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Abstract: In this study, energy, exergy and exergoeconomic analysis of a solar-geothermal hybrid Organic 

Rankine Cycle System with a nominal 50 [kW] turbine capacity was conducted at a range of 50-90 [°C] geothermal 

source temperatures in Konya, Turkey. A new generation R1234yf was assumed as the working fluid of the system. 

An average of 336 [MWh/year] annual electricity generation was obtained for all source temperatures, 8.1% of 

which was with solar energy effect. Exergy efficiencies were approximately 6.2% for all geothermal temperatures, 

while the energy efficiencies increased at a range of 4.3%-10.0% with the increase of geothermal source 

temperatures. Exergoeconomic analysis was performed with the SPECO method. According the exergoeconomic 

analysis results, electricity generation costs of the system were determined as 32.2, 38.8, 36.1, 36.5 and 37.8 

[USD/MWh] with the increase of geothermal source temperature. 
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1. Introduction 

Due to the increasing demand of electricity in 

the world and the harmful effects of 

conventional electricity generation methods to 

the environment, electricity generation through 

renewable energy sources is becoming 

increasingly important. Geothermal energy has 

an important place among renewable energy 

sources in electricity generation. Geothermal 

sources are basically used for electricity 

generation with two different types of systems 

including flash and binary. Among geothermal 

energy sources, flash systems are suitable for 

high temperature sources > 220 [°C] while 

binary systems are suitable for medium and low 

temperature sources [1]. 

Turkey is ranked as the twelfth in 

geothermal energy capacity among the 

countries of the world. There are 1000 hot water 

and mineral water sources and geothermal wells 

in Turkey. Of these, 170 sources are at the 

temperatures above 40 [°C]. Such medium and 

low temperature sources are suitable for 

heating, industrial process and spa use [2] 

Organic Rankine Cycle (ORC) is a cycle 

that can generate electricity at medium and low 

temperature energy sources such as solar 

energy, waste heat, biomass and geothermal 

energy. The availability of ORC with 

geothermal energy varies between 50-350 [°C] 

source temperatures. However, system 

efficiencies are not high for low temperature 

sources <100 [°C] [3].  

Exergy analysis is an effective analysis 

method as a combination of the first and second 

laws of thermodynamics. Exergy is defined as 

the maximum work potential that can be 

obtained from the system according to the 

reference conditions. In the exergy analysis, the 

entropy production in a system is taken into 

account and it provides a more comprehensive 

analysis of the system. Besides, 

exergoeconomic analysis, as a combination of 

exergy analysis and economic principles, is a 

method that investigates the costs of system 

outputs and exergy destructions and helps in the 

systematic study and optimization of energy 

systems [4].  

Determining the energy and exergy 

efficiencies and conducting their economic 

analysis of solar-geothermal hybrid systems 

have been the main targets for many 

researchers. A literature survey of energy, 

exergy and exergoeconomic analysis of a solar-

geothermal hybrid systems was presented in 

Table 1. 

In this study, energy, exergy and 

exergoeconomic analysis of a solar-geothermal 

hybrid ORC system with an optimum 50 [kW] 

turbine capacity was investigated between 50-

90°C geothermal source temperature. R1234yf 

was assumed to be the working fluid of the 

system. Component capacities of the system 
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were determined according to night and daytime 

working conditions of the system. The annual 

electricity generation, energy and exergy values 

of the system were obtained with EES and 

EXCEL program using hourly climatic 

conditions in Konya, Turkey [17].  

Exergoeconomic analysis was performed 

with the SPECO method. In most of cases 

studied for the hybrid solar-geothermal system, 

the geothermal temperatures are ranged from 

150 to 200 [°C] However, few studies have 

examined the thermal-economic feasibility of 

hybrid systems in different regions, especially 

where geothermal water temperatures are below 

100 [°C] [15]. Moreover, in many studies, the 

results were determined according to the 

parameters such as solar irradiation and 

environmental temperature that kept constant or 

ranged at some values. An important novelty of 

this study is that the calculations were 

conducted for the solar irradiation and 

environmental temperature values of for each 

hour of the year and the annual energy, exergy 

and exergoeconomic results were obtained by 

the sum of all year data. This study was 

conducted to provide guidance for such hybrid 

ORC systems that considered to be installed 

where geothermal water temperatures are below 

100 [°C'] which are more common in the world.  

2. System description 

The scheme of the solar-geothermal hybrid 

ORC system and T-s diagrams of the system 

regarding night and daytime operating 

conditions were presented in Figure 1. The 

system mainly consists of evaporator, turbine-

generator subsystem, heat exchanger-collector 

subsystem, condenser and pump.   

The system works only with geothermal 

energy at night working conditions. Geothermal 

fluid enters the evaporator at state 1 and leaves 

its heat to the working fluid, then is injected to 

the geothermal well at state 2. The working 

fluid enters the evaporator as saturated liquid at 

state 4 and exits the evaporator as saturated 

steam at state 5 to enter the turbine. It leaves 

from turbine at state 6 and enters to condenser. 

In the condenser, the working fluid leaves its 

heat to the cooling water entering the condenser 

at state 7 and exits the condenser as saturated 

liquid at state 3. Cooling water leaves the 

condenser at state 8. After the working fluid 

exits from the condenser at state 3, its pressure 

increases in the pump and enters the evaporator 

at state 4.  

In the daytime, different from the night 

conditions, the fluid coming out of the 

evaporator was assumed to be directed to the 

heat exchanger thanks to sun sensitive 

controlled valve. With the effect of the 

additional solar energy, working fluid enters the 

turbine as superheated steam at state 9. It then 

returns to the evaporator in a process like 

nighttime conditions. On the other hand, the 

cooling water enters the condenser at state 7 and 

exits at state 11. In the collector-heat exchanger 

subsystem, water enters the heat exchanger at 

state 13 and returns to the collector at state 12.  

3. Design parameters 

General equation of the first law of 

thermodynamics implemented as Eq. (1) for 

system components to determine the component 

capacities of the system for optimum 50 kW 

turbine capacity. 

( )out inQ W m h h− =  −  (1) 

where, Q ,W , m  , outh  and inh  are the heat 

transfer rate, work, the fluid flow rate and 

specific enthalpy of the outlet and inlet fluids of 

the component, respectively.  

Evaporator, condenser, and pump 

capacities were calculated based on the 

nighttime working conditions. Turbine and heat 

exchanger capacities, collector fluid rate and 

collector area of the system were determined 

according to the maximum atmospheric 

condition in a year when the solar radiation and 

ambient temperature were 1 [kW/m2] and 

30[°C], respectively. Some assumptions in the 

calculations were presented below: 

• The pinch point temperatures in the 

evaporator and condenser between states 

(a-b and c-d) were accepted as 3 [°C] [18].  

• The temperature differences between 

states 5-1 in evaporator and states 3-7 in 

condenser were accepted as 5 [°C] [18]. 

• The inlet temperature of the cooling water 

to the condenser at state 7 was accepted as 

20 [°C]. 

• The maximum inlet temperature of the 

working fluid to the turbine was accepted 

as 120 [°C].  

• The temperature differences between state 

12-5 and state 13-9 in collector were 

accepted as 5 [°C].  
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The design parameters were obtained and 

presented in Table 2 for each geothermal source 

temperature.   

4. System analysis 

4.1 Energy analysis 

Energy analysis of a solar-geothermal hybrid 

Organic Rankine Cycle was investigated for 

geothermal source at a range of 50-90 [°C] 

geothermal source temperature. The night 

performance of the system changes with only 

geothermal source temperature, while the 

daytime performances changes both with hourly 

solar conditions and geothermal source 

temperature. The heat input to the system 
inQ  

was calculated, as the sum of the heat obtained 

from the solar collectors 
solarQ  and evaporator 

evapQ  with the Eq. (2). 

in evap solarQ Q Q= +  (2) 

For the night working conditions, this 

equation corresponds only to the heat obtained 

from the evaporator.  The collector efficiency 

ղ𝑐𝑜𝑙𝑙 and the solar energy input to the system 

solarQ  were calculated using hourly average 

solar radiations and ambient temperatures of all 

year with the Eq. (3-4) respectively. 

 

120.8 1.5 amb
coll

T T

I


− 
= −  

 
 (3) 

solar coll collQ A I =    (4) 

where, ambT , I and collA  are the hourly 

average ambient temperature, hourly average 

solar irradiation and collector area, respectively. 

The work of turbine at night condition 
,turb nightW  

was calculated with Eq. (5). 

( ), 5 6turb night rW m h h=  −  (5) 

where, rm is the mass flow rate of the 

refrigerant. Turbine inlet condition state 9 

according to 
inQ  for the environmental 

conditions of each hour of the day determined 

with Eq. (6). 

( )9 5in rQ m h h=  −  (6) 

Afterwards, the turbine work ,turb daytimeW  

and pump work pumpW  was calculated with the 

Eq. (7-8) respectively. 

( ), 9 10turb daytime rW m h h=  −  (7) 

( )4 3pump rW m h h=  −  (8) 

The electricity generation 𝐸𝐺̇ of the system 

in any hour was calculated with Eq. (9). 

turb gen turb pump pumpEG W W −=  −   (9) 

where, 
turb gen −

 and  
pump  are the 

efficiencies of turbine-generator combination 

and pump, respectively. The efficiencies of 

turbine-generator combination and pump were 

taken as 81% and 80% respectively. The annual 

energy efficiency of the system 
,sys annual was 

calculated according to the ratio of electricity 

generation to heat inputs as sum of all days of 

the year with Eq. (10). 

365

1
, 365

1

d

d
sys annual d

in

d

EG

Q



=

=

=

=

=



 (10) 

4.2 Exergy analysis 

The exergy value of the any system point 
xEx  

was calculated with Eq. (11) as the general 

exergy the equation.  

( ) ( )0 0 0x x x xEx m h h T s s=  − −  −    (11) 

 where, xm , xh  and  0h , xs  and  0s  are the 

fluid flow rate, specific enthalpy and entropy of 

the fluid at system point and reference 

condition, respectively. The reference condition 

was accepted to be P0=100 [kPA] and T0=20 

[°C] for all kind of fluids. The exergy inputs to 

the system 
inEx  were calculated as the sum of 

geothermal exergy at state 1 
1Ex  and solar 

exergy 
solarEx  with Eq. (12). 

1in solarEx Ex Ex= +
 

(12) 
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The solar exergy input to the system 
solarEx  

was calculated with Eq. (13) suggested by [19].  

4

0 01 4
1

3 3
solar coll

sun sun

T T
Ex A I

T T

    
 =   +  −    
     

 (13) 

where, sunT   is the sun temperature accepted 

as 6000 [°K]. The exergy input to the system 

was only with geothermal source for night 

working conditions. The annual exergy 

efficiencies of system 
,sys annual  was calculated 

according to the ratio of exergy to heat inputs as 

sum of all days of the year with Eq. (14). 

365

1
, 365

1

d

d
sys annual d

in

d

EG

Ex



=

=

=

=

=



 (14) 

 As well as the general exergy efficiency of 

the system, it is important to know the exergy 

efficiencies of system components at a design 

point of view. For this purpose, exergy 

efficiency of each component k  was calculated 

according to the fuel-product approach with Eq. 

(15). 

,

,

P k

k

F k

Ex

Ex
 =  (15) 

 where, ,P kEx and ,F kEx  are the product and 

fuel exergy of the system component, 

respectively. Besides, fuel, product, and exergy 

destruction of system components were 

determined with the equations presented in 

Table 3. 

4.3 Exergoeconomic analysis 

In this study, specific exergy costing (SPECO) 

method which was created as a combination of 

exergy analysis and economic principles, was 

used for the exergoeconomic analysis of the 

[20]. For this purpose, initial investment cost 

values of each component were determined with 

the equations given in Table 4. 

The general cost balance of each 

component was created with Eq. (16). 

, , , ,in k q k k out k w kC C Z C C+ + = +    (16) 

where, ,in kC , ,out kC , ,q kC  and ,w kC  

are the inlet, outlet, heat and work exergy costs, 

respectively and 
kZ  is annual investment rates 

of each component. The exergy cost of the flow 

was determined with Eq. (17). 

kC c Ex=   (17) 

where, c  and Ex  are the unit exergy cost and 

exergy of system point. Annual investment rates 

of a components 
kZ  were calculated with Eq. 

(18) with the use of kZ , CRF  and   were 

initial investment cost, capital recovery and 

maintenance factors, respectively.  

k kZ Z CRF =    (18) 

where,   and CRF  are the maintenance 

factor, annual working hours and capital 

recovery factor of the component, respectively. 

The maintenance factor was assumed as 1.06. 

Capital recovery factor was determined with 

Eq. (19). 

( )

( )

1

1 1

n

n

i i
CRF

i

 −
=

− −
 (19) 

 where, i  and n  are the annual interest rate 

and economic lifespan of the system, 

respectively. The annual interest rate and 

economic lifespan of the system were assumed 

0.1 and 20 years, respectively. 

The exergy destruction cost rates ,D kC  

which occur due to the irreversibility of the 

system components were calculated with Eq. 

(20). 

, , ,D k f k D kC c Ex=   (20) 

where, 
,f kc and ,D kEx  were the average 

cost per unit fuel exergy and exergy destruction 

of the component, respectively. The average 

unit fuel exergy cost was calculated with Eq. 

(21). 

,

,

,

F k

f k

F k

C
c

Ex
=  (21) 
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where, ,F kC and ,F kEx  are the fuel exergy 

cost and fuel exergy of the component, 

respectively. The cost performance of a system 

component depends both on investment rate and 

the exergy destruction cost of the system 

component. This expression is defined as the 

exergoeconomic factor kf  and was obtained for 

the components as follows as the ratio of the 

annual investment rate to the sum of the 

investment rate and the exergy destruction cost 

[21].  It is calculated with Eq. (22). 

,

k
k

k D k

Z
f

Z C
=

+
 (22) 

The range of exergoeconomic factor is from 

0 to 1. If the exergoeconomic factor is close to 

0, the cost of irreversibility predominates on 

component. Else, the cost of investment has a 

greater effect [22].  

All cost balance equations and auxiliary 

equations were presented in Table 5. If “n” 

number of flow exergies come out of a system 

component while it has only one the cost 

balance equation, “n-1” auxiliary equations are 

needed [22]. Therefore, some auxiliary 

equations including the boundary conditions of 

the incoming flows were used for the solutions. 

Of these, specific cost of the incoming solar 

energy, geothermal water and cooling water 

solarc , 1c and 7c  were assumed as zero.  

5. Results and discussion 

5.1 Energy and exergy 

The variation of annual electricity generation 

with geothermal and solar energy and their 

percentages were presented in Figure 2 with the 

increase of geothermal source temperature. The 

electricity generation values were determined 

close to each other for all source temperatures. 

The annual electricity generation of the system 

was approximately 336 MWh for all 

temperatures and the effect of solar energy is 

determined as 8.1% on average.  Although, 

operating temperatures and enthalpy values 

increase, the decrease of fluid flow rates caused 

electricity generation to be close to each other 

for all source temperatures. In addition, the fact 

that the operating temperatures and enthalpy 

values are close to each other, despite the 

decrease in the collector area, caused the effect 

of solar energy on the annual electricity 

production to be close to each other.  

The variation of annual energy and exergy 

efficiency values of the system with the increase 

of geothermal source temperature were 

presented in Figure 3. Energy efficiency values 

increased with the increase of the geothermal 

source temperature and calculated as 4.3%, 

6.0%, 7.5%, 8.9% and 10.0%, respectively. 

Because the energy input to the system 

decreased because of the decreasing both the 

geothermal water and working fluid flow rates 

while the annual electricity generation were 

close to each other. The exergy efficiency 

values followed approximately 6.2% with the 

increase of geothermal temperature according 

to the reason of constant annual and exergy 

inputs and close annual electricity generations. 

The reason of constant exergy input for every 

geothermal source temperature were decreasing 

the geothermal water flow rates and increasing 

temperature difference between the geothermal 

water and the reference condition with the 

increase of geothermal source temperature. 

The variation of the annual exergy 

destructions of the system components with the 

increase of geothermal source temperature were 

presented in Figure 4. Maximum exergy 

destruction occurred in collectors. Evaporator, 

turbine, condenser, pump and heat exchanger 

followed the collectors. The annual exergy 

destructions increased for collectors, condenser 

and heat exchanger while exergy destructions 

were constant for evaporator and turbine with 

the increase of geothermal temperature. The 

annual exergy destruction values of collectors, 

condenser and heat exchanger decreased at the 

range of 907-272 [MWh], 109-47 [MWh] and 

10-4 [MWh], respectively. Annual exergy 

destructions of evaporator and turbine slightly 

increased at a range of 11. 6-13.6 [MWh] and 

86-88 [MWh], respectively. For the pump, 

exergy destruction was 12 [MWh], at 50 [°C], 

then slightly decreased to a minimum value of 7 

[MWh], at 70 [°C]. Later, it increased to 9 

[MWh] at 90 [°C].  

The variation of the exergy efficiencies of 

the system components with the increase of 

geothermal source temperature were presented 

in Figure 5.  In general, exergy efficiencies 

remained approximately constant with the 

increase of geothermal source temperature 

except for the collectors. Average exergy 

efficiency of the system components 

determined as 80.8%, 72.8%, 16.4%, 80.6% and 

92.8%, for evaporator, turbine, condenser, 

pump and heat exchanger, respectively. The 
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reason for this was that the fuel and product 

exergies of the system were proportionally 

constant for the mentioned components. For the 

collectors the exergy efficiency increased with 

the increase geothermal source temperature at a 

range of 17.5-51.1%. The increase in the exergy 

efficiency of the collectors was due to the 

decrease in the solar exergy input with decrease 

of collector area.  

5.2 Exergoeconomy 

The variation of exergy destruction cost rates of 

each system component with the increase of 

geothermal source temperature were presented 

in Figure 6. The annual exergy destruction cost 

rates were determined for all components as a 

function of the fuel cost and exergy destruction 

of the component. Exergy destruction cost rates 

of condenser decreased with the increase of 

geothermal source temperature and determined 

at a range of 2205-558 [USD/year]. That was 

because that the effect of exergy destruction 

was rather than fuel cost. The exergy 

destruction costs of both turbine and pump were 

determined 1501 and 490 [USD/year] at 50 

[°C], respectively. They reached their lowest 

values of 1004 and 221 [USD/year] at 70 [°C]. 

Then they increased to 1156 and 343 

[USD/year] at 90 [°C]. For turbine, the effect of 

exergy destruction on cost rates were greater 

than effect of fuel cost but for the pump their  

effects were same. Although exergy destruction 

decreased for collectors with the increase of 

geothermal source temperature, the increase of 

fuel costs caused an increase on exergy 

destruction cost rates and determined at the 

range of 1473-1854 [USD/year]. For the heat 

exchanger, the decrease of both exergy 

destruction and fuel costs caused the exergy 

destruction costs to decrease and determined at 

the range of 236-58 [USD]. For the evaporator, 

exergy destruction costs were zero for all 

geothermal source temperatures because of its 

zero-fuel cost. 

The variation of exergoeconomic factors of 

each system component with the increase of 

geothermal source temperature were presented 

in Figure 7. The exergoeconomic factor of the 

evaporator determined as 1 for all geothermal 

source temperatures. Because the cost 

performance of evaporator depends only on the 

annual investment rate since the exergy 

destruction cost is zero. Exergy destruction 

costs of heat exchanger, turbine and pump were 

determined to be less than annual investment 

rates. So, the exergoeconomic factor of the heat 

exchanger increased at a range of 0.69-0.88. For 

the turbine and pump, exergoeconomic factors 

were as 0.85-0.78 at 50 [°C], then slightly 

reached to a maximum value of 0.89-0.82 at 70 

[°C]. Later it slightly decreased to 0.88-0.81 at 

90 [°C]. As the exergy destruction costs in the 

condenser decreased more than the annual 

investment rates with the increase of geothermal 

source temperature, exergoeconomic factor 

increased at the range of 0.24-0.46. The 

collector areas decreased with the increase of 

geothermal source temperature, so the annual 

investment rates have also decreased. 

Therefore, the exergoeconomic factor of 

collectors decreased at a range of 0.65-0.32, as 

the effect of the annual investment rates were 

more than the exergy destruction costs. 

The variation of electricity generation costs 

with the increase of geothermal source 

temperature were presented in Figure 8. The 

electricity generation cost of the system was 

determined as 42.2, 38.8, 36.1, 36.5 and 37.8 

[USD/MWh] at the range of 50-90 [°C], 

respectively. As the capacities and prices of 

system components decreased with the increase 

of the geothermal source temperature the 

electricity generation cost decreased until 70 

[°C]. After to mentioned temperature, because 

of the increase in the pump capacity and 

accordingly its initial investment cost, 

electricity generation cost slightly increased. 

5.3 Comparison of present study with 

literature survey 

The result list of similar exergoeconomic 

analysis studies in the literature survey was 

presented in Table 6. The second law of 

thermodynamics deals with the quality of 

energy. As the source temperature increases, the 

quality of the energy also increases. Since 

systems containing ORC are operated with low-

temperature energy sources, their efficiency is 

generally low. The most similar study in terms 

of source temperature, climate and system 

structure is the study conducted by [7].  Their 

energy efficiency at a range of 2.19-6.92% is 

approximately consistent with the current 

study's energy efficiency at a range of 4.3-

10.0%. In the current study, the increase in 

energy efficiency with increasing source 

temperature is a requirement of the second law 

of thermodynamics. The differences of the 

current study with other studies in terms of 
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exergy efficiency can be explained with the 

differences in analysis methods and use of data. 

The general conclusion obtained from all 

studies is that hybridization of the geothermal 

system with solar energy increases electricity 

production and system efficiency and reduces 

the cost of electricity. The improvement of 

approximately 8% by solar energy in the current 

study is approximately similar with the 5.5% 

and 6.3% improvement rates obtained by Ayub 

et al. (2015). Unit electricity cost is a result that 

varies depending on the complexity of the 

system. While this value decreases in simple 

systems, it may increase in more complex 

systems. In the literature survey, unit electricity 

cost varies at a range of 50-450 $/MWh. The 

electricity cost values in the range of 31.6-42.2 

$/MWh obtained in the current study seem 

reasonable considering the simplicity of the 

system. 

6. Conclusions 

Energy, exergy and exergoeconomic analysis of 

a solar-geothermal hybrid ORC investigated at 

a range of 50-90 [°C] according to the climatic 

conditions in Konya, Turkey. A new generation 

R1234yf was selected as working fluid of the 

system. Optimum 50 [kW] turbine capacity was 

assumed for every geothermal source 

temperature. Exergoeconomic analysis was 

performed with the SPECO method. Some key 

outputs obtained from the calculations are listed 

below: 

• An average 336 [MWh/year], electricity 

generation was obtained for all 

temperatures. 

• Approximately 8.1% of electricity 

generation was obtained due to the solar 

energy for all source temperatures.  

• The energy efficiencies increased at a range 

of 4.3-10.0% with the increase of 

geothermal source temperature.  

• The exergy efficiencies were calculated as 

approximately 6.2% for all temperatures,  

• Maximum exergy destruction occurred in 

collectors that is followed by evaporator, 

turbine, condenser, pump and heat 

exchanger.  

• The electricity generation costs were 

determined as 42.2, 38.8, 36.1, 36.5 and 37.8 

[USD/MWh] at a range of 50-90 [°C], 

respectively. 

As a result, it has been concluded that such 

hybrid ORC systems, despite their low 

efficiency, can be installed to meet the electrical 

needs of facilities such as spas and greenhouses 

where low-temperature geothermal resources 

are used. It was understood that the support of 

geothermal energy used ORC systems with 

solar energy can contribute at a satisfactory rate 

on electricity generation. 
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Table List 

 

Table 1. A literature survey of energy, exergy and exergoeconomic analysis of a solar- geothermal 

hybrid systems. 

 

Autor(s) Product(s) 
Source 

Temperature 
Subject of the study 

Zhou et al. [5] •Electricity  90-210 °C 

An energy and exergy analysis of hybrid solar– 

geothermal power plants where binary ORC 

geothermal plants are employed as part of system. 

The performances of the hybrid systems in terms 

of power output and the cost of electricity were 

compared with that of stand-alone solar and 

geothermal plants. 

Ayub et al. [6] • Electricity 135 °C 

A performance analysis of a hybrid system 

consists of an ORC utilizing a low-temperature 

geothermal brine and a solar trough system. The 

performance of the hybrid system is optimized to 

maximize net power of the hybrid system. In a 

year-long operation, the performance of this 

hybrid system is assessed and compared with the 

performance of a sole geothermal system. 

Atiz et al. [7] • Electricity 63-74-86 °C 

An energy, exergy and electricity generation 

analysis of a hybrid geothermal-solar ORC system 

three locations in Turkey with three different 

fluids.  

Alibaba et al. [8] • Electricity 150 °C 

Thermodynamic, exergoeconomic and exergo-

environmental analysis of hybrid geothermal-solar 

power plant based on ORC cycle using emergy 

concept in Tunisia. 

Başoğul [9] • Electricity 160-170 °C 

The exergoeconomic assessment of a binary 

geothermal power plant (GPP) with organic 

Rankine cycle (ORC) is researched. A parametric 

study about the effect of well head and ambient 

temperatures, electricity production, and CO2 

release is conducted for the GPP.  

Tozlu et al. [10] 
• Electricity  

• Heating 
100 °C 

Thermodynamic and thermoeconomic analyses of 

three different configurations that the organic 

Rankine cycle (ORC), cogeneration system (CGN) 

and hybrid system (HYB), are coupled to the 

parabolic trough collector (PTC) system were 

carried out. For a case study a geothermal source 

located in the Kızılcahamam area of Ankara, as 

well as its solar data, are taken as reference for the 

hybrid system. 
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Sen and Yılmaz 

[11] 

• Electricity  

• Cooling 
130 °C 

A geothermal and solar-assisted combined system 

is designed for the electricity and cooling of 

residences for geothermal and solar energy values 

of Afyonkarahisar city. An absorption cooling 

cycle was use for cooling purpose, while ORC use 

for electricity generation. 

Guler et al. [12] 

• Electricity  

• Heating 

• H2 Production 

130 °C 

A performance analyze of a geothermal and solar-

based multigeneration system for three different 

models ORC was used for electricity generation. 

The difference between model 1and 2 was of 

working fluid of ORC while difference between 

model 2 and the model 3 was the type of solar 

collector. The geothermal and solar energy values 

of Afyonkarahisar city were used. 

Manesh et al [13] 

• Electricity  

• Heating 

• H2 Production 

• Fresh Water 

Production 

150 °C 

(4E) analyses of an innovative solar-geothermal-

natural gas-driven polygenration system with ORC 

producing power, hydrogen, hot water, and 

freshwater. 

Maali and Khir 

[14] 
• Electricity 55–75 °C, 

Energy and exergy analysis is conducted on a 

hybrid (solar–geothermal) organic Rankine cycle 

(ORC) power plant. The proposed system is 

designed to be installed in southern Tunisia. A 

parametric study is conducted for two typical days 

in summer and winter. 

Li et al. [15] • Electricity 70-90 °C 

Thermo-economic examination of a 300 kW ORC-

based hybrid solar-geothermal power generation 

system at four sites in China. The system utilizes 

geothermal water for preheating the organic 

working fluid and solar energy for superheating. 

 

Mohammadi et al 

[16] 

• Electricity  

• Heating 

• Cooling 

• Fresh Water 

Production 

125-165 °C 

Energy, exergy, and exergoeconomic analyses 

were applied for an innovative multigeneration 

system utilizing geothermal and solar energy 

sources for producing heating load, cooling load, 

electricity, and freshwater has been proposed. The 

system consists of two ORC and one SRC systems 

for electricity generation.  
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Table 2. Design parameters of the system. 

 

T1 

[oC] 

Qevap 

[kW] 

Aevap 

[m2] 

Qcond 

[kW] 

Acond 

[m2] 

QHEX 

[kW] 

AHEX 

[m2] 

Acoll 

[m2] 

Wp 

[kW] 

Wtmax 

[kW] 

50 801 108 771 115 436 81 567 6.7 50 

60 581 96 547 92 280 65 371 4.7 50 

70 471 84 435 81 202 57 263 3.8 50 

80 404 77 369 74 156 52 215 4.5 50 

90 356 73 322 69 128 49 180 5.3 50 

 

 

 

 

 

 

 

 

 

Table 3. Fuel, product, and destruction exergy equations of components. 

 

Component Fuel exergy        Product exergy  Exergy destruction  

Collector 
1 solarEx Ex+

 13Ex
 , 12 13D coll solarEx Ex Ex Ex= + −

 

HEX 
13 12Ex Ex−

 9 5Ex Ex−
 , 13 12 9 5D HEXEx Ex Ex Ex Ex= − − +

 

Evaporator 
1 2Ex Ex−

 5 4Ex Ex−
 , 1 2 5 4D evapEx Ex Ex Ex Ex= − − +

 

Turbine 
9 10Ex Ex−

 turbW
 , 9 10D turb turbEx Ex Ex W= − −

 

Condenser 
10 3Ex Ex−

 11 7Ex Ex−
 , 10 3 11 7D condEx Ex Ex Ex Ex= − − +

 

Pump pumpW
  

, 4 3D pump pumpEx W Ex Ex= − −
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Table 4. Initial investment cost values of the components of the system. 

 

Component Equation  Ref 

Collector 38.8coll collZ A=   [USD]  

HEX 

0.78

130
0.93

HEX
HEX

A
Z

 
=  

 
 [USD] Tozlu et al. (2021)  

Evaporator 

0.78

130
0.93

evap

evap

A
Z

 
=  

 
 [USD] Tozlu et al. (2021) 

Turbine 
0.714405turb turbZ W=   [USD] Tozlu et al. (2021) 

Condenser 

0.78

130
0.93

cond
cond

A
Z

 
=  

 
 [USD]  

Pump 
0.713540pump pumpZ W=   [USD] Tozlu et al. (2021) 

 

 

 

Table 5. Cost balance equations and auxiliary equations of system components. 

 

Component Cost balance equations Auxiliary equations 

Collector 
12 12 13 13solar solar collc Ex c Ex Z c Ex +  + =   0solarc =  

HEX 13 13 5 5 12 12 9 9HEXc Ex c Ex Z c Ex c Ex +  + =  +   
12 13c c=  

Evaporator 1 1 4 4 2 2 5 5evapc Ex c Ex Z c Ex c Ex +  + =  +   
1 2 1, 0c c c= =  

Turbine 9 9 10 10turb elec turbc Ex Z c Ex c W + =  +   
9 10c c=  

Condenser 10 10 7 7 3 3 11 11condc Ex c Ex Z c Ex c Ex +  + =  +   
9 3 7, 0c c c= =  

Pump 3 3 4 4elec pump pumpc Ex c W Z c Ex +  + =    
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Table 6. The result list of similar analysis studies in the literature survey. 

 

Autor(s) Product(s) 
Source 

Temperature 
Results 

Zhou et al. [5] •Electricity  90-210 °C 

The hybrid plant annually produces 76.3%, 74.7%, 

and 62.7% more power than the stand-alone 

geothermal plant in Longreach, Moomba, and 

Renmark, respectively. Levelized cost of electricity 

for the hybrid plant was found to be about 23% less 

than that of the stand-alone geothermal plant (EGS) 

(i.e. 225 $/MWh). 

Ayub et al. [6] • Electricity 135 °C 

According to design results, they determined 7% 

solar share of net power output. The analysis shows 

that LEC (levelized electricity cost) can be 

decreased by 2% for the hybrid compared to a stand-

alone geothermal system. The constant-flow solar 

trough system offers 5.5% and the variable-flow 

solar trough system offers 6.3% higher power 

output compared to the sole geothermal system. 

(Ayub 2015) 

Atiz et al. [7] • Electricity 63-74-86 °C 

It was determined that the selection of the working 

fluid affected the performance of the ORC. The 

maximum overall energy and exergy efficiencies of 

the system were calculated as to be 6.92% and 

21.06% by using n-butane for the source in 

Turgutlu, respectively. The minimum overall 

energy and exergy efficiencies of the system were 

calculated as 0.32% and 2.19% by using n-hexane 

for the source in Kula. 

Başoğul [9] • Electricity 160-170 °C 

The exergy efficiency was determined as 39.1% 

while the cost rate per unit of electricity produced 

by the GPP was 0.055 $/kWh. 

Tozlu et al. [10] 
• Electricity  

• Heating 
100 °C 

The average electricity production costs of PTC-

ORC, PTC-CGN and PTC-HYB are found to be 

0.257 $/kWh, 0.448 $/kWh and 0.401 $/kWh, 

respectively. The energy efficiencies of both 

systems are higher than the exergy efficiencies. The 

efficiencies of both systems show values below 

10% when the storage is considered. 

Sen and Yılmaz 

[11] 

• Electricity  

• Cooling 
130 °C 

This geothermal and solar energy combined system 

has a 2720 kW cooling capacity and 2235 kW net 

power. The combined system’s first and second law 

efficiencies are 19.6% and 43.7%. The unit cooling 

and electricity cost is 0.074 $/kWh (20.77 $/GJ) and 

0.017 (4.71 $/GJ) $/kWh, respectively.  
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Guler et al. [12] 

• Electricity  

• Heating 

• H2 Production 

130 °C 

The exergy efficiencies of Model 1, Model 2 and 

Model 3 were determined as 32.1%, 32.4%, and 

30.6%, respectively. The conversion electricity 

costs of fuel cells are calculated as 0.0792, 0.0781, 

and 0.0792 $/kW, respectively. 

 

 

 

 

 

Figure List 

 

Figure 1. The scheme and T-s diagrams of the solar-geothermal hybrid ORC system. 

 
 

 

 

 

 

 

 

 

 

 

 



15 
 

Figure 2. The variation of annual electricity generation of the system with the increase of geothermal 

source temperature. 

 

 
 

 

 

 

 

 

Figure 3. The variation of annual energy (ղ) and exergy (𝛹) efficiencies of the system with the increase 

of geothermal source temperature. 
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Figure 4. The variation of annual exergy destructions of the system components with the increase of 

geothermal source temperature. 

 

 

 
 

 

 

 

 

Figure 5. The variation of exergy efficiencies of system components with the increase of geothermal 

source temperature. 
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Figure 6. The variation annual exergy destruction cost rates of system components with the increase of 

geothermal source temperature. 

 

 

 
 

 

 

 

 

 

 

Figure 7. The variation exergoeconomic factors of system components with the increase of geothermal 

source temperature. 
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Figure 8. The variation electricity generation cost of the system with the increase of geothermal source 

temperature. 
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