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Abstract
In this study, the energy and exergy analysis of the solar- and geothermal energy-powered Organic Rankine Cycle was

made for different system configurations and Simav geothermal field was taken into consideration for system designs. The

solar collectors were integrated into the system with thermal energy storage tank. The R-600a, Therminol VP-1, and molten

salt were used as a working fluid in Organic Rankine Cycle, solar field, and thermal energy storage, respectively. As a

result of this study, the energy and exergy efficiencies of the geothermal-powered ORC were decreased with the integration

of solar energy. But the net power output of the system was increased. The energy and exergy efficiencies of the solar

energy-aided, geothermal-powered Organic Rankine Cycle increase by the decrease in the solar collector area. The energy

generation of the proposed system was calculated up to 305,713.5 kWh.
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List of symbols
AColl Total collector area (m2)

c Specific heat (kJ kg-1 K-1)
_Ex Exergy (kW)

H Specific enthalpy (kJ kg-1)

I Solar radiation (W m2)

_m Mass flow (kg s-1)
_Q Heat energy (kJ s-1)

T Temperature (K)
_W Power (kJ s-1)

e Exergy efficiency (%)

w Specific exergy (kJ kg-1)

g Energy efficiency (%)

Subscripts
Coll Solar collector

G Generator

Gf Geothermal fluid

HE Heat exchanger

m,i Inlet mass flow

m,o Outlet mass flow

P Pump

Wf Working fluid

T Turbine

TES Thermal energy storage unit

Introduction

As a result of the rapid increase in the population and the

technological developments in our country and the world,

the environmental impacts and sustainability of the energy

sources are becoming more important. In this regard, the

use of renewable energy resources in energy conversion

systems is increasing [1–4]. Turkey has a good condition

with its renewable energy sources such as wind, geother-

mal, and solar energy. Simav geothermal field is one of the

usable energy sources. Geothermal heat sources with low

temperature are used with binary cycles since the elec-

tricity conversion efficiency is higher than the steam power

plants [5]. The Organic Rankine Cycle (ORC) is the one

type of the binary cycle which is used an organic working

fluid [6].

In the literature, the power plants cycle types were

analyzed according to resources to the energy and exergy
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analysis [7, 8]. Luo et al. [7] analyzed the energy effi-

ciencies of the single-flash and binary cycle by using mid–

low-temperature geothermal resource and waste heat

resource. They stated that if the energy resource water

temperature is higher than 403.15 K, the flash steam power

plant is more effective than a binary cycle. Yari [8]

investigated the energy and exergy efficiencies of the sin-

gle-flash, double-flash and flash-binary, simple ORC, ORC

with an internal heat exchanger, regenerative ORC, and

regenerative ORC with an internal heat exchanger

geothermal power plants for three working fluids (R-113,

R-123, and n-Pentane). The results show that the exergy

destruction in the single-flash plant is higher than the

double-flash and flash-binary plants. The energy efficien-

cies of the binary cycles changed between 6.362 and

15.35%. It is mentioned that the highest energy efficiency

is obtained for the binary cycle with a regenerative ORC

with an internal heat exchanger and R-123 as the working

fluid. Basaran and Ozgener [9] investigated the energy and

exergy efficiencies of the binary geothermal power plant

for twelve different working fluids. As a result of the

thermodynamical analysis, they mentioned that the dry-

type fluids (R-236ea, R-600, R-600a, R-227ea) are more

efficient than the wet-type fluids (R-143a, R-415A, R-290,

R 413A). Heberle and Brüggemann [10] investigated the

most effective working fluid for combined geothermal

energy power and heat cycle according to the exergy

analysis. They mentioned that the isobutane and R-227ea

were efficient working fluids for series circuit and parallel

circuit, respectively. Zhou et al. [11] investigated the

hybrid solar–geothermal power plants for Australian geo-

logical and climatic conditions by using the economic and

exergy analysis. They mentioned that the hybrid solar–

geothermal power plants have more potential and eco-

nomic benefits than stand-alone geothermal and stand-

alone solar power plants. The results showed that the net

power output value of the geothermal–solar power plant is

higher than the stand-alone ORC [12, 13]. Arslan and Yetik

[14] optimized supercritical ORC-binary cycle by using

artificial neural network (ANN). Some studies have

investigated the performance of the power plants [15–17].

Sonsaree et al. [18] and Cioccolanti et al. [19] investi-

gated the performance of a small-scale solar ORC plant.

Nouri et al. [20] analyzed the combined heat and power

system with Brayton, Rankine, and ORC from the view-

point of energy and exergy. Sheshpoli et al. [21] analyzed

the waste heat recovery from a hybrid system using recu-

perative ORC. They used two different working fluids and

waste heat of hybrid vapor compression refrigeration cycle

and fuel cell for analyses. Sadeghi et al. [22] used a

modified artificial bee colony algorithm for the perfor-

mance analysis and optimization of ORC.

In this study, the solar energy-aided ORC for energy

production from geothermal energy in Simav was com-

pared with geothermal-powered ORC. The solar energy-

aided, geothermal-powered ORC and geothermal-powered

ORC were evaluated by means of energy and exergy

analysis from the thermodynamics point of view.

Simav geothermal field

Simav geothermal field is located in the southern part of the

Simav graben system (39 latitude, 28 .40 longitude) at

Kutahya province in western Anatolia of Turkey. And it is

one of the most important geothermal fields in Turkey. The

wellhead temperature is up to 420.85 K in the Simav

geothermal field. Between 1985 and 2008, General Direc-

torate of Mineral Research and Exploration (MTA) has

drilled ten deep wells ranging in depth from 169 to 725 m

[14, 15, 23, 24]. Simav geothermal field and wells’ location

in the field are shown in Fig. 1. Well properties of Simav

geothermal region are given in Table 1.

Design of solar and geothermal energy
integrated Organic Rankine Cycle

Geothermal-powered ORC integrated solar energy system

is given in Fig. 2. As shown in Fig. 1, the solar energy was

integrated into the ORC through the thermal energy storage

(TES) tank. Thus, the solar energy was given the ORC with

the aid of TES whole day equally. The Therminol VP-1

and molten salt were used as working fluid in solar tube

collector and TES, respectively. The thermodynamic

properties of Therminol VP-1 and molten salt were cal-

culated using the thermodynamic properties equations in

the literature [25]. The heat of geothermal energy was

transferred to the working fluid with the heat exchanger

(H.E. 1). The heated working fluid enters the heat

exchanger (H.E. 2) and takes the heat of salt. Then, the

working fluid enters the turbine where power is produced.

It enters the air-cooled condenser and leaves as the satu-

rated liquid. The R-600a was used as a working fluid in

ORC. The ORC parameters are designed parametrically

according to the geothermal energy heat source tempera-

ture. The properties of the system units and system

parameters are given in Tables 2 and 3. The thermody-

namic properties of R-600a were determined by Reference

Fluid Thermodynamic and Transport Properties Database

(REFPROP) [26]. The solar radiation values of Simav were

calculated by using global radiation values of Simav (Ku-

tahya). The global radiation values for Simav region were

used in the study. These values in monthly basis are given

in Table 4 [28].
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Method

There are some assumptions such as kinetic and potential

energy effects are negligible and the reference state is

298.15 K and 101.325 kPa in the thermodynamic analysis.

The governing energy equations of the geothermal and

solar energy integrated ORC were obtained as follows:

The rate of useful heat is gained for the collector [27];

_QColl ¼ I � AColl � gColl ð1Þ

The rate of heat transfer input from the sun is given by;

_Qsun ¼
_QColl

gColl
ð2Þ

Mass of the heat transfer fluid is calculated as;

_mterminol ¼
_QColl

T3b � T3að Þ � cp;terminol

ð3Þ

The power output of the turbine can be calculated as;

_WT ¼ _mwf � h2b � h2að Þ ð4Þ

The electric power of the generator can be calculated as;

_WG ¼ gG � _WT ð5Þ

The power consumption occurring in the pump can be

calculated as;

_WP ¼ _mwf � h2d � h2cð Þ ð6Þ

The energy of the geothermal heat exchanger is given by;

_Qgf ¼ _mgf � h1b � h1að Þ � gHE;1 ¼ _mwf � h2e � h2dð Þ ð7Þ

The energy balance of the salt heat exchanger can be cal-

culated by;

Fig. 1 Location of the Simav

geothermal fields and wells

[14, 15, 23, 24]

Table 1 Well properties of

Simav geothermal region

[14, 15, 23, 24]

_mgf /kg s-1 Tgf/K

Ej-1 72 420.85

Ej-3 50 412.05

Ej-4 65 412.05

Ej-5 60 412.05

E-6 70 412.05

E-8 50 416.75

E-9 60 366.75

E-11 35 361.45

Energy and exergy analysis of solar energy-integrated, geothermal energy-powered Organic… 661

123



_msalt � h4b � h4að Þ � gHE;2 ¼ _mwf � h2e � h2dð Þ ð8Þ

The net power output of the system is given as;

_Wnet ¼ _WG � _WP ð9Þ

The energy efficiency of the system is calculated as;

g ¼
_Wnet

_Qs þ _Qgf

ð10Þ

The exergy balance equation for steady systems is given by

the following equation:

_EXheat
� _EXwork

þ _EXm;i
� _EXm;o

¼ _EXdest
ð11Þ

where the exergy terms occurred by heat, work, solar

radiation exergy, and mass flow are given as follows [27]:

_EXheat
¼

X
1� T0

Tk

� �
� _Qk ð12Þ

_EXwork
¼ _W ð13Þ

_Exs ¼ AColl � I
� 1þ 1=3ð Þ � T0=Tsunð Þ4� 4=3ð Þ � T0=Tsunð Þ
� �

ð14Þ

_EXm;i
¼

X
_mi � wi ð15Þ

_EXm;o
¼

X
_mo � wo ð16Þ

here, w indicates the physical exergy term and is given as:

Ι
3b

3a 1a

4a

1b

H.E.1

H.E.2

2e

2a

C.V.

T/G

2b

5b

5a
Cond.

2c

2d P

4b

T.E.S

Fig. 2 The flow diagram of the

solar and geothermal-powered

ORC

Table 2 Properties of system units [23, 25, 27]

Unit Efficiency

gTES 0.98

gT 0.85

gColl 0.85

gG 0.99

gP 0.90

gHE 0.98

Acoll/m
2 10,000–15,000–20,000

wf R-600a

Table 3 System parameters

Parameter Value

T1a/K 406.65

P1a/kPa 300

T1b/K 333.15- 343.15- 353.15- 363.15

T2b/K 313.58

P2b/kPa 323

T2c/K 295.15

T2d/K 296.51

T2e/K 390.15-380.15-370.15

P2e/kPa 2693.9- 2258-1878

T3a/K 568.15

T3b/K 593.15

T4a/K 543.15

T4b/K 588.15

T5a/K 288.15

T5b/K 278.15
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w ¼ h� h0ð Þ � T0 � s� s0ð Þ ð17Þ

where h is enthalpy, s is entropy, and the subscript zero

indicates properties of fluids at the dead state. The sun

temperature (Tsun) is 5800 K [2].The exergetic efficiency

of the system is then calculated by the following equation;

e ¼ 1�
_EXm;total

_EXm;i

¼
_Wnet

AColl � I � wsð Þ þ _mgf � w1a � w1bð Þ
� �

ð18Þ

Results and discussion

Handling the operating parameters as T2e = 390 K, Acoll-

= 10,000 m2, R-600a, the change of the energy efficiency

(g) with different geothermal fluid outlet temperatures was

obtained as shown in Fig. 3.

Figure 3 shows that the energy efficiency values of the

solar energy-aided, geothermal-powered ORC increase by

the decrease in the T1b. The energy efficiency of the pro-

posed system ranges between 14.52 and 14.54%. The

energy efficiency of geothermal power plant is constant at

14.56%, while the T1b value is increasing. Taking T1b-
= 353.15 K, T2e = 390.15 K, the change of energy effi-

ciency (g) with different solar collector areas (Acoll) was

obtained as shown in Fig. 4.

Figure 4 shows that the energy efficiency values of the

solar energy-aided, geothermal-powered ORC increase by

the decrease in the solar collector area (Acoll). The energy

efficiency of the proposed system ranges between 14.50

and 14.53%. Taking T1b = 353.15 K, Acoll = 10,000 m2,

the change of energy efficiency (g) with the working fluid

temperature after the first heat exchanger (T2e) was

obtained as shown in Fig. 5.

Figure 5 shows that the energy efficiency values of the

solar energy-aided, geothermal-powered ORC increase by

the increase in working fluid temperature after the first heat

exchanger (T2e). The energy efficiency of the proposed

system ranges between 12.56 and 14.56%. The highest

energy efficiency value is calculated for the geothermal-

powered ORC. For the same system parameters, the energy

efficiency value of the solar energy-aided, geothermal-

powered ORC is calculates as 14.53%. Taking T2e-
= 390 K, Acoll = 10,000 m2, the change of exergy effi-

ciency (e) with different geothermal fluid outlet

temperatures was obtained as shown in Fig. 6.

Figure 6 shows that the exergy efficiency values of the

solar energy-aided, geothermal-powered ORC and

geothermal-powered ORC increase by the decrease in the

T1b. The exergy efficiency of the proposed system ranges

between 58.24 and 70.91%. Taking T1b = 353.15 K, T2e-
= 390.15 K, the change of exergy efficiency (e) with dif-

ferent solar collector areas (Acoll) was obtained as shown in

Fig. 7.

Figure 7 shows that the exergy efficiency values of the

solar energy-aided, geothermal-powered ORC increase by

the decrease in the solar collector area (Acoll). The exergy

Table 4 The global radiation values of Simav [28]

Month Global radiation/kWh m-2 day-1

January 1.77

February 2.36

March 3.75

April 4.93

May 6.08

June 6.48

July 6.38

August 5.72

September 4.69

October 3.28

November 2.04

December 1.51

14.565
14.56

14.555
14.55

14.545
14.54

14.535
14.53

14.525

14.525
14.515

14.51

η
/%

363.15 353.15 343.15 333.15
T1b /K

T2e = 390 K, R-600a, Acoll = 10,000 m2

Fig. 3 The variation of g versus T1b

14.54

14.535

14.53

14.525

14.525

14.515

14.51

14.505

14.5

η
/%

T2e = 390 K, R-600a, T1b = 353.15K

10,000 15,000 20,000

 Acoll/m
–2

Fig. 4 The variation of g versus Acoll
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efficiency of the proposed system ranges between 58.30

and 61.08%. Taking T1b = 353.15 K, Acoll = 10,000 m2,

the change of exergy efficiency (e) with the working fluid

temperature after the first heat exchanger (T2e) was

obtained as shown in Fig. 8.

Figure 8 shows that the exergy efficiency values of the

solar energy-aided, geothermal-powered ORC increase by

the increase in working fluid temperature after the first heat

exchanger (T2e). The exergy efficiency of the proposed

system ranges between 52.81 and 64.22%. The highest

exergy efficiency value is calculated for the geothermal-

powered ORC as 64.22%. For the same system parameters,

the exergy efficiency value of the solar energy-aided,

geothermal-powered ORC is calculates as 61.08%. Taking

T1b = 353.15 K, Acoll = 10,000 m2, the change of net

energy production of the systems with the working fluid

temperature after the first heat exchanger (T2e) was

obtained as shown in Fig. 9.

Figure 9 shows that the net electrical energy production

values of the solar energy-aided, geothermal-powered ORC

increase by the increase in working fluid temperature after

the first heat exchanger (T2e). The net electrical energy

production of the proposed system ranges between 146,362

and 171,385 kWh. The highest net electrical energy pro-

duction value is calculated for solar energy-aided,

geothermal-powered ORC. For the same system parame-

ters, the net electrical energy production value of the

geothermal-powered ORC is calculated as 169,128 kWh.

η
/%

T2e/K

14.7

14.5

14.3

14.1

13.9
13.7

13.5

13.3

13.1

12.9
12.7

12.5
390.15 380.15 370.15

Solar-Geo.ORC
Geo.ORC

T1b = 353.15 K, R-600a, Acoll = 10,000m2

Fig. 5 The variation of g versus T2e
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T2e = 390 K, R-600a, Acoll = 10000 m2
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Geo.ORC
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58

60

62

ε 64

66

68

70

72

353.15 343.15 333.15

/%

Fig. 6 The variation of e versus T1b

ε /
%

T2e = 390 K, R-600a, T1b = 353.15K

 Acoll/m
–2
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10,000 20,00015,000
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Fig. 7 The variation of e versus Acoll

T2e/K
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57
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65

64
63
62
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60
59

56
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380.15 370.15
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Fig. 8 The variation of e versus T2e

T2e/K

T1b = 353.15 K, R-600a, Acoll = 10,000 m2

1,75,000

1,70,000
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E
pr
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Conclusions

In this study, the solar- and geothermal energy-powered

ORC was designed by using the well properties of Simav

geothermal field. The net power output, energy, and exergy

efficiencies of the geothermal-powered ORC and solar-in-

tegrated, geothermal-powered ORC were determined. The

solar energy was integrated into the power plant using a

thermal energy storage unit.

The most effective system parameters were determined

as T1b = 333.15 K, T2e = 390.15 K, and Acoll = 10,000 m2.

The electrical and exergetic efficiencies of the solar

energy-aided, geothermal-powered ORC were calculated

as 14.54% and 67.84%, respectively. For the same condi-

tions, the electrical and exergetic efficiency of the

geothermal-powered ORC was calculated as 14.56% and

70.91%, respectively. The net electrical energy production

of the solar energy-aided, geothermal-powered ORC and

the geothermal-powered ORC was calculated as

302,575.1 kWh and 305,713.5 kWh, respectively. The

decrease in energy efficiencies of solar- and geothermal-

powered ORC, in comparison with the energy efficiencies

of geothermal-powered ORC, changes between 0.02 and

0.04%. These decrease ratios for the exergy efficiencies

were determined as between 2.76 and 5.92%. By the

integration of the solar energy to the power cycle, the net

electrical energy production increases in a range between

1.03% and 1.3%.

The obtained results show that it is not possible to

decide whether the installation of the solar-integrated sys-

tem is efficient or not. Because the change between the two

handled system efficiencies is relatively small. Besides, the

net power output value of the solar-integrated, geothermal-

powered ORC is higher than a geothermal-powered ORC.

Since solar energy is a renewable energy source, there is

no payment for energy source during the lifetime of the

system and it also has no effect on the environment.

Therefore, it can be taken into consideration to invest for a

system such that. However, it would be better to decide by

using different analysis methods which design is the best.

For this aim, economic analysis of the proposed systems

should be performed. The determination of levelized cost

of energy seems as a good choice in which the costs of

operating, maintenance, installation, and selvage are

included.
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