 
investigate undesirable thermodynamic processes of the system based 
on the determination of exergy waste. Exergy destruction is obtained by 
writing the exergy balance in different parts of the system and for the 
system components. The second step is to determine the most possible 
corrections in the system based on the concepts of avoidable exergy 
destruction. The minimum amount of exergy in the system during a 
process that cannot be prevented with existing techniques and economic 
considerations is called unavoidable exergy waste. 

Exergy analysis is a fundamental step towards understanding and 
improving the quality of system performance by finding the main 
sources of exergy degradation. Fig. 9 shows the Grossman diagram in 
optimal conditions, which is a powerful tool for exergy analysis and 
graphically shows the exergy rate of each stream and the exergy 
destruction of all components. 

For a correct understanding of the 4 examined oils, their exergy di
agrams have been drawn. In this system, steam and organic Rankine 
cycle pumps had the lowest acrogen losses. The exergy analysis of the 
system showed that the highest exergy destruction is related to PTC, 
absorption chiller, ORC unit, SRC unit, PEM electrolyzer, and reverse 
osmosis respectively. To start the process, a solar input exergy rate is 
entered into the solar collector which The system provides for the start 
of the activity. The highest production power of the system is related to 
Therminol_59, marlotherm_SH, Therminol_VP1, and syltherm_800 oil 
respectively. Also, exergy analysis showed that the highest amount of 

Table 11 
System outputs during a year according to solar radiation variations in Bandar Abbas.  

Heat transfer 
fluid 

Output 

Average energy efficiency 
(%) 

Average exergy efficiency 
(%) 

Net output 
work 
(kWh) 

Cooling 
Production 
(kWh) 

Freshwater 
production 
(m3) 

Hydrogen 
production 
(kg) 

Therminol 59  16.97  60.37  5741637.46  1935793.92  169802.66  15370.99 
Marlotherm SH  20.42  60.84  5618605.54  1844962.47  166365.84  15051.24 
Syltherm 800  16.74  60.48  5070647.99  1729592.25  151184.3064  13628.74 
Therminol VP1  21.01  60.47  5308404.50  1765713.00  157783.60  14245.74  

Table 12 
Number of households supported by the system.  

Heat transfer fluid Net output work (kWh) Number of households 

Therminol 59  5741637.46 196 
Marlotherm SH  5618605.54 192 
Syltherm 800  5070647.99 173 
Therminol VP1  5308404.50 181  

Fig. 15. (a) Flowchart of the optimization methodology. (b) Architecture of the neural networks.  
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exergy destruction is when using Therminol_59, marlotherm_SH, Ther
minol_VP1, and syltherm_800 oil, respectively. 

One of the reasons for exergy destruction in the solar collector is the 
fluid heating process, and because the evaporation process is irreversible 
the amount of irreversibility in it is greater than in other processes, it is 
obvious that in order to optimize the solar system, It focused on system 
components that perform irreversible processes. 

One of the reasons for low exergy destruction in the pump is that the 
pump is only responsible for pumping the fluid and no irreversible 
process is performed in it. Also, the amount of irreversibility in it is very 
low compared to other processes, so exergy destruction is very low in it. 

In Table 10, the amount of energy and exergy destruction of the 
investigated system components has been investigated, and for this 
reason, the amount of exergy destruction of the entire system, produc
tion power, production cooling, production hydrogen, and production 
freshwater of the system in four different modes of using oil for the 
parabolic collector It is calculated. 

As the results showed, the best production power and performance of 
the system has been calculated when using Therminol 59 oil, and due to 
the increase in high performance of the system and the absorption of 
more thermal energy, the amount of exergy destruction also increased 
when using Therminol 59 oil. 

5.4. Case study: Bandar Abbas 

Bandar Abbas is Iran’s largest port and the capital of Hormozgan 
Province. It is located in the south of the province and is bordered to the 

north by mountains and to the south by the Persian Gulf. In this city, 
almost three seasons of the year are summer, with vernal and desirable 
climates for solar systems. Fig. 10 illustrates the location of Bandar 
Abbas on Iran’s map regarding very high solar irradiation and suitable 
geothermal potential. 

Because of the proper location of Bandar Abbas in terms of its solar 
radiation potential and geothermal energy, this city was selected as a 
case study for the present research. The hourly solar radiation intensity 
variations during the year in Bandar Abbas are depicted in Fig. 11. 
Therefore, the MeteoNorm software [80] was used for acquiring the data 
related to this city. 

There is a direct relationship between solar radiation and ambient 
temperature. As the intensity of solar radiation increases, thermal en
ergy also increases, and for this reason, the temperature of the envi
ronment is the highest on the days when solar radiation increases. As the 
results show, there is the highest rate of solar radiation in June, July and 
August in the summer season. The changes in solar radiation in Bandar 
Abbas during the year are between 0 and 1000 W/m2. 

Solar systems operate based on the generation of clean electricity by 
absorbing radiated solar energy. Solar collectors are the most important 
equipment in power-generating systems and supply the requisite energy 
for the generation of clean energy by absorbing solar energy via their 
absorber plates. The results of the current survey reveal that the system’s 
net output work, as well as freshwater and hydrogen production, are 
maximal in May and July (spring and summer), whereby solar radiation 
intensifies, enhancing the thermal energy of the system. Similarly, to the 
increase in the output work, the system costs will subsequently increase 

Fig. 16. Validation of the ANN algorithm for the objective function (Exergy Efficiency).  
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because larger equipment will be needed also, as well as their repair and 
maintenance. As displayed in Fig. 12, the highest net output work of the 
four heat transfer fluids used in the PTSC is related to May. Moreover, 
the results show that Therminol 59 exhibits the best performance for use 
in PTSCs, among these fluids. 

As shown in Fig. 13, the maximum exergy efficiency rate of the 
system is related to December and January. Based on the results, Ther
minol 59 is the best heat transfer fluid applied in the PTSC among others. 

As shown in Fig. 14, the maximum energy efficiency of the system 
belongs to May. Furthermore, the results revealed that Therminol VP1 
had the best energy efficiency in the PTSC, among the four applied heat 
transfer fluids. This heat transfer fluid manifests a reverse behavior and 
yields the best results in the solar collector in December. 

Table 11 presents the computations associated with the system’s net 
output work, produced cooling, freshwater, and hydrogen, as well as the 
energy and exergy efficiency averages investigated about the solar ra
diation intensity variations in Bandar Abbas for over a year. 

5.4.1. Number of households supported by the system 
Concerning the present study’s results, related to the output power 

generation of the solar collector about the solar radiation of Bandar 
Abbas during the year, the number of households in which the system 
could support the required electric energy should be investigated. The 
International Energy Agency’s statistics (2010) show that every Iranian 
family has a per capita consumption of approximately 2431 kWh per 
month. That is, the sum of the electric energy used by every Iranian 
family is gauged at 29,172 kWh per year. Herein, the number of 

households the system could supply electric energy to during the year to 
the solar radiation of Bandar Abbas city is calculated, in addition to four 
heat transfer fluids applied in the PTSC. The results of these calculations 
are listed in Table 12. 

Concerning the heat transfer fluids analysis in PTSCs, the present 
study shows that Therminol 59 performs better than other fluids. As 
shown in Table 8, this is due to the higher specific heat capacity of 
Therminol 59 compared to other heat transfer fluids concerning the 
present system, and its suitable thermal stability. 

5.5. Optimization 

In the proposed system, an optimization procedure is implemented, 
with the Therminol 59 heat transfer fluid in the PTSCs, selected as the 
most performant in the previous section. The optimization is delineated 
as follows: 

5.5.1. ANNs 
ANNs are computational models based on the biological theory that 

contain a large number of computing elements (linear or nonlinear) 
called neurons. An ANN is a programmable method for learning from 
data. An initial set of neurons is linked so that they can send data to each 
other. Subsequently, a problem is identified in which the network must 
be solved. The network repeatedly attempts this process, verifying 
successful links and eliminating those that fail. With sufficient training 
samples and computing power, ANN can answer any question. The 
ability of ANNs to simulate and model nonlinear processes makes them 

Fig. 17. Validation of the ANN algorithm for the objective function (Cost).  
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useful in a variety of fields such as optimizing energy systems. A total of 
700 samples from the input–output points were obtained from the re
sults of the proposed thermodynamic analysis to train the network. 
Multiobjective optimization was performed on the trained network 
using the multiobjective non-dominated sorting genetic algorithm 

(NSGA-II). To determine the accuracy, the network determines the 
output results and the mean squared error (MSE). A significant advan
tage of the proposed method is the reduction in time because the ther
modynamic calculations have to be performed only in the first step and 
not again during the optimization process. The optimization process is 
shown in Fig. 15a. 

ANN architectures have various types. A multilayer neural network 
(MLP) was used in this study. Fig. 15b shows its general structure, 
indicating that an ANN has three layers: input, hidden, and output 
layers. Fig. 16 and Fig. 17 show the regression for the exergy efficiency 
and cost as objective functions. 

Based on the simulated system shown in Fig. 16 and Fig. 17, the 
neural network has a high level of accuracy. Fig. 18 shows the ANN 
model error histogram of different data types. As shown in this figure, 
most of the data are near zero, indicating the high reliability of the 
network. 

5.5.2. NSGA-II optimizer 
The multi-objective optimization of NSGA_II was applied to the 

suggested combined energy system. All the solution points on the Pareto 
frontier (Fig. 19) are optimal. A decision-making process is required for 
the selection of the final optimal solution (providing the best tradeoff 
between objectives) among the optimal points; herein, a simple geo
metric method is employed. 

As indicated in Fig. 19, a considerable decrease in costs can be ach
ieved if the exergy efficiency is slightly compromised. The specifications 
for points 1, 2, and 3 are listed in Table 13. The population distribution is 
shown in Fig. 20 to illustrate the optimal point characteristics. 

Fig. 18. ANN model error histogram.  

Fig. 19. Pareto front of the proposed system’s optimal points.  

Table 13 
Details related to points A, B, and C.  

Point T1 (oC) ṁ1(
kg
s
)

PPEva 

(oC) 
P7 (kPa) T11 (◦C) ηexergy(%) cw ($/GJ) Wnet (kW) ṁH2(

kg
h
)

A  160.33  16.75  9.03  2002.8  90.22  28.87  23.71 991.4 2.62 
B  160.57  15.43  3.44  2013.1  117.11  32.39  26.32 1140 3 
C  179.98  19.97  3.03  2360.4  119.77  36.11  32.6 1407 3.67  
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6. Conclusion 

A polygene ration system was modeled and optimized in this study 
based on solar and geothermal renewable energies. This system pro
duces electricity, cooling, freshwater, and hydrogen. The subsystems 
include parabolic trough solar collectors, steam Rankine cycle, organic 
Rankine cycle, PEM electrolyzer, and reverse osmosis desalination unit. 
Therminol 59, Marlotherm SH, Syltherm 800, and Therminol VP1 are 
different heat transfer fluids that were evaluated and assessed for se
lection in solar collectors. The thermodynamic EES software was used to 
solve the governing equations, model the system, and obtain the results 
derived from the parametric analysis of the system. By utilizing four 
types of heat transfer fluid in the parabolic trough solar collector, a 
parametric analysis was implemented for the solar radiation intensity, 
solar collector mass flow rate, turbine and pump efficiency, evaporator 
pinch-point temperature, and ORC turbine inlet temperature. 

The summary of the results of this research can be stated as follows:  

• Therminol 59 oil yielded the best result in terms of system outputs 
while ensuring the maximum cost.  

• The results of examining the exergy destruction of the system 
revealed that the parabolic trough solar collector and pumps expe
rienced the maximum and minimum exergy destruction in the sys
tem, respectively. 

• The selected case study was Bandar Abbas owing to the city’s suit
able solar and geothermal energy potential.  

• The effect of the temperature of the hottest and coldest days of the 
year on the system efficiency was explored. 

• The results of the case study showed that the proposed system pro
duces 5,741,637 kWh of electricity per year, supporting the energy 
needs of 196 households on average (for 1 year), with 1,935,794 
kWh cooling; 169,803 m3 freshwater; and 15,371 kg of hydrogen.  

• The system with the performant heat transfer fluid (i.e., Therminol 
59) was optimized using the NSGA-II.  

• The optimization results showed that the proposed system at the 
optimal point has an exergy efficiency of 32.39% and a cost rate of 
$36.32/GJ and produces 1140 kW of power. 
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Fig. 20. Scatter distribution of the decision variables.  
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