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Abstract 

For geothermal energy system, the low geothermal well operating lifetime and temperature is one 

of the main obstacles. Also, finding the optimum design parameters and operating conditions requires 

many experimental tests and intricate mathematical models. Besides, improving the energy efficiency 

and lacking technical feasibility of the combined geothermal systems are other challenges concerning 

geothermal systems. To cover the mentioned challenges, in the current study, a hybrid 

geothermal/absorption refrigeration system (ARS) incorporated with solar thermal collector, 

desalination unit and hydrogen storage system is designed and assessed. The proposed system is 

investigated by developing two methods of artificial intelligence (AI) as well as thermodynamic model. 

The intelligent methods are multilayer perceptron (MLP) neural network optimized with imperialist 

competitive algorithm (ICA), MLP-ICA, and MLP optimized with genetic algorithm (GA), MLP-GA. 

These methods are manufactured based on the solar irradiance, cooling water temperature difference, 

ambient temperature, pinch-point temperature, evaporating and condensing temperatures as 

independent parameters. These parameters are utilized to obtain the power generation, coefficient of 

performance of the ARS (���������	), heat exchanger area of the ARS, and cycle thermal efficiency.    

The obtained results show that simulation of the system by MLP-ICA was successfully carried out 

and this model operates substantially better than the MLP-GA for simulating the behavior of the 

system. Also, the payback time for the proposed system (with the interest rate of 3%) was obtained 

around 8 years.     

Keywords: Geothermal energy system; Absorption refrigeration system; Solar thermal collector; 
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Graphical abstract   

1. Introduction 

Renewable energy (RE) resources due to the increased awareness of harmful effects of fossil fuels on the earth, 

its climate and the health of its inhabitants have been considered as an alternative for energy sources [1]. Geothermal 

energy (GE) is an incessant source of energy that is a remarkable feature for developing an energy system compared 

to the other renewable resources such as solar and wind [2], [3]. GE can be utilized either directly or indirectly in 

many energy systems. Commonly, for extracting the steam from liquid in geothermal fluid mixtures, a separation 

process is applied. During the separation process, low-grade thermal energy is produced, which is considered a 

wasted energy source [4]. This low-grade thermal energy is recycled in many engineering applications like district 

heating and cooling, power generation and drying. Commonly, for producing cooling, for instance in compression 

refrigeration system, compressor consumes electrical energy for compression process [5]. Absorption refrigeration 

system (ARS) is a cooling system, which requires a heat source in the generator as the input energy. Hence, this 

system is used as a combined system with the geothermal system in order to use the wasted low-grade thermal 

energy [6]. 

Several investigations have been developed to employ GE in various energy applications. [7] designed a 

geothermal heat pump (GHP) to supply the cooling demand of telecommunications data center. The GHP system 

was compared to air-source heat pump (ASHP) cooling system. They achieved that the GHP system operated better 

than the ASHP from energy and economic point of views. [8] exerted geothermal technology to energy recovery 

from deep flooded copper mines for a heating application. Their analysis has shown that the annual extractable 

energy from the mentioned energy resource can support over 82,000 households that is analogous to the annual 
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energy produced by a small-scale power station.  Geothermal heating and cooling systems were evaluated by [9]. 

They discussed on district energy systems, combination of GE system with other energy conversion systems for 

supplying cooling and heating. A combination of power and water system with cascade GE was investigated by 

[10]. A thermodynamic simulation to evaluate the proposed system through energy, exergy and economic 

assessments was developed. It was shown that when the evaporation temperature increased, the thermodynamic 

performance, as well as the relevant cost of the combined system, enhanced. 

Nomenclature H2: hydrogen 
A: area (m2) IC: installation cost 
�: specific heat (kJ/kg K) ICA: imperialist competitive algorithm 
g: acceleration of gravity (m/s2) IAPWS: water and steam 
h: enthalpy (kJ/kg) LCOE: levelized cost of energy �	: interest rate LCC: life cycle cost 
LHV: lower heating value (kJ/kg) MLP: multilayer perceptron 
���: logarithmic mean temperature difference (℃) MC: maintenance cost �� : mass flow rate (kg/s) NaCl: salt ���: molar mass of water (kg/kmol) O2: oxygen ��: project lifetime PSO: Particle swarm optimization 
P: pressure (kPa) RBF: radial basis function �� : heat transfer rate (kW) RES: Renewable energy system 
T: temperature ℃ RC: replacement cost �� : work rate (kW) R.HX=refrigeration heat exchanger �� �: power output of the turbine (kW) SVR: support vector regression 
X: solubility  S.HX= solution heat exchanger 
x: quality of vapor Subscripts/Superscripts 
Greek Symbols a: absorber �: density (kg/m3) cond: condenser �: efficiency cryst: cristalization �� : volumetric flow rate (m3/s) eva: evaporator �: dynamic viscosity (pa.s) FW: feed water 
ν: specific volume (m3/kg) g: generator 
Abbreviations  in: input 
ANN: artificial neural network libr: lithium bromide  
ANFIS: adaptive neuro-fuzzy inference system out: output 
AI: artificial intelligence p: pump 
ARS: absorption refrigeration system sat: saturation 
CC: Capital cost sc: solar collector 
FIS: Fuzzy inference system t: turbine 
GA: genetic algorithm w: water 
GMDH: Group method of data handling ��: working fluid 
 

[11] designed an energy supply system for providing cooling, heating and electrical power simultaneously 

(CCHP). The combined system was a combination of biomass, geothermal and natural gas. They presented that 

considering natural gas as an auxiliary system enhances energy efficiency and remarkably decreases the levelized 

cost of energy (LCOE). [12] presented a hybrid geothermal-based system for supplying hot water, heating, hydrogen 

production, electrical power, and oxygen simultaneously. They investigated the impacts of evaporator temperature 

of absorption chiller, geothermal well temperature, pinch-point temperature and turbine input pressure over the 

performance of the hybrid system. It was determined that the overall energy and exergy efficiencies were 42.59% 
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and 48.24%, consecutively. Moreover, the other research projects regarding GE systems are as follows: [13] 

appraised the efficiency of a low-temperature geothermal system incorporated with freshwater production unit in an 

island area. [14] assessed conventional and unconventional deep geothermal well concepts. [15] employed 

thermodynamic and economic analyses for assessing the comparison-absorption cascade refrigeration system 

powered by GE. [16] proposed ARS as an auxiliary cooling system for a GE system. [17] propounded a hybrid 

system working with geothermal resource for producing the electrical power and freshwater simultaneously. A 

similar study also was developed by [18] in which GE was employed for generating electrical power and freshwater.       

Recently, many research projects have been presented to show the impress of energy storage systems to scheme 

and develop more efficient energy systems for different geographical and meteorological conditions. More 

specifically, RE sources comprising solar and wind are highly fluctuating. Hence, energy storage system in RE 

sector is inevitable. It is particularly significant in the case of solar, wind, ocean thermal and tidal to ensure 

availability of electricity throughout the year. Among the energy storage systems, hydrogen storage system has been 

proposed especially for the large-scale RESs. In most cases, hydrogen storage was adapted for the hybrid 

photovoltaic/wind turbine as an energy storage unit [19], [20].  

Since ancient times, the feasibility of introducing and developing a system that would “think” has been of 

interest to scholars. Artificial intelligence (AI) have been widely utilized in energy engineering systems. [21] 

implemented an artificial neural network (ANN) for forecasting the produced power by a photovoltaic system. It 

was found out that the observed error between the measured data and estimated data by ANN was about 0.5-9%. 

[22] developed an intelligent method through combination of ANN inverse with genetic algorithm (GA) to simulate 

an absorption heat transformer system for finding the optimal multivariable conditions. [23] utilized an ANN for 

modeling of the household energy consumptions. [24] for prediction of wind speed and electrical power output of a 

wind turbine compared the performance prediction of three intelligent methods comprising ANN, ANFIS and SVR. 

It was obtained that the predicted data by the SVR are better than ANN and ANFIS. The hybrid ANFIS-PSO and 

ANFIS-GA methods were implemented for forecasting the wind speed in Osorio wind farm, Brazil [25]. In other 

studies, ANFIS-PSO, ANFIS-GA, ANFIS-AC (ANFIS-optimized with ant colony), ANN, SVR, GMDH, RBF 

neural network and FIS (fuzzy inference system) have been implemented to estimate solar radiation [26], [27]. [26] 

expressed that incorporating the optimization methods with conventional intelligent methods enhances the 

prediction performance in intricate prediction problems.  

1.1. Contribution of this study 

The main purpose of this research is to demonstrate how AI methods simulate RESs and catch the hidden pattern 

between the input parameters and targets. The current study presents a concept of how intelligent methods will 

employ to find the best operating conditions, performance evaluation and power generation prediction for a hybrid 

system. For this target, two hybrid methods of AI implemented based on machine learning algorithms to simulate 

the manner of the hybrid geothermal/ARS incorporated with solar thermal system. The intelligent methods are 

multilayer perceptron (MLP) neural network combined with imperialist competitive algorithm (ICA), (MLP-ICA), 

and MLP combined with genetic algorithm (GA), MLP-GA. In spite of many studies on ANN applied for modeling 
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of energy systems, no study has yet been reported in the literature on examining the efficiency of the proposed 

hybrid methods (MLP-ICA and MLP-GA). On the other hand, investigations have shown that 1.2 billion people 

have little or no access to electricity. Also, one shocking similarity in this large number is the urban-rural division. 

Upwards of 80 percent of sufferers of energy-poverty live in rural or remote areas. This study proposes a new 

combination of RESs for supplying the power demand and producing the freshwater, especially for the remote 

communities. The proposed hybrid system uses hydrogen storage system, which is particularly noteworthy for 

remote area locations that are not connected to electrical grid. In addition, the system is investigated for a case study 

with a good potential of solar energy and geothermal.      

2. Material and methods 

2.1. The hybrid geothermal/absorption system 

Fig. 1 illustrates the hybrid geothermal/ARS integrated with solar thermal collector, desalination unit and 

hydrogen storage system. It composes a single flash geothermal system combined with a single effect lithium 

bromide-water ARS (including production well, reinjection well, flash tank, generator, turbine, heat exchanger 

(HX), pump, absorber, condenser, evaporator, cooling tower, generator and valve), solar thermal collector, multi-

stage flash water desalination system, and hydrogen storage system (comprising electrolyzer, fuel cell, hydrogen 

storage tank and converter). The geothermal fluid absorbs heat from the production well and goes into the separator. 

In the separator, the superheated vapor is segregated and goes to the solar collector. Solar energy increases the 

enthalpy of the geothermal fluid before entering the turbine. The vapor is expanded in the turbine and moved to the 

condenser. Here, ARS contributes to cooling process. On the plus side, the schemed desalination unit uses the waste 

energy existing in the refrigerant condenser. It is expected that the process (17 to 18) helps to improve the efficiency 

of the ARS. Although GE system is a continuous source of energy, combining it with solar energy makes an 

intermittent production system. Hydrogen production system is proposed to solve the intermittency of the system. 

The produced hydrogen is applied to generate a stable electrical power by fuel cell. While the generated electricity 

by the system is higher than the island’s requirement, the surplus electricity is dispatched into the electrolyzer. The 

electrolyzer uses the excess electricity to split water into O2 and H2. The generated hydrogen will be transferred into 

hydrogen tanks. When the produced power is less than the island’s need, the fuel cell consumes the stored hydrogen 

to supply the deficit.             
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Fig. 1. The hybrid Geothermal/ARS equipped with solar system, desalination unit and hydrogen storage system.  

2.2. Mathematical modeling of the hybrid system 

2.2.1. Hydrogen storage system 

Energy balance for the electrolyzer and fuel cell are:   

��� ! ��#$% = 1���� �� ()
*+() 
(1) 

��� ! �$%#$% = �,-�� ()
*+()  (2) 

2.2.2. Geothermal/ARS  
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Aqueous lithium bromide solubility is assumed based on mathematical model developed by [28]. The respective 

thermodynamic relations for each component are as follows.    

Solar system 
The governing energy equation for solar collector is: �� .ℎ. + �� �1,34� = �� .ℎ5 (3) 

Here, �. is 950 kPa and the quality of vapor is considered to be 1. Also, �� . is calculated by the energy balance for 

the separator, which is:     67 = 8ℎ7 − ℎ:; 8ℎ. − ℎ:;⁄  (4.a) �� .=67�� 7 (4.b) �� :=81 − 67;�� 7 (4.c) 

Turbine 
Energy balance for the turbine is:  �� � = �=�� .8ℎ5 − ℎ>; (5) 

Condenser 
The corresponding energy equation for the condenser in Rankine cycle (after the turbine) is:   ���41? = �� >8ℎ> − ℎ@A; (6) 

where ��41? = �@B + ∆��41? in which ∆��41?  is 20℃. Also, ��41?  is calculated by two independent thermodynamic 

properties, which are ��41?  and x=1.    

Cooling tower 
The governing energy equation for cooling tower is: �� @Dℎ@D + �� 7:ℎ7: = �� @7ℎ@7 + �� 7:ℎ7B (7) 

where thermodynamic properties for point 12 is determined by employing the energy equation for the mixer, which 

is:  �� @Eℎ@E + �� @@ℎ@@ + �� DAℎDA = �� @Dℎ@D (8) 

 Absorber 

The energy balance for the absorber in which the refrigerant and absorbent are mixed, is written as:   �� 7Dℎ7D + �� DEℎDE − �� D.ℎD. = �� @>8ℎDA − ℎ@>; (9) 

where mass conservation law between the refrigerant and the absorbent is defined as a function of the concentration 

of lithium bromide:  �� D.6D. = �� 7D67D + �� DE6DE (10) 

Also, for a pure refrigerant (without lithium bromide fraction in the refrigerant), the equation is simplified 

as [16]:    �� 7D67D = �� D.6D. (11) 

The logarithmic mean temperature difference (LMTD) is employed to ascertain the temperature driving 

force for heat transfer in the absorber, which is calculated by:       
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���F = 8�7D − �DA; + 8�D. − �@>;G� H�7D − �DA�D. − �@>I  
(12) 

Solution pump 
The energy balance for the pump is calculated by:  �� D.ℎD. + �� �JK�,��L	 = �� D5ℎD5 (13) 

�� �JK�,��L	 = �� D. MD.8�D5 − �D.;��JK�  
(14) 

where MD., � and ��JK� are specific volume, pressure and pump efficiency, respectively.     

Solution heat exchanger 
After energy balance for the solution heat exchanger (S-HX), the outlet temperature is determined by: �7@ = �D5�N.(P + 81 − �N.(P;�7A (15) 

The LMTD for the S-HX is obtained by Eq. (18):  


���N.(P = 8�7A − �D>; + 8�7@ − �D5;G� H�7A − �D>�7@ − �D5I  
(16) 

Generator 
Across the desorption process, the fraction of each fluid stream regulates the mass flow equilibrium, which is:    �� 7A67A = �� B6B + �� D>6D> (17) 

The energy balance for the generator is:  �� 7Aℎ7A + �� D@ℎD@ − �� D>ℎD> = �� B8ℎB − ℎE; (18) 

and the LMTD for the generator is:   


���= = 8�B − �7A; + 8�E − �D>;G� H�B − �7A�E − �D>I  
(19) 

Condenser in ARS  
The high-pressure refrigerant vapor is condensed by rejection the vapor’s latent heat to the desalination 

unit, which is calculated by the heat balance for the condenser: �� D@8ℎD@ − ℎDD; = �� @.8ℎ@. − ℎ@5; (20) 

Moreover, the log mean temperature difference is computed by:   


����41? = 8�D@ − �@5; + 8�DD − �@.;G� H�D@ − �@5�DD − �@.I  
(21) 

Evaporator 
The lower pressure level of the absorption system is regulated through the evaporation temperature. During 

evaporation, the two-phase refrigerant is converted into vapor. Energy balance and LMTD for the evaporator are 

presented by Eqs. (22) and (23).     �� @:8ℎ@B − ℎ@:; = �� D:8ℎD: − ℎDB; (22) 
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����QF = 8�@B − �D:; + 8�@: − �DB;G� H�@B − �D:�@: − �DBI  
(23) 

Refrigerant heat exchanger 

A refrigerant HX has been considered to improve the overall refrigeration performance in which the heat transfer 

between the condensed fluid coming from condenser and evaporated fluid coming from evaporator occurs. The 

efficiency of the refrigeration HX is calculated by:  

�R.(P = �DD − �D7�DD − �DB 
(24) 

The relevant energy balance and log mean temperature difference are respectively: �� DD8ℎDD − ℎD7; = �� DB8ℎDE − ℎDB; (25) 


���R.(P = 8�DD − �DE; + 8�D7 − �DB;G� H�DD − �DE�D7 − �DBI  
(26) 

Energy efficiency of the refrigeration system 
For the ARS, the coefficient of performance is defined as: 

���	�S	�=�	F��41 = ���QF�4	F�4	 + ��?�3F��1F��41��=�1�	F�4	 + ���JK�3  
(27) 

The thermal efficiency of the system is presented by: 

��T���,���	KF� = �� 1���� �1  
(28) 

in which �� �1 is the total input energy to the system from geothermal system and solar collector, and the net power 

output of the cycle is calculated by:  

�� 1�� = �� � − ���JK�3 (29) 

2.2.3. Desalination unit 

As above described in Fig. 1, the required energy for desalination unit is provided by the condenser considered in 

ARS (process 17 to 18). To analyze the desalination unit, the working fluid is considered as a combination of fluid-

solid (water-salt) in which the governing thermodynamic equations for the mixture are considered. The chemical 

equation for the water-salt mixture is:  2VW�G + 2*D� → 2VW�* + *D + �GD (30) 

The salt molar fraction in mixture is presented by:  

YK4�,7E = 67E��ZF-�67E��ZF-� + 1 − 67E���
 

(31) 

The enthalpy of mixture is calculated by (for point 36):   ℎ7E = 81 − 67E;. ℎ8[% W�\]^_N , � = �7E, 6 = 0; + 67E. 
#ZF-� . 8�7E − 273.15  def; (32) 

In addition, the vapor pressure with a solute is obtained by the following equation: �Q,@ = g1 − 2. YK4�,7Eh. �3F�8[% W�\]^_N, � = �7E; (33) 
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For stage 1 of the desalination unit, the governing equations are:   �� 7. = �� 7E (34.a) 67. = 67E (34.b) YK4�,7. = YK4�,7E (34.c) �7. = �7E (34.d) �3�F=� @ = �7.8ℎ7. − ℎ7E; (34.e) ℎD = 81 − 67.;. ℎ8[% W�\]^_N , � = �7. , 6 = 0; + 67. . 
#ZF-� . 8�7. − 273.15  def; (34.f) �Q,7. = g1 − 2. YK4�,7.h. �3F�8[% W�\]^_N , � = �7.; (34.g) 

The same equations are implemented for stage 2 and stage 3 of desalination unit. Process 39 to 40 is the main 

process for the desalination in which the obtained energy from ARS is absorbed by the seawater. Here, the seawater 

is reached to saturation state by attracting the input heat. Therefore, we have:   �Q,:A = �:A (35) ��1,?�3F��1F��41 = �� 7> 8ℎ:A − ℎ7>; (36) 

As can be seen, on the back way that is started from point 40, the mixture is in saturation state that by passing 

through the expansion valve is transformed into the vapor. For calculating the T41, we have:  �:@ = �:A + �i�3�F=� (37) 

 and mass balance for this section is:  �� :A = �� :@ + �� :D (38) 

Moreover, the capacity of the desalination is calculated by:  

� = 0.001 j ��1�� 3�F=� @ + �� 3�F=� D + �� 3�F=� 71000 dkl �7⁄ f m 

(39) 

and �� 3���� is:  �� 3���� =  �� 3�F=� @ + �� 3�F=� D + �� 3�F=� 7 (40) 

Table 1 summarizes the technical specifications of the hybrid system considered in this study. 

Table 1. Technical specification of the hybrid system. 

Parameter Value Parameter Value 

Project lifetime (�) 25 years Efficiency  95% 
Air density (�F) 1.22 (kg/m3) Nominal power 400 kW 
LHV (H2) 141764 (kJ/kg) Hydrogen tank  

Ambient temperature 25℃ Lifetime 25 years 
Ambient pressure 101.3 kPa Capacity 7000 kg 
Geothermal System  Efficiency 95-100% 

Well temperature 190℃ Electrolyzer  
Well pressure 1255 kPa Nominal electrolyzer 

power 
350 kW 

�� =�4 10 kg/s Electrolyzer efficiency 74% ��JK� 0.95 Fuel cell  �3�n 0.6 Nominal fuel cell power 800 kW ���1��,R.(P 4℃ Lifetime 10 years ��44��1= �F��	 25℃ Desalination unit  
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��	T3�F���oF��41 KF	=�1 min 10℃ �� ,_  10 kg/s ��J	L�1� 0.85 �,_  150 kPa �=�1�	F�4	 0.85 �,_  25 ℃ 
Solar system  �i�3�F=� = �,_ − �3F� 4 ℃ i3� 300 m2 salt fraction 0.035 
Lifetime 25 years ��ZF-� 58.44 kJ/kmol 
Converter  
#ZF-� 630 J/kg-K 

Lifetime 10 years   

2.2.4. Economic analysis 

The life cycle cost (LCC) is presented by:  


�� = �� + �� + p� + q� (41) 

the economic analysis of the system is carried out based on Eq. (43) in which the annual capital cost (CC), annual 

maintenance cost (MC), cost of installation (IC) and cost of the replacement of the components is taken into 

account. Therefore, these parameters are calculated for fuel cell, electrolyzer, hydrogen storage system, converter, 

geothermal/ARS accompanied by solar collectors and desalination unit, separately. Equation (42) expresses the CC 

of the fuel cell:  

��,- = ��,- r�	81 + �	;1s81 + �	;1st@u 
(42) 

��,- = �,- v 181 + �	;wwxA,@A,DA  
(43) 

in which ��,-  is the single payment present worth factor and �,-  is the fuel cell cost. The same equation can be 

applied for the CC calculation of electrolyzer. Likewise, capital cost of the hybrid geothermal/ARS is calculated by:  

��y�4/]L3 = �y�4/]RN r�	81 + �	;1s81 + �	;1st@u 
(44) 

where �y�4/]RN is the fixed capital investment of the system. The economic analysis is carried out based on the 

considered assumptions proposed by National Renewable Energy Laboratory (NREL) [29]. For geothermal system, 

drilling and associated costs (including exploration and confirmation; production and injection; surface equipment, 

installation and stimulation cost; over-riding calculated costs), plant capital cost, pump cost inputs, and 

recapitalization cost are considered. Here, total direct cost is obtained as 3335.4 $/kW and total installed cost per 

capacity is 4622 $/kW. Moreover, indirect capital cost is considered as: engineer, procure, construct=12% of direct 

cost; project, land, Miscellaneous=3.5% of direct cost; sales tax of 5% applies to 80% of direct cost. More details 

are summarized in Table 2. 
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Table 2. The considered economic parameters for the hybrid system.  

Parameter Value Parameter Value 

Geothermal/absorption system Hydrogen tank 

Total direct cost 3,335 $/kW Initial cost 500 ($/kg) 
Indirect capital cost: 

engineer, procure, construct 
project, land, Miscellaneous 
sales tax 

 
12% of direct cost 
3.5% of direct cost 

4% of direct cost 

Annual costs of the 
maintenance 

5% of total cost-year 

Total installed cost per capacity 4,622 $/kW Electrolyzer  
Contingency  7% of total Initial cost 1500 ($/kW) 
Annual costs of the 
maintenance 

5% of total cost-
year 

Number of units 3 

Solar field  electrolyzer replacement 
cost 

$1400 

Site improvements 25 $/m2  Annual costs of the 
maintenance 

5% of initial cost-year 

Solar field 150 $/m2 Fuel cell  
Contingency  7% of total Initial cost 2000 ($/kW) 
Annual costs of the 
maintenance 

5% of total cost-
year 

Number of units 3 

Converter  Annual costs of the 
maintenance 

5% of the initial cost 

Initial cost  700 ($/kW) Fuel cell replacement cost $1400 
Number of units 3 Desalination unit $100,000 

 
2.3. Intelligent Methods 

Fig. 2 (b) shows a multilayer neural network that is sketched to simulate the behavior of the hybrid 

geothermal/ARS combined with solar collector. The intelligent methods are employed to fulfill nonlinear statistical 

modeling and prepare a new substitute for conventional regression methods. The goal of this research is developing 

an intelligent method to understand the effect of input parameters on the targets. These intelligent methods are 

implemented to utterly discover intricate nonlinear patterns between inputs and targets (as can be observed in Fig. 2 

(a)). The network is manufactured based on solar irradiance, cooling water temperature difference g∆��44��1= =�@: − �@Bh, pinch-point temperature g���1��,FL34	L�	 = �D. − �@>h, ambient temperature, evaporating temperature 

and condensing temperature as input variables. The intelligent methods apply the input parameters to estimate the 

produced power, coefficient of performance (���������	) of ARS, total heat exchanger area (HXA) of the ARS, and 

cycle thermal efficiency. For this purpose, MLP neural network optimized ICA, (MLP-ICA), is developed and 

compared with MLP-GA. The network training is carried out using 70% of data, 30% of dataset are adapted to test 

the network. Two statistical indicators are employed to appraise the prediction accuracy of the intelligent methods, 

which are expressed by Eqs. (45) and (46).  

q�[{ = |1� v86� − }�;D1
�x@  

(45) 

q = ∑ 86� − 6̅;8}� − }�;1�x@�∑ 86� − 6̅;D ∑ 8}� − }�;D1�x@1�x@  
(46) 
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where 6�, }�, 6̅, }� and n are real data, predicted data, mean of real data, mean of predicted data and number of data, 

respectively.               

Input layer
Hidden layer

Output layer

Solar Irradiance

Cooling water 
temperature difference

Pinch-point temperature 

Ambient temperature

Evaporating temperature

Condensing temperature

Input parameters Targets

Train data Test data

Power generation

COPchiller 

Heat exchanger area

MLP-ICA MLP-GA

Statistical indicators More accurate method

a

b

Target 1

Target 2

Target 3

Input 1

Input 2

Input 3

Input 4

Input 5

Input 6

Input 1

Input 2

Input 3

Input 4

Input 5

Input 6

Target 1

Target 2

Target 3

70% 30%70% 30%

Cycle thermal efficiency Target 4

Target 4

 
Fig. 2. The proposed structure for modeling the geothermal/ARS (a), a schematic of multilayer neural network (b).        

2.3.1. Mathematical Modeling of the Intelligent Methods 

The hybrid MLP-ICA and MLP-GA are developed based on seven steps including data loading, normalization, 

training and testing datasets, network structure, training the network using the corresponding optimization 

algorithm, assessment and display. In step 5, the network is trained using the respective optimization algorithm (GA 

for MLP-GA and ICA for MLP-ICA). Indeed, here, the optimum values of input weight matrix, bias vector and 

layer weight matrix are determined by the external functions that are ICA and GA combined with MLP.   

[30] by inspiration of imperialist competition introduced a new evolutionary algorithm called imperialist 

competitive algorithm (ICA). Similar to other evolutionary algorithms that are adapted for optimization problems, 

ICA also initiates with a primary population. Population individuals are defined as country, which are recognized in 

two species: colonies and imperialists that as a group establish some empires. The foundation of ICA is formed 

using imperialist competition between the empires. The feeble empires within this competition crumble and strong 

ones grab possessions of their colonies. In the following, the imperialist competition converges to a situation where 
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only one empire and its colonies are in the same state and possess the similar cost as imperialist. Fig. 3 represents 

ICA algorithm in eleven steps. 

 
Fig. 3. Structure of imperialist competitive algorithm.   

3. Case study 

In the current research, case study is Sirri Island located in the south of Iran in the Persian Gulf. The island is 

approximately 5.6 kilometers long with a width of around 3 kilometers, with the area of 17.33 square kilometers and 

population of 1304. Fig. 4 depicts the mean values of solar irradiance for Sirri Island during 2018 [31]. This figure 

shows that in the most of time the average solar irradiance on a horizontal collector is higher than 5 (kWh/m2.day). 

Since 1975, extensive studies have been carried out to figure out the potential of GE across the country by the 

Ministry of Energy [32]. The result of this potentiometric analysis was shown that  1.087 × 10@> k� of GE can be 

extracted by geothermal technology. During the project entitled “The Geothermal Potential Survey in Iran”, ten 

regions with a significant amount of GE in which the studied area in this research was one of them, were identified 

and introduced [33].  

 
1. Start

2. Initialize the empires

3. Move the colonies toward their relevant imperialist

4. Is there a colony in an empire which has lower cost than 
that of imperialist 

5. Exchange the position of that imperialist and colony

6. compute the total cost of all empires

7. Pick the weakest colony from the weakest empire and give 
it to the empire 

that has the most likelihood to possess it

8. Is there an empire with no colonies 

9. Eliminate this empire

10. Stop condition satisfied

11. Done

Yes No

Yes
No

Yes
No
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Fig. 4. Solar radiation on a horizontal collector at Sirri island, Iran in 2018 (kWh/m2.day).  

4. Results and Discussion 

In this research, a hybrid geothermal/ARS equipped with solar collector, desalination unit and hydrogen storage 

system was developed and appraised by implementing a thermodynamic model and two intelligent methods. The 

influence of the momentous design criterions of the hybrid system (comprising solar irradiance, condensing 

temperature, cooling water temperature difference, pinch-point temperature, ambient temperature and evaporating 

temperature) upon power generation, ���������	, total HXA of the ARS, and cycle thermal efficiency were assessed. 

A simple configuration of geothermal/ARS as well as its thermodynamic model was developed by [34] and [35]. To 

validate the results of thermodynamic model a simple geothermal/ARS was implemented. For evaporation 

temperature of 8.5 ℃, absorber temperature of 30 ℃ and generator temperature of 60 ℃, the COP of refrigeration 

system for this study was obtained 0.7428. This COP was reported around 0.7591 in [34] in which the error is 

around 2.41%. The results of this research are presented in the following.   

4.1. Power generation  

Figure 5 (b) shows the electrical power demand for the island in a period of one year. It is apparently seen that 

the power demand for the island from April to September is more than 900 kW. Figure 5 (a) depicts the power 

generation by the hybrid system for the entire year (more specifically, produced power by the system for January 

and June is presented in Fig. 5 (c)). It could be plainly viewed that the generated power by the system from April to 

September is more than the other months. Comparison between Fig. 5 (a) and Fig. 5 (b) shows that although the 

peak point for the power demand is more than the power generation, applying the hydrogen storage system can 

circumvent this problem.  

Figure 6 (a) displays the surplus power dispatched into the electrolyzer throughout the year. The electrolyzer 

uses this surplus power for producing the hydrogen so long as the generated power by the system is more than the 

island’s requirement. Due to having the high demand from April to September, the excess power transferred to the 
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electrolyzer is less than the other months. Whenever the power demand of the island is lower than the generated 

power by the system, the fuel cell provides the deficit. Figure 6 (b) represents the generated power by the fuel cell 

for the entire year in the study region.   

 

a) b)

c)

 
Fig. 5. Power generation by the system during one year (a), the pattern of power demand of the island (b), produced 

power by the system in January and June (c).    
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Electrolyzer Fuel cell
a) b)

 

Fig. 6. The excess power (kW) transferred to the electrolyzer (a) and generated power by the fuel cell (b) during a 

period of one year.      

Figure 7 demonstrates the storage pattern of the hydrogen for entire year in the case study region. It can be 

observed that between January and March the trend is increasing, afterward, from March to September the stored 

hydrogen by the system is used by the fuel cell to meet the power demand of the island. From September to 

December, the hybrid system can store the hydrogen and the value of stored hydrogen in the storage system will be 

increased.      
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Fig. 7. Storage pattern of hydrogen throughout the year.   

Figure 8 illustrates the train and test phases of the MLP-ICA to estimate the power produced by the hybrid 

system. As mentioned above, two statistical indicators have been employed for assessing the prediction accuracy of 
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the intelligent methods. For prediction of power generation by MLP-ICA, the statistical metrics were obtained as 

Rtrain= 0.9965, Rtest=0.9944, RMSEtrain=1.5812 (kW) and RMSEtest=2.2390 (kW) (the values of MSE presented in 

Fig. 8 are RMSE2). A can be seen in Fig. 8, the MLP-ICA can meticulously estimate the power generation using the 

input parameters.   

 

Fig. 8. Training and testing stage of MLP-ICA for predicting the cycle net power output.    

The power generation also was modeled by the MLP-GA method, which the result of this modeling is shown in 

Fig. 9 as well. For this prediction, the statistical metrics were obtained as Rtrain= 0.9884, Rtest=0.9853, 

RMSEtrain=3.3013 (kW) and RMSEtest=3.6175 (kW). By comparing the statistical parameters employed for assessing 

the performance of the MLP-ICA and MLP-GA, it can be concluded that the prediction accuracy of the MLP-ICA is 

superior to the MLP-GA.   

  

Fig. 9. Training and testing phases of MLP-GA for estimating the cycle net power output.     

Figure 10 indicates the influence of the input variables over the power generation of the hybrid system. Fig. 10 

(a) represents the variation of the produced power versus the solar irradiance. It is explicitly observed that enhancing 

solar irradiance enhances the produced power of the system. The reason is described as increasing the inlet enthalpy 

to the turbine, which the turbine can catch more energy from the working fluid. Fig. 10 (b) illustrates the influence 

of the cooling water temperature difference (∆��44��1= = �@: − �@B) on the power generation. It could be plainly 

viewed that, when ∆��44��1= goes up, the generated power by the system raises as well. The temperature of the 
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cooling water has an adverse effect upon the condenser pressure resulting in decreasing the work of the turbine. The 

low temperature cooling water causes condensing the steam in lower pressure environment. The availability of low 

condenser pressure increases the enthalpy differences between the input and output of the turbine so the net power 

output raises. Fig. 10 (c) depicts that enhancing the environment temperature declines the power generation of the 

system. Fig. 10 (d) represents the alteration of the power generation versus the increment of the condensing 

temperature. Clearly, the power generation has a tendency to decline as the condensing temperature increases. 

Indeed, the availability of low condensing temperature can cause achieving high performance of power generation. 

The lower amount of cooling water temperature causes a low pressure of the Rankine cycle component, particularly 

for the steam condenser. Other input parameters do not influence power generation. Figs. 10 (e) and 10 (f) 

demonstrate the decision surface for modeling of power generation versus input variables to the network.       
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Fig. 10. The result of the input variables on the generated power of the hybrid system; (a) solar radiation; (b) cooling 

tower temperature difference; (c) environment temperature; (d) condensing temperature; (e) decision surface for 

(a)and (b); decision surface for (c) and (d).  

4.2. ���������� 

Fig. 11 represents the testing phases of the MLP-ICA and MLP-GA methods for forecasting the ���������	. For 

this prediction the statistical parameters have been obtained as Rtrain= 0.9969, Rtest=0.9982, RMSEtrain=0.0023 and 

RMSEtest=0.0014, for the MLP-ICA; and Rtrain= 0.9905, Rtest=0.9918, RMSEtrain=0.0037 and RMSEtest=0.0044, for 

MLP-GA. As can be observed, the MLP-ICA performs better than the MLP-GA for forecasting the ���������	.  
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Fig. 11. Test data of the MLP-ICA and MLP-GA for forecasting the ���������	.  

Figure 12 (a) depicts the variation of the ���������	  versus the pinch-point temperature g���1��,FL34	L�	 = �D. −�@>h. According to the figure, when the pinch-point temperature increases, the ���������	 declines. At a constant 

pressure, for the greater values of solution temperature, the absorber requires more absorbent to entirely absorb the 

same refrigerant value. As a result, when the refrigerant mass flow is constant, higher values of absorbent mass flow 

is required. By increasing the mass flow, the heat transfer inside the absorber and generator enhances as both are in 

relation to the same solution mass flow. For this reason, the ARS needs extra heat to work satisfactorily. For the 

constant refrigeration capacity, extra heat declines the performance of the machine as is presented in Fig. 12 (a). 

Enhancing the environment temperature decreases the COP of the ARS as is depicted in Fig. 12 (b). The result of 

evaporation temperature on the COP of the refrigeration system is shown in Fig. 12 (c). As presented in Fig. 12 (c), 

raising the evaporation temperature, increases the COP of the system. Evaporation temperature is one of the main 
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variables to control the total heat demand for the refrigeration system. There is no influence of other input 

parameters over ���������	.     
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Fig. 12. The variation of ���������	 versus pinch-point temperature (a), environment temperature (b), and evaporating 

temperature (c).      

4.3. Total Heat Exchanger Area 

The third target that has been modeled by intelligent methods is the total HXA of the ARS. Fig. 13 shows the test 

data of the MLP-ICA and MLP-GA for forecasting the i(P. For this prediction, the statistical metrics have been 

achieved as Rtrain= 0.9933, Rtest=0.9936, RMSEtrain=4.7362 m2, and RMSEtest=4.3069 m2, for the MLP-ICA; and 

Rtrain= 0.9786, Rtest=0.9846, RMSEtrain=9.5831 m2 and RMSEtest=8.1047 m2, for MLP-GA. Performance comparison 

between the intelligent methods shows that the MLP-ICA works better than the MLP-GA for forecasting the i(P.          
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Fig. 13. Test data of the MLP-ICA and MLP-GA for estimating the i(P.   

Fig. 14 depicts the variation of the total HXA versus the solar radiation (a), pinch-point temperature (b), cooling 

water temperature difference (c), environment temperature (d), evaporating temperature (e) and condensing 

temperature (f). The required HXA for the refrigeration system is specified by the LMDH method since the overall 

heat transfer coefficient for HXs is constant. Fig. 14 indicates that the total HXA of the system has a tendency to 

increase as solar radiation, cooling water temperature difference and evaporation temperature enhance, and pinch-

point temperature, environment temperature and condensing temperature decrease.           
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Fig. 14. The influence of solar radiation (a), pinch-point temperature (b), cooling water temperature difference (c), 

environment temperature (d), evaporating temperature (e) and condensing temperature (f) over the i(P.  

4.4. Cycle thermal efficiency  

According to Eq. (28), thermal efficiency of the hybrid system was described as a ratio of net energy output to 

energy input. From input parameters to the network, variation of solar radiation, cooling water temperature 

difference, condensing temperature, and environment temperature vary the cycle thermal efficiency. This behavior 

was simulated by intelligent methods and Fig. 15 depicts the testing stage of the MLP-ICA and MLP-GA for 

modeling the cycle thermal efficiency. The statistical parameters were obtained as Rtrain= 0.9958, Rtest=0.9955, 
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RMSEtrain=2.4314e-04 and RMSEtest=1.9131e-04, for the MLP-ICA; and Rtrain= 0.9918, Rtest=0.9907, 

RMSEtrain=3.4028e-04 and RMSEtest=4.6108e-04, for MLP-GA.  

 
Fig. 15. Testing stage of MLP-ICA and MLP-GA for modeling of the cycle thermal efficiency.    

The variation of the cycle thermal efficiency versus the input parameters to the network was presented in Fig. 16. 

It is clear that increasing the solar irradiance and cooling water temperature difference increases the cycle thermal 

efficiency (Figs. 16 (a) and 16 (b)). Besides, variation of the cycle thermal efficiency versus environment and 

condensing temperature is presented in Figs. 16 (c) and 16 (d). The figures show that increasing the environment 

and condensing temperature decreases the cycle thermal efficiency.   
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Fig. 16. The variation of the cycle thermal efficiency versus solar radiation (a), cooling water temperature difference 

(b), environment temperature (c) and condensing temperature (d).   

4.5. Desalination unit 

According to Fig. 17 (c), the desalination capacity of the unit by considering ��1,?�3F��1F��41 = 900 k�, is 

around 10,000 kJ/m3 with which the unit can produce 3.2 m3/h sweet water. This figure reveals that increasing the 

input energy to the desalination unit, decreases the desalination capacity and increases the produced sweet water. 

The total sweet water is attained with the sum of condensed water in each stage. Figure 17 (b) illustrates the 

produced sweet water in each stage in which the stage 3 produces more sweet water as expected. Fig. 17 (a) depicted 

the transferred energy in each stage in which this value for stage 3 is higher than stages 2 and 1. 

Figure 18 (a) represents that by adding the desalination system and using the waste energy of ARS condenser, 

the ���������	  significantly increases. Fig. 18 (A) shows variation of the COP for the hybrid system by considering 

the desalination system (SD) and without it (S). For a refrigeration system, COP is described as the ratio of desired 

output to the required input. Here, the energy input to the system is constant and it comes from geothermal sources 

and solar thermal collector and only by considering desalination unit the desired output of the system increases 

resulting in increasing the COP. Besides, a slight increase is seen for the produced power by the hybrid system. It is 

due to decreasing the total pumping work according to Eq. (29).    

Jo
urn

al 
Pre-

pro
of



27 
 

x 103
900 1000 1100 1200 1300

x 103

600

700

800

900

1000

1100

Qi n,desal i nati on (W) 

Q
 (

W
)

Qstage1Qstage1

Qstage2Qstage2

Qstage3Qstage3

x 103
900 1000 1100 1200 1300
1

1.2

1.4

1.6

1.8

Qi n,desal inati on (W) 

m
(m

3 /
h)

mstage3mstage3

mstage2mstage2

mstage1mstage1

a) b)

x 103
900 1000 1100 1200 1300

x 103

940

960

980

1000

3

3.5

4

4.5

5

Qi n,desal i nati on (W) 

C
de

sa
lin

at
io

n (
J/

m
3 )

CdesalinationCdesalination

msweetmsweet

m
sw

ee
t (

m
3 /

h)
c)

 

Fig. 17. Desalination unit: heat transfer in each stage (a), produced sweet water in each stage (b), desalination 

capacity and the total sweet water (c).   
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Fig. 18. The COP of the system including desalination (SD) and without desalination (S) (a), and power generation of 

the system against solar radiation (b).    

4.6. Economic Analysis 
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The economic assessment also was implemented to evaluate the proposed hybrid system in the study region. 

Figure 19 shows the initial investment of the system’s components in which the geothermal system (including GE 

section, ARS and solar thermal collector) possesses the maximum portion (40%). We can see that the hydrogen 

tanks boasted an impressive 25% of the total initial investment. Predominantly, for the hydrogen storage system, 

some challenges have been revealed. Among them, the high initial investment and low efficiency of the storage 

process have been underscored. Notwithstanding for remoteness regions, to supply the energy demand, the energy 

transmission costs, grid construction costs and the availability of fuels during the year should be considered as well. 

Also, energy storage systems can cover the problem of alternating energy produced by RESs. On the plus side, the 

use of electricity storage system is warranted by the capacity restriction of grids. For instance, in the case of wind 

farms, the wind turbines are installed in large numbers in regions where the wind potential is high. When the wind 

turbines work simultaneously, the grid may not be able to carry the produced electricity and hence forced to shut 

down (like the problem in Tamil Nadu, India). All things considered, we believe that the hydrogen storage system 

should be examined for each case study separately according to energy and economic analysis. The payback period 

was selected as economic criteria to investigate the hybrid system from economic point of view. Figure 20 illustrates 

the payback time of the hybrid system with different interest rates (1-7%) in the study region. It can be observed that 

a significant economic conclusion has been achieved for the proposed hybrid system, as the payback time of this 

system is ascertained at around 8 years (with the interest rate of 3%). For this calculation, the purchased grid 

electricity is considered to be 0.28 $/kWh.   

 

Fig. 19. The initial investment of the components.     
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Fig. 20. Payback period of the system with various interest rate for the study region.    

5. Conclusions 

For energy systems based-geothermal, the low well operating lifetime and low well temperature are the main 

challenges. These obstacles can be covered or at least decrease by utilizing solar thermal collector before the turbine. 

Because of two reasons solar thermal collectors can be employed before the turbine: first, increasing the entrance 

enthalpy (that was investigated in the current study), and second, using instead of GE resource as long as solar 

energy is existence (in this case, the well operating lifetime is amplified). In the real conditions and for complicated 

energy systems, finding the optimum operating conditions and design parameters needs many experimental tests and 

intricate mathematical modeling. In this study, we proposed intelligent models based-AI to meet the need. The 

intelligent methods exert the input parameters to predict the targets. Hence, this capability provides a strong control 

option for the hybrid system by considering a wide range of input variables.  Another challenge concerning GE 

systems is improving system efficiency. This study proposed a novel design to recover a portion of waste heat for 

producing freshwater. Another limitation for RESs is uncertainty in energy supply for remote area regions. We 

technically examined the role of the hydrogen storage system for the proposed energy system, which makes it 

appropriate for remoteness regions. Generally speaking, this study endeavored to cover some limitations regarding 

GE systems. The following conclusions have been achieved from this study:  

• For modeling of the power generation, the statistical indicators have shown that MLP-ICA works better 

than MLP-GA in terms of Rtrain= 0.9965, Rtest=0.9944, RMSEtrain=1.5812 (kW) and RMSEtest=2.2390 

(kW). The results demonstrated that enhancing the solar radiation and cooling water temperature 

difference, and decreasing the environment and condensing temperatures enhances the produced power of 

the system.    
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• For modeling of COP of the refrigeration system, MLP-ICA has shown a good ability to predict the COP 

by different input parameters. The statistical metrics for this prediction was obtained as Rtrain= 0.9969, 

Rtest=0.9982, RMSEtrain=0.0023 and RMSEtest=0.0014. This modeling has shown that increasing the 

evaporation temperature and decreasing the pinch-point and environment temperatures rise the ���������	 .  

• For modeling of the total HXA of the hybrid system, MLP-ICA has depicted higher performance 

prediction than MLP-GA with Rtrain= 0.9933, Rtest=0.9936, RMSEtrain=4.7362 m2, and RMSEtest=4.3069 

m2. The effect of input variables on the total HXA have shown that increasing the solar radiation, cooling 

water temperature difference, evaporation temperature rises the total HXA and increasing the pinch-point 

temperature, environment temperature and condensing temperature declines the total HXA. 

• The best statistical metrics for prediction of cycle thermal efficiency were obtained by MLP-ICA as 

Rtrain= 0.9958, Rtest=0.9955, RMSEtrain=2.4314e-04 and RMSEtest=1.9131e-04. It was observed that 

increasing the solar irradiance and cooling water temperature difference, and decreasing environment and 

condensing temperatures increases the cycle thermal efficiency.  

• Using the waste heat of ARS condenser, can run a 10,000 kJ/m3 desalination unit by which 3.2 m3/h 

sweet water is produced. Also, it was concluded that the COP of ARS significantly increases by 

employing the desalination unit.        

• The payback period of the hybrid system in the study region (by considering the interest rate of 3%) was 

obtained to be around 8 years. 

Future works: The proposed system can be examined by considering a compressed air energy storage system 

(CAES) as a substitute for the hydrogen storage system. Also, considering a biomass energy resource instead of the 

geothermal resource would be interesting for the proposed system. Moreover, by increasing the size of the storage 

system, the proposed system can be exerted in a hybrid system incorporating with wind turbines to supply the 

energy demand for a larger case study.   
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Highlights 

• A hybrid system based on geothermal energy combined with solar system was designed    

• Desalination unit and hydrogen storage system were integrated into the geothermal system 

• MLP-ICA and MLP-GA were developed to simulate the behavior of the hybrid system 

• MLP-ICA operates better than the MLP-GA for modeling the hybrid system 

• The payback time of the hybrid system with the interest rate of 3% is around 8 years 
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