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� A comprehensive study on perfor-

mance of an integrated system

working with various working

fluids.

� Upgraded of the middle-grade

geothermal resource temperature

by use solar energy via PTSCs.

� The working fluid mass flow rate

plays a key role of system on

thermal performance.

� Exergetic performance of cyclo-

hexane decreases sharply in tem-

perature drops.

� n-butane is quite effect on the

electricity and hydrogen genera-

tion performance of the system.
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In this study, power and hydrogen production performance of an integrated system is

investigated. The system consists of an organic Rankine cycle (ORC), parabolic trough solar

collectors (PTSCs) having a surface area of 545 m2, middle-grade geothermal source

(MGGS), cooling tower and proton exchange membrane (PEM). The final product of this

system is hydrogen that produced via PEM. For this purpose, the fluid temperature of the

geothermal source is upgraded by the solar collectors to drive the ORC. To improve the

electricity generation efficiency, four working fluids namely n-butane, n-pentane, n-hex-

ane, and cyclohexane are tried in the ORC. The mass flow rate of each working fluid is set

as 0.1, 0.2, 0.3, 0.4 kg/s and calculations are made for 16 different situations (four types of

working fluids and four different mass flow rates for each). As a result, n-butane with a

mass flow rate of 0.4 kg/s is found to be the best option. The average electricity generation
akilcik).
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Power generation
Hydrogen production
Nomenclature

A aperture area (m2)

C specific heat
_E energy (W or kW)
_Ex exergy (W or kW)

ex specific exergy (kJ/kg)

h enthalpy (kJ/kg)
_I solar radiation (W/m2)
_m mass flow rate (kg/s)
_Q heat (kW)

T temperature (�C or K)
_W power (kW)

Greek symbols

h energy efficiency

j exergy efficiency

Subscripts

bp beam parabolic

con condenser

comp compressor

PTSCs parabolic through solar collec

eva evaporator

G generator

GEO geothermal

in inlet

l length

loss losing

net net power

out outlet

pump pumping

s sun

sto storage

tot total

tur turbine

U useful

w water

z zenith

0 ambient

Abbreviations

EES engineering equation solver

CT cooling tower

HEX heat exchanger

HHV higher heating value

ORC organic Rankine cycle

PEM Proton Exchange Membrane

PTSC parabolic trough solar collecto
is 66.02 kW between the hours of 1100-1300. The total hydrogen production is 9807.1 g for a

day. The energy and exergy efficiency is calculated to be 5.85% and 8.27%, respectively.

© 2020 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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Introduction

As a result of the increase in electricity consumption, coun-

tries research to produce electricity from alternative sources

today. Solar energy and geothermal resources stand out to

generate electricity. Turkey can be considered as a lucky

country in terms of geothermal and solar energy [1].

Geothermal resources can be divided into seven categories

based on temperature. No direct electricity generation tem-

perature, non-electrical grade (<100 �C), very low temperature

(100 �Ce150 �C), low temperature (150 �Ce190 �C), moderate

temperature (190 �Ce230 �C), high temperature

(230 �Ce300 �C), ultra-high temperature (>300 �C) and steam

field (approximately 240 �C with steam as the only mobile

phase). Liquid water is the mobile phase in the first four

classes of reservoirs; in “high” and “ultra-high” temperature

reservoirs, themobile liquid phase is either a liquid or a liquid-

vapor mixture [2]. High-grade geothermal sources are widely

used to generate electricity around the world. And also, elec-

tricity can be produced by ORC at very low-grade tempera-

tures of geothermal source (<100 �C). So, the electricity

generation from a very low-grade geothermal source is also a

precious case. For this reason, electricity generation is also

very important from low and middle-grade geothermal sour-

ces. The point to be considered here, if the temperature of the

geothermal source is less than 50 �C, it is more suitable for

space heating [3].
Literature review

ORC is an important system for generating electricity from

low-grade geothermal sources when the working fluid is

selected correctly [4]. Electricity generation is also possible

from both medium and high-grade geothermal resources

using ORC and different technologies [5]. In a parametric

study, a geothermal source (130e200 �C) is used in a multi-

generation system that consists of an ORC, a flash turbine, a

cooling system, and a PEM system to generate electricity and

hydrogen [6]. If these multi-generation systems are supported

by solar radiation, electric energy generation can be improved

[7]. The fluid temperature of a geothermal source can be

upgraded through the solar collectors. Thus, the electricity

can be generated more efficiently by using appropriate

working fluids namely n-butane, n-hexane, and n-pentane in

the ORC. It is found that n-butane performs better than the

other two fluids. So, the working fluid in the ORC is extremely

significant [8]. ORC and similar technologies need thermal

energy to generate electricity. Therefore, such technologies

like PTSCs are very important to convert solar energy into

thermal energy [9]. The produced thermal energy by the PTSCs

can be used for electricity generation by different technologies

namely ORC, flash turbine, etc. [10]. For this purpose, PTSCs

https://doi.org/10.1016/j.ijhydene.2020.10.016
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are used in a multi-generation system for heating, cooling,

drying, power and hydrogen production [11].

The electricity generation of the system can be improved

even more by integrating the PTSCs with high-temperature

geothermal sources and flash turbine. Thus, both power

generation and exergy efficiency can be upgraded when

comparing with the single systems [12]. For example, a

geothermal resource (250 �C) is integrated with PTSCs for

power and hydrogen production. As a result, it is found that

much more power and hydrogen are produced [13]. Similarly,

a geothermal resource (170 �C) is integrated with PTSCs for

electricity generation and thermodynamic analyses. As a

result, 12.76 MW of electricity is generated when n-pentane is

operated in the ORC [14]. In another study, the temperature of

the geothermal fluid is increased from 180 �C to 380 �C using

PTSCs directly. In this work, a significant amount of hydrogen

and electricity were produced. Hydrogen production rate can

reach up to 2.648 kg/h for a day [15]. In another study, the

temperature of the geothermal fluid is raised to a very high

temperature using PTSCs, and electricity was generated in

steam turbines. 26.38 kg of hydrogen is produced during the

day by using this electricity [16]. In another study, two

different systems are tested by integrating PTSCs and

geothermal source. A considerable amount of hydrogen is

produced in both systems [17]. Some parameters in these

studies are summarized in Table 1.

The temperature of most of the geothermal resources in

the world is below 150 �C [18]. Therefore, a high-grade fluid

can be obtained by utilizing solar energy systems integrated

with these sources and much more electricity can be pro-

duced compared to non-integrated geothermal sources. For

example, a geothermal resource (150 �C) integrated and non-

integrated with the PTSCs is compared to in terms of effi-

ciency and the system integratedwith the PTSCs is found to be

12% more efficient than the non-integrated system [19]. The

efficiency of the systems is increased with the high-grade

geothermal source. For example, the exergy efficiencies of a

system that is used for power generation and cooling are

calculated as 23.59%, 25.06%, and 26.25% for three different

geothermal sources at 150, 160, and 170 �C, respectively [20].

The assessment of the efficiency of a system is very important

for evaluating it thermodynamically [21]. The better under-

standing of the system performance, the exergy efficiency

should be assessed instead of energy efficiency [22]. The

power generation from a geothermal resource of 150 �C and

below may not meet the cost of the system. Increasing the

source depth to achieve high-grade geothermal fluid also in-

creases the system cost [23]. Therefore, low-grade geothermal

sources must be upgraded by auxiliary equipment like solar

systems.

The excess electricity can be used to produce hydrogen

for later use. Hydrogen is an efficient energy carrier. Thus,

the aim of this study is to assess the power and hydrogen

production of the integrated system that consists of PTSCs

and ORC with a middle-grade geothermal source (150 �C) in
Manisa. There are many studies on the thermodynamic

analysis of the integrated systems comprise of PTSCs and a

geothermal source. It is seen that the middle grade

geothermal resources are quite abundant in the world. Since

these sources have low energy, electricity and hydrogen
production is costly. This study will contribute to the liter-

ature by increasing the energy and exergy of middle grade

sources and producing more electricity and hydrogen. For

this purpose, the best performance of the system is inves-

tigated by trying four different fluids in ORC. To determine

the best option, the working fluids namely n-butane, n-

pentane, n-hexane, and cyclohexane are calculated with

four different mass flow rates. All analyzes in this article are

done with Engineering Equation Solver (EES). How the sys-

tem works and which equations are used for analysis are

explained in the methodology section and the detailed re-

sults are given in the analysis section.
Case study region

The schematic of the integrated system is depicted in Fig. 1.

The system consists of PTSCs, ORC, cooling towers, and a

middle-grade geothermal source. The main aim of this inte-

grated system is to produce much more thermal energy,

power and hydrogen. For this purpose, the fluid of themiddle-

grade geothermal source is upgraded by PTSCs to operate the

ORC. Thus, the electricity can be generated more efficiently.

As shown in Fig. 1, the fluid of the geothermal source enters

the PTSCs from point 2, and the upgraded fluid enters the

evaporator from point 3 to operate the ORC. Electricity is then

generated by the expansion of the vapor throughout the tur-

bine. Thus, the generated electricity is delivered to PEM to

produce hydrogen. The water required for electrolysis is ob-

tained from the hot water tank. The condenser and cooling

tower (CT) are used to remove the excess heat from the sys-

tem. This system has been tested on a clear sunny day in July

for Manisa province located at 37.96� north latitude. The

instantaneous solar radiation and exergy on the surface of the

collector are calculated using equations (7) and (12) and given

in Table 2.
Methodology

The energetic and exergetic evaluation of the integrated sys-

tem is assessed according to the thermodynamic principles.

So, the balance equations for each component are derived to

obtain the efficiency of the system.

The following acceptances are made for the analyses.

a) The ambient pressure is 101.3 atm.

b) The ambient temperature is 27.9 �C
c) Collectors have sun tracking system.

d) All processes take place according to the steady-state

conditions.

e) Heat losses in connecting pipes are negligible.
Energy and exergy analyses of the PTSCs

The PTSCs are considered as a good solar technology that

producing thermal energy. Some parts of the produced ther-

mal energy in the PTSCs transfers to the geothermal fluid as

useful energy while some parts are lost.

https://doi.org/10.1016/j.ijhydene.2020.10.016
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Table 1 e Energy and exergy efficiency of ORCs using different working fluids with different dimensions of PTSCs and
geothermal source temperatures.

Geothermal
temperature

The dimensions
of the PTSCs

Working fluid
ORC

Energy Eff. (%) Exergy Eff. (%) Reference

205e240 �C 12200e19600 m2 Steam-liquid e 33.95e41.78 [12]

250 �C 4 m � 50 m Ammonia-water 78.37 58.40 [13]

170 �C Unknown n-pentane 10.74 23.90 [14]

180 �C 5.76 m � 12.27 m R123 18.69 31.99 [15]

110 �C 5000e25000 m2 Isobutane e 21.63 [16]

423e489 K 5.22 m � 62 m Steam e 11.78 [17]
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Energy balance equations for the PTSCs can be given as:

_EPTSCs ¼ _EU þ _Eloss;PTSCs (1)

_EPTSCs ¼ _IbPAPTSCs (2)

where _IbP is the direct solar radiation on the PTSCs, APTSCs

(545 m2) is the total surface area of the PTSCs. The useful

energy ( _EU) for the PTSCs can be given as [24]:

_EU ¼ _mwCwðT3 �T2Þ (3)
Table 2 e Solar radiation and exergy on the PTSCs.

Hours Energy (W/m2) Exergy (W/m2)

8e9 461.3 429.2

9e10 551.6 513.2

10e11 615.5 572.7

11e12 648.5 603.4

12e13 648.5 603.4

13e14 615.5 572.7

14e15 551.6 513.2

15e16 461.3 429.2

16e17 350.6 326.3

Fig. 1 e Schematic of the
where _mw is the mass flow rate of the geothermal fluid, T2 is

the inlet temperature, T3 is the outlet temperature and Cw is

the specific heat of water.

The energy efficiency for the PTSCs can be given as:

hPTSCs ¼
_EU

_EPTSCs

(4)

hPTSCs ¼
_mwCwðT3 � T2Þ

_IbP APTSCs

(5)

PTSCs have solar tracking system from east to west from.

Also, the energy efficiency of the PTSCs can be calculated as

[25]:

hPTSCs ¼0:69� 0:39ðTin �T0Þ
�

_IbP (6)

_IbP ¼ _IbRbP (7)

RbP ¼ cos qwe

cos qz
(8)

Angel of incident of the PTSC can be found [24]:
integrated system.

https://doi.org/10.1016/j.ijhydene.2020.10.016
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cos qwe ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� cos 2 d sin 2 w

p
(9)

cos qz ¼ sin d sin fþ cos d cos f cos w (10)

where Tin is the inlet temperature of the PTSCs, T0 is the

ambient temperature, _Ib is the direct solar radiation, Rbp is the

direct radiation coefficient, d is the declination angle, ∅ is the

latitude of the city and w is the hour angle.

The exergy of the direct solar radiation reaching the PTSCs

is necessary to calculate the exergy efficiency of the PTSCs.

Thus, solar exergy can be given as [26]:

_ExPTSCs ¼ _IxPTSCsAPTSCs (11)

_IxPTSCs ¼ _IbP

�
1� 4

3

�
T0 þ 273

Ts

�
þ 1
3

�
T0 þ 273

Ts

�4�
(12)

where TS is the surface temperature of the sun (TS ¼ 5770 K).

_ExPTSCs ¼ _ExU þ _Exloss;PTSCs þ _Exdest;PTSCs (13)

where _ExU is the useful exergy, _Exloss;PTSCs is the exergy loss

from the PTSCs and _Exdest;PTSCs is the exergy destruction of the

PTSCs. Exergy useful for the PTSCs is written as follows:

_ExU ¼ _mwCw

�
T3 �T2 �T0 ln

T3

T2

�
(14)

The exergy efficiency for the PTSCs can be given as:

jPTSCs ¼
_ExU

_ExPTSCs

¼ 1�
_Exdest;PTSCs þ _Exloss;PTSCs

_ExPTSCs

(15)

jPTSCs ¼
_mwCw

�
T3 � T2 � T0ln

T3
T2

�

_Ib

�
1� 4

3

�
T0þ273

Ts

�
þ 1

3

�
T0þ273

Ts

�4�
APTSCs

(16)

Analyses of the ORC

Energy analysis of the ORC
An ORC is a power generating device that including an evap-

orator, a condenser, a pump, a turbine, and a working fluid

which evaporates at low temperature [27].

The net electricity generation for the ORC cycle can be

given as:

_Wnet ¼ _WG �
�

_Wpump2

�
(17)

where _WG is the turbine power and it can be given as:

_WG ¼ hturhG _m5ðh5 �h6Þ (18)

where htur and hG are the efficiencies of the turbine and the

generator, respectively. Thus, hturhG is taken as 0.25 in this

system.

Where _Wpump2 is expressed as follows:

_Wpump2 ¼ _m7ðh8 �h7 Þ (19)

Thus, energy efficiency for the ORC cycle can be given as:
hORC ¼
_Wnet;ORC

_Qeva

(20)

where _Qeva is the input thermal energy from evaporator to the

ORC that is calculated as follows:

_Qeva ¼ _m5ðh5 �h8 Þ (21)

Exergy analysis of the ORC
To perform the exergy analysis, each component of the ORC is

assessed. Therefore, exergy balance equations for the com-

ponents of the ORC can be given as follows:

For evaporator:

_Ex3 þ _Ex8 ¼ _Ex5 þ _Ex4 þ _Exdest;eva þ _Exloss;eva (22)

where _Ex3 and _Ex8 are the inletexergies, _Ex4 and _Ex5 are theoutlet

exergies of the evaporator and _Exdest;eva and _Exloss;eva represent the

exergy destruction and exergy loss of the evaporator.

For turbine:

_Ex5 ¼ _Ex6 þ _WG þ _Exdest;tur (23)

where _Ex5 and _Ex6 are the inlet and outlet exergies of the

turbine and _Exdest;tur is the exergy destruction, respectively.

For condenser:

_Ex6 þ _Ex11 ¼ _Ex7 þ _Ex9 þ _Exdest;con þ _Exloss;con (24)

where _Ex6 and _Ex11 are the inlet exergies, _Ex7 and _Ex9 are the

outlet exergies of the condenser, _Exdest;con and _Exloss;con represent

the exergy destruction and exergy loss of the condenser.

For pump2:

_Ex7 þ _Wpump2 ¼ _Ex8 þ _Exdest;pump2 (25)

Total exergy destruction for the ORC is written as:

_Exdest;ORC ¼ _Exdest;eva þ _Exdest;tur þ _Exdest;con þ _Exdest;pump2 (26)

Thus, overall exergy efficiency for the ORC cycle is written

as [28]:

jORC ¼
_Wnet;ORC

_Exin;ORC

¼ 1�
_Exloss;ORCþ _Exdest ORC

_Exin;ORC

(27)

Where _Exin;ORC is the inlet exergy for the ORC and it is written

as:

_Exin;ORC ¼ _m3½ðh3 �h0Þ�T0ðs3 � s0Þ� (28)

where h3 and h0 are the specific enthalpies at points 0 and 3.

Similarly s3 and s0 are the specific entropies.

PEM electrolysis

PEMwater electrolysis is a system that converts the electricity

into hydrogen. In this system, water is electrochemically split

into hydrogen and oxygen through PEM electrolysis. The

chemical reaction for hydrogen production is given as [29]:

H2O/H2 þ 1=2O2 Dh ¼ 285:84 kJ=mol (29)

https://doi.org/10.1016/j.ijhydene.2020.10.016
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The electricity requirement of the PEM can be given as

following equation:

DG¼Dh� TDS (30)

where

DS¼ SH2
þ 1

2
SO2

� SH2O (31)

DH¼HH2
þ 1
2
HO2

�HH2O (32)

The performance of the PEM can be found as follows [30]:

hPEM ¼DG
DH

(33)

Also, the electrical efficiency of the PEM can be found as

given [31]:

hPEM ¼ _mH2
�HHV
_WPEM

(34)

The performance of the PEM varies between 60 and 80%.

285.84 kJ of electrical energy is used for electrolyzing of 1 mol

water. As a result of the electrolysis 2 g of H2 and 16 g O2 can be

produced according to Ref. [32]. In this study, efficiency of the

PEM is taken as 80%.

Compressor

The energy and exergy analysis of the compressor can be

found as follows:

Energy analysis

_Ein;comp þ _Wcomp ¼ _Eout;comp (35)

Exergy analysis

_Exin;comp þ _Wcomp ¼ _Exout;comp þ _Exdest;comp (36)

Overall exergy destruction of the integrated system

To assess the exergy efficiency of a system, the exergy

destruction should be determined. Therefore, the overall

exergy destruction is given as:

_Exdest;tot ¼ _Exdest;PTSCs þ _Exdest;eva þ _Exdest;tur þ _Exdest;con þ _Exdest;pumps

þ _Exdest;cool þ _Exdest;PEM þ _Exdest;comp þ _Exdest;HEX

(37)

where _Exdest;pumps and _Exdest;cool are the exergy destructionwithin

the pumps and the cooling towers, respectively. They can be

given as:

_Exdest;pumps ¼ _Exdest;pump1 þ _Exdest;pump3 (38)

_Exdest;cool ¼ _Ex9 � _Ex10 (39)

The inlet energy to the integrated system can be given as:
_Ein ¼ _EGEO þ _EPTSCs þ _Ecold;w (40)

The overall electrical energy efficiency for the system can

be given as:

hoverall ¼
_Euse;sys

_Ein

(41)

where, _Euse;sys is the useful energy that is produced by the

system and it can be found as follows:

_Euse;sys ¼ _mH2
� HHV þ _ECT þ _EH2

þ _Esto (42)

The inlet exergy to the integrated system is written as

follows:

_Exin ¼ _ExGEO þ _ExPTSCs þ _Excold;w (43)

And the overall electrical exergy efficiency is written as

follows:

joverall ¼
_Euse;sys

_Exin

(44)

where _Exuse;sys is the useful exergy that is produced by the

system and it can be found as follows:

_Exuse ¼ _mH2
� HHV þ _ExCT þ _ExH2

þ _Exsto (45)

Analysis

The fluid temperature from the middle-grade geothermal

source is increased by using PTSCs that has a total area of

545m2. Therefore, the energy and exergy of the solar radiation

reaching the surface of the PTSCs are calculated to evaluate

the system thermodynamically. The temperature of the

output fluid of the PTSCs depends on the amount of solar

energy. Fig. 2 shows the hourly average energy and exergy

distributions of solar radiation reaching the PTSCs and outlet

temperature of the PTSCs from 800 to 1700 h. The maximum

and minimum direct solar radiations reaching the PTSCs are

found as 353.4 kW and 191.1 kW between the hours of 1100-

1300 and 1600-1700, respectively. The maximum andminimum

solar exergies reaching the PTSCs are found as 328.9 kW and

177.8 kW between the hours of 1100-1300 and 1600-1700,

respectively. The instant maximum and minimum outlet

temperatures of the PTSCs are upgraded from 155 �C to

280.8 �C and from 155 �C to 213.8 �C between the hours of 1100-

1300 and 1600-1700, respectively. The fluctuation in solar en-

ergy also affects the temperature of the outlet fluid of the

PTSCs during the day.

The solar energy and ambient temperature affect the effi-

ciency of PTSCs. Fig. 3 shows the efficiency of the PTSCs

depending on solar energy, inlet and ambient temperature.

Themaximum andminimum energy efficiencies of the PTSCs

are calculated as 61.63% and 55.36%between the hours of 1100-

1300 and 1600-1700, respectively. The maximum andminimum

https://doi.org/10.1016/j.ijhydene.2020.10.016
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Fig. 2 e The daily solar energy and exergy, and outlet temperature distributions of the PTSCs.
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exergy efficiencies of the PTSCs are calculated as 25.20% and

20.10% between the hours of 1100-1300 and 1600-1700, respec-

tively. The performance of the PTSCs increases from morning

till noontime and decreases toward evening.

To make the thermodynamic analysis, the required pa-

rameters are given in Table 3. Knowing these parameters is

very important to thermodynamic assessment. Some pa-

rameters of the system depending on the changes in tem-

perature, pressure and solar energy have not given in this

table.

To make the exergetic analysis, the exergy destruction of

the components is listed in Tables 4e11. Thus, exergy

destruction distribution for each working fluid is found for the

system. Since solar energy and output temperature of the
Fig. 3 e The daily energy and exergy ef
PTSCs are taken the same, the exergy destruction of the PTSCs

is the same for each working fluid. When these tables are

analyzed, the highest amount of exergy destruction is found

in theORC and then in the collectors. Exergy destruction in the

other components is quite low compared to the ORC and

collectors. The exergy destruction in the ORC and compressor

increase when the mass flow rate of the working fluids in-

creases from 0.1 kg/s to 0.4 kg/s for all configurations. Con-

trary, exergy destruction in the PEM decreaseswith increasing

the mass flow rate of the working fluids. For the overall sys-

tem, the total exergy destruction increases with increasing

mass flow rate of the working fluids. The highest amount of

exergy destruction is found for the configuration of n-butane

with amass flow rate of 0.4 kg/s. The lowest amount of exergy
ficiency distributions of the PTSCs.
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Table 3 e Some parameters related to the integrated system.

Num. Fluid Temp.
(0C)

Pressure
(kPa)

Mass
flow
rate
(kg/s)

Enthalpy
(kJ/kg)

Entropy
(kJ/kg K)

Exergy
(kJ/kg)

0 H2O 27.9 101.3 0.4 117 0.407 e

1 H2O 150 475 0.4 2746 6.839 694.2

2 H2O 150.5 475 0.4 2748 6.842 694.6

3 H2O e 1500 0.4 e e e

4 H2O 100 150 0.4 419.1 1.307 31.49

5 Fluid T3-20 2000 0.1e0.4 e e e

6 n-butane 100 1750 0.1e0.4 462.3 1.803 62.92

7 n-butane 80 1750 0.1e0.4 403.4 1.641 52.82

8 n-butane 80.5 2000 0.1e0.4 404.8 1.643 53.44

60 n-pentane 100 1750 0.1e0.4 187.0 0.550 21.96

70 n-pentane 80 1750 0.1e0.4 133.8 0.404 12.85

80 n-pentane 80.5 2000 0.1e0.4 135.2 0.406 13.44

600 n-hexane 100 1750 0.1e0.4 180.6 0.531 20.62

700 n-hexane 80 1750 0.1e0.4 131.4 0.396 12.19

800 n-hexane 80.5 2000 0.1e0.4 132.8 0.399 12.75

6000 cyclohexane 100 1750 0.1e0.4 186.8 0.565 17.97

7000 cyclohexane 80 1750 0.1e0.4 142.9 0.444 10.45

8000 cyclohexane 80.5 2000 0.1e0.4 144.1 0.447 10.93

9 H2O 95 100 0.04 398 1.250 27.47

10 H2O 75 100 0.04 314 1.015 14.07

11 H2O 75.5 100 0.04 316.1 1.021 14.35

Table 4 e Exergy destruction in the integrated system for different mass flow rates of n-butane.

Hours _m ¼ 0.1 kg/s _m ¼ 0.2 kg/s

Power of the components (kW)

PTSCs ORC PEM HEX Cool. Comp. Pumps Total ORC PEM HEX Cool. Comp. Pumps Total

8-9 144.6 64.48 28.39 2.103 0.536 0.502 0.398 241 67.42 28.13 2.103 0.536 1.026 0.398 244.2

9-10 168.9 51.54 28.37 2.103 0.536 0.555 0.398 252.4 55.79 28.08 2.103 0.536 1.132 0.398 257

10-11 185.5 42.76 28.35 2.103 0.536 0.593 0.398 260.2 48.03 28.04 2.103 0.536 1.208 0.398 265.8

11-12 193.9 38.34 28.34 2.103 0.536 0.613 0.398 264.2 44.16 28.02 2.103 0.536 1.248 0.398 270.3

12-13 193.9 38.34 28.34 2.103 0.536 0.613 0.398 264.2 44.16 28.02 2.103 0.536 1.248 0.398 270.3

13-14 185.5 42.76 28.35 2.103 0.536 0.593 0.398 260.2 48.03 28.04 2.103 0.536 1.208 0.398 265.8

14-15 168.9 51.54 28.37 2.103 0.536 0.555 0.398 252.4 55.79 28.08 2.103 0.536 1.132 0.398 257

15-16 144.6 64.48 28.39 2.103 0.536 0.502 0.398 241 67.42 28.13 2.103 0.536 1.026 0.398 244.2

16-17 113.2 81.2 28.43 2.103 0.536 0.439 0.398 226.3 82.71 28.2 2.103 0.536 0.8997 0.398 228

i n t e r n a t i o n a l j o u rn a l o f h y d r o g e n en e r g y 4 6 ( 2 0 2 1 ) 2 7 2e2 8 8 279
destruction is found for the configuration of cyclohexane with

a mass flow rate of 0.4 kg/s.

The net electricity generation of the ORC for the day July 1st

depending on the solar radiation reaching the PTSCs is listed
Table 5 e Exergy destruction in the integrated system for diffe

Hours _m ¼ 0.3 kg/s

Power of the

PTSCs ORC PEM HEX Cool. Comp. Pumps

8e9 144.6 70.36 27.87 2.103 0.536 1.55 0.398

9e10 168.9 60.05 27.79 2.103 0.536 1.709 0.398

10e11 185.5 53.3 27.74 2.103 0.536 1.822 0.398

11e12 193.9 49.98 27.71 2.103 0.536 1.882 0.398

12e13 193.9 49.98 27.71 2.103 0.536 1.882 0.398

13e14 185.5 53.3 27.74 2.103 0.536 1.822 0.398

14e15 168.9 60.05 27.79 2.103 0.536 1.709 0.398

15e16 144.6 70.36 27.87 2.103 0.536 1.55 0.398

16e17 113.2 84.23 27.97 2.103 0.536 1.36 0.398
in Tables 12 and 13. The net electricity generations of the 16

configurations that consist of four different fluids with four

different mass flow rates are compared. As the mass flow rate

in ORC increased, the amount of electricity produced by the
rent mass flow rates of n-butane.

_m ¼ 0.4 kg/s

components (kW)

Total ORC PEM HEX Cool. Comp. Pumps Total

247.4 73.3 27.61 2.103 0.536 2.074 0.398 250.6

261.5 64.3 27.5 2.103 0.536 2.285 0.398 266.1

271.4 58.57 27.43 2.103 0.536 2.437 0.398 277

276.5 55.8 27.39 2.103 0.536 2.516 0.398 282.6

276.5 55.8 27.39 2.103 0.536 2.516 0.398 282.6

271.4 58.57 27.43 2.103 0.536 2.437 0.398 277

261.5 64.3 27.5 2.103 0.536 2.285 0.398 266.1

247.4 73.3 27.61 2.103 0.536 2.074 0.398 250.6

229.8 85.75 27.74 2.103 0.536 1.82 0.398 231.5
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Table 6 e Exergy destruction in the integrated system for different mass flow rates of n-pentane.

Hours _m ¼ 0.1 kg/s _m ¼ 0.2 kg/s

Power of the components (kW)

PTSCs ORC PEM HEX Cool. Comp. Pumps Total ORC PEM HEX Cool. Comp. Pumps Total

8e9 144.6 64.39 28.4 2.103 0.536 0.497 0.398 240.9 67.24 28.14 2.103 0.536 1.015 0.398 244

9e10 168.9 51.44 28.37 2.103 0.536 0.5512 0.398 252.3 55.59 28.08 2.103 0.536 1.123 0.398 256.8

10e11 185.5 42.65 28.35 2.103 0.536 0.5899 0.398 260.1 47.81 28.05 2.103 0.536 1.201 0.398 265.6

11e12 193.9 38.23 28.34 2.103 0.536 0.610 0.398 264.1 43.93 28.03 2.103 0.536 1.241 0.398 270.1

12e13 193.9 38.23 28.34 2.103 0.536 0.610 0.398 264.1 43.93 28.03 2.103 0.536 1.241 0.398 270.1

13e14 185.5 42.65 28.35 2.103 0.536 0.5899 0.398 260.1 47.81 28.05 2.103 0.536 1.201 0.398 265.6

14e15 168.9 51.44 28.37 2.103 0.536 0.5512 0.398 252.3 55.59 28.08 2.103 0.536 1.123 0.398 256.8

15e16 144.6 64.39 28.4 2.103 0.536 0.497 0.398 240.9 67.24 28.14 2.103 0.536 1.015 0.398 244

16e17 113.2 81.12 28.43 2.103 0.536 0.4305 0.398 226.2 82.57 28.21 2.103 0.536 0.882 0.398 227.9

Table 7 e Exergy destruction in the integrated system for different mass flow rates of n-pentane.

Hours _m ¼ 0.3 kg/s _m ¼ 0.4 kg/s

Power of the components (kW)

PTSCs ORC PEM HEX Cool. Comp. Pumps Total ORC PEM HEX Cool. Comp. Pumps Total

8e9 144.6 70.09 27.88 2.103 0.536 1.533 0.398 247.1 72.94 27.62 2.103 0.536 2.051 0.398 250.2

9e10 168.9 59.74 27.8 2.103 0.536 1.695 0.398 261.2 63.9 27.51 2.103 0.536 2.268 0.398 265.6

10e11 185.5 52.97 27.74 2.103 0.536 1.811 0.398 271.1 58.13 27.44 2.103 0.536 2.422 0.398 276.5

11e12 193.9 49.64 27.71 2.103 0.536 1.872 0.398 276.1 55.35 27.4 2.103 0.536 2.503 0.398 282.2

12e13 193.9 49.64 27.71 2.103 0.536 1.872 0.398 276.1 55.35 27.4 2.103 0.536 2.503 0.398 282.2

13e14 185.5 52.97 27.74 2.103 0.536 1.811 0.398 271.1 58.13 27.44 2.103 0.536 2.422 0.398 276.5

14e15 168.9 59.74 27.8 2.103 0.536 1.695 0.398 261.2 63.9 27.51 2.103 0.536 2.268 0.398 265.6

15e16 144.6 70.09 27.88 2.103 0.536 1.533 0.398 247.1 72.94 27.62 2.103 0.536 2.051 0.398 250.2

16e17 113.2 84.02 27.98 2.103 0.536 1.333 0.398 229.5 85.47 27.75 2.103 0.536 1.785 0.398 231.2

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 6 ( 2 0 2 1 ) 2 7 2e2 8 8280
ORC increased considerably. The properties of the working

fluid in the ORC are crucial for power generation. When these

tables are examined, the highest amount of net electricity

generation is found for the configuration of n-butane with a

mass flow rate of 0.4 kg/s between the hours of 1100-1300. The

lowest amount of net electricity generation is found for the

configuration of cyclohexane with a mass flow rate of 0.1 kg/s

around 1700 o’clock due to the decreasing solar radiation.

The ambient temperature, geothermal source tempera-

ture, solar radiation reaching the PTSCs, pressure and kind of

working fluid mainly affects the performance of the ORC. For

this reason, the energy efficiency of the ORC is examined for

each working fluid and the other parameters kept constant.

Fig. 4 show the thermal energy efficiency of the ORC.
Table 8 e Exergy destruction in the integrated system for diffe

Hours _m ¼ 0.1 kg/s

Power of the

PTSCs ORC PEM HEX Cool. Comp. Pumps

8-9 144.6 64.25 28.41 2.103 0.536 0.475 0.398

9-10 168.9 51.28 28.38 2.103 0.536 0.535 0.398

10-11 185.5 42.49 28.36 2.103 0.536 0.576 0.398

11-12 193.9 38.06 28.35 2.103 0.536 0.597 0.398

12-13 193.9 38.06 28.35 2.103 0.536 0.597 0.398

13-14 185.5 42.49 28.36 2.103 0.536 0.576 0.398

14-15 168.9 51.28 28.38 2.103 0.536 0.535 0.398

15-16 144.6 64.25 28.41 2.103 0.536 0.475 0.398

16-17 113.2 80.73 28.53 2.103 0.536 0.227 0.398
� The highest thermal energy efficiency is found as 22.82%

for the configuration of n-butane between the hours of

1100-1300.

� The lowest thermal energy efficiency is found as 21.10% for

the same fluid configuration between the hours of 1600-

1700.

� The highest thermal energy efficiency is found as 22.99%

for the configuration of n-pentane between the hours of

1100-1300. The lowest thermal energy efficiency is found as

22.28% for the same configuration between the hours of

1600-1700.

� The highest thermal energy efficiency is found as 23.09%

for the configuration of n-hexane between the hours of

1100-1300. The lowest thermal energy efficiency is found as
rent mass flow rates of n-hexane.

_m ¼ 0.2 kg/s

components (kW)

Total ORC PEM HEX Cool. Comp. Pumps Total

240.8 66.96 28.16 2.103 0.536 0.971 0.398 243.7

252.2 55.28 28.1 2.103 0.536 1.091 0.398 256.4

260 47.49 28.06 2.103 0.536 1.173 0.398 265.3

263.9 43.61 28.04 2.103 0.536 1.215 0.398 269.8

263.9 43.61 28.04 2.103 0.536 1.215 0.398 269.8

260 47.49 28.06 2.103 0.536 1.173 0.398 265.3

252.2 55.28 28.1 2.103 0.536 1.091 0.398 256.4

240.8 66.96 28.16 2.103 0.536 0.971 0.398 243.7

225.7 81.79 28.41 2.103 0.536 0.475 0.398 226.9
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Table 9 e Exergy destruction in the integrated system for different mass flow rates of n-hexane.

Hours _m ¼ 0.3 kg/s _m ¼ 0.4 kg/s

Power of the components (kW)

PTSCs ORC PEM HEX Cool. Comp. Pumps Total ORC PEM HEX Cool. Comp. Pumps Total

8e9 144.6 69.67 27.91 2.103 0.536 1.467 0.398 246.7 72.37 27.66 2.103 0.536 1.963 0.398 249.6

9e10 168.9 59.28 27.82 2.103 0.536 1.647 0.398 260.7 63.28 27.54 2.103 0.536 2.203 0.398 265

10e11 185.5 52.49 27.76 2.103 0.536 1.77 0.398 270.6 57.49 27.46 2.103 0.536 2.367 0.398 275.9

11e12 193.9 49.15 27.73 2.103 0.536 1.834 0.398 275.6 54.7 27.42 2.103 0.536 2.452 0.398 281.5

12e13 193.9 49.15 27.73 2.103 0.536 1.834 0.398 275.6 54.7 27.42 2.103 0.536 2.452 0.398 281.5

13e14 185.5 52.49 27.76 2.103 0.536 1.77 0.398 270.6 57.49 27.46 2.103 0.536 2.367 0.398 275.9

14e15 168.9 59.28 27.82 2.103 0.536 1.647 0.398 260.7 63.28 27.54 2.103 0.536 2.203 0.398 265

15e16 144.6 69.67 27.91 2.103 0.536 1.467 0.398 246.7 72.37 27.66 2.103 0.536 1.963 0.398 249.6

16e17 113.2 82.84 28.28 2.103 0.536 0.723 0.398 228.1 83.9 28.16 2.103 0.536 0.972 0.398 229.2

Table 10 e Exergy destruction in the integrated system for different mass flow rates of cyclohexane.

Hours _m ¼ 0.1 kg/s _m ¼ 0.2 kg/s

Power of the components (kW)

PTSCs ORC PEM HEX Cool. Comp. Pumps Total ORC PEM HEX Cool. Comp. Pumps Total

8e9 144.6 63.36 28.51 2.103 0.536 0.268 0.398 239.8 65.17 28.37 2.103 0.536 0.5569 0.398 241.7

9e10 168.9 51.12 28.38 2.103 0.536 0.5225 0.398 252 54.96 28.11 2.103 0.536 1.066 0.398 256.1

10e11 185.5 42.3 28.37 2.103 0.536 0.5618 0.398 259.8 47.1 28.07 2.103 0.536 1.144 0.398 264.9

11e12 193.9 37.85 28.36 2.103 0.536 0.5817 0.398 263.7 43.18 28.05 2.103 0.536 1.184 0.398 269.3

12e13 193.9 37.85 28.36 2.103 0.536 0.5817 0.398 263.7 43.18 28.05 2.103 0.536 1.184 0.398 269.3

13e14 185.5 42.3 28.37 2.103 0.536 0.5618 0.398 259.8 47.1 28.07 2.103 0.536 1.144 0.398 264.9

14e15 168.9 51.12 28.38 2.103 0.536 0.5225 0.398 252 54.96 28.11 2.103 0.536 1.066 0.398 256.1

15e16 144.6 63.36 28.51 2.103 0.536 0.268 0.398 246.7 72.37 27.66 2.103 0.536 1.963 0.398 241.7

16e17 113.2 80.62 28.55 2.103 0.536 0.1991 0.398 228.1 83.9 28.16 2.103 0.536 0.9719 0.398 226.6

i n t e r n a t i o n a l j o u rn a l o f h y d r o g e n en e r g y 4 6 ( 2 0 2 1 ) 2 7 2e2 8 8 281
20.72% for the same fluid configuration of n-hexane be-

tween the hours of 1600-1700.

� The highest thermal energy efficiency is found as 23.24%

for the configuration of cyclohexane between the hours of

1100-1300. The lowest thermal energy efficiency is found as

20.70% for the same configuration between the hours of

1600-1700.

When the thermal energy performance of the ORC is

examined, it is found that the working fluids show slightly

different performance compared to each other. While the

energy performance of the ORC increases towards noon for all

fluids, its performance decreases in the afternoon.

The exergetic performance of the ORC depends on the kind

of working fluid, exergies of the solar radiation and geothermal
Table 11 e Exergy destruction in the integrated system for diff

Hours _m ¼ 0.3 kg/s

Power of the

PTSCs ORC PEM HEX Cool. Comp. Pumps

8e9 144.6 66.97 28.22 2.103 0.536 0.8458 0.398

9e10 168.9 58.8 27.84 2.103 0.536 1.609 0.398

10e11 185.5 51.91 27.78 2.103 0.536 1.727 0.398

11e12 193.9 48.51 27.75 2.103 0.536 1.787 0.398

12e13 193.9 48.51 27.75 2.103 0.536 1.787 0.398

13e14 185.5 51.91 27.78 2.103 0.536 1.727 0.398

14e15 168.9 58.8 27.84 2.103 0.536 1.609 0.398

15e16 144.6 66.97 28.22 2.103 0.536 0.8458 0.398

16e17 113.2 82.5 28.33 2.103 0.536 0.639 0.398
fluid, ambient temperature, and pressure. For this reason, the

exergy efficiency of the ORC is examined for each working fluid

and the other parameters kept constant. Figs. 5 and 6 show the

overall exergy efficiency of the ORC for the working fluids.

� The highest exergy efficiency is found as 17.54% for the

configuration of n-butane with _m ¼ 0.4 kg/s between the

hours of 1100-1300. The lowest exergy efficiency is found as

3.42% for the same fluid configuration with _m ¼ 0.1 kg/s

between the hours of 1600-1700.

� The highest exergy efficiency is found as 17.44% for the

configuration of n-pentane with _m ¼ 0.4 kg/s between the

hours of 1100-1300. The lowest exergy efficiency is found as

3.36% for the same fluid configuration with _m ¼ 0.1 kg/s

between the hours of 1600-1700.
erent mass flow rates of cyclohexane.

_m ¼ 0.4 kg/s

components (kW)

Total ORC PEM HEX Cool. Comp. Pumps Total

243.7 68.78 28.08 2.103 0.536 1.135 0.398 245.6

260.2 62.64 27.57 2.103 0.536 2.152 0.398 264.3

270 56.71 27.49 2.103 0.536 2.31 0.398 275.1

275 53.83 27.45 2.103 0.536 2.389 0.398 280.6

275 53.83 27.45 2.103 0.536 2.389 0.398 280.6

270 56.71 27.49 2.103 0.536 2.31 0.398 275.1

260.2 62.64 27.57 2.103 0.536 2.152 0.398 264.3

243.7 68.78 28.08 2.103 0.536 1.135 0.398 245.6

227.7 83.44 28.22 2.103 0.536 0.859 0.398 228.7
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Table 12 e Net electricity generation (kW) of the ORC for n-butane and n-pentane.

Hours n-butane n-pentane

Mass flow rates (kg/s)

_m ¼ 0.1 _m ¼ 0.2 _m ¼ 0.3 _m ¼ 0.4 _m ¼ 0.1 _m ¼ 0.2 _m ¼ 0.3 _m ¼ 0.4

8e9 13.63 27.25 40.88 54.5 13.48 26.95 40.43 53.91

9e10 15 30 45 60 14.89 29.77 44.66 59.55

10e11 15.99 31.98 47.96 63.95 15.89 31.78 47.68 63.57

11e12 16.51 33.01 49.52 66.02 16.42 32.83 49.25 65.66

12e13 16.51 33.01 49.52 66.02 16.42 32.83 49.25 65.66

13e14 15.99 31.98 47.96 63.95 15.89 31.78 47.68 63.57

14e15 15 30 45 60 14.89 29.77 44.66 59.55

15e16 13.63 27.25 40.88 54.5 13.48 26.95 40.43 53.91

16e17 11.98 23.95 35.93 47.91 11.75 23.49 35.24 46.98

Table 13 e Net electricity generation (kW) of the ORC for n-hexane and cyclohexane.

Hours n-hexane Cyclohexane

Mass flow rates (kg/s)

_m ¼ 0.1 _m ¼ 0.2 _m ¼ 0.3 _m ¼ 0.4 _m ¼ 0.1 _m ¼ 0.2 _m ¼ 0.3 _m ¼ 0.4

8-9 12.9 25.81 38.71 51.62 7.517 15.03 22.55 28.44

9-10 14.46 28.93 43.39 57.86 14.14 28.28 42.41 53.94

10-11 15.53 31.07 46.6 62.14 15.16 30.32 45.48 57.89

11-12 16.09 32.17 48.26 64.34 15.68 31.36 47.04 59.88

12-13 16.09 32.17 48.26 64.34 15.68 31.36 47.04 59.88

13-14 15.53 31.07 46.6 62.14 15.16 30.32 45.48 57.89

14-15 14.46 28.93 43.39 57.86 14.14 28.28 42.41 53.94

15-16 12.9 25.81 38.71 51.62 7.517 15.03 22.55 28.44

16-17 6.458 12.92 19.37 25.83 5.723 11.45 17.17 21.53

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 6 ( 2 0 2 1 ) 2 7 2e2 8 8282
� The highest exergy efficiency is found as 17.09% for the

configuration of n-hexane with _m ¼ 0.4 kg/s between the

hours of 1100-1300. The lowest exergy efficiency is found as

1.84% for the same fluid configuration with _m ¼ 0.1 kg/s

between the hours of 1600-1700.
Fig. 4 e The thermal energy efficiency o
� The highest exergy efficiency is found as 16.66% for the

configuration of cyclohexanewith _m¼ 0.4 kg/s between the

hours of 1100-1300. The lowest exergy efficiency is found as

1.63% for the same fluid configuration _m¼ 0.1 kg/s between

the hours of 1600-1700.
f the ORC for four fluids for a day.

https://doi.org/10.1016/j.ijhydene.2020.10.016
https://doi.org/10.1016/j.ijhydene.2020.10.016


Fig. 5 e The overall exergy efficiency of the ORC for n-butane and n-pentane for a day.

i n t e r n a t i o n a l j o u rn a l o f h y d r o g e n en e r g y 4 6 ( 2 0 2 1 ) 2 7 2e2 8 8 283
Thus, it is found that the working fluids show different

exergetic performance compared to each other. The exergy

efficiency of the ORC highly increases with increasing of the

mass flow rate from 0.1 kg/s to 0.4 kg/s. Among the four fluids,

n-butane performs the best.

Figs. 7 and 8 show the overall energy efficiency of the in-

tegrated system regarding the working fluids in the ORC.

� The highest overall energy efficiency is found as 5.85% for

the configuration of n-butane with _m ¼ 0.4 kg/s between

the hours of 1100-1300. The lowest energy efficiency is
Fig. 6 e The overall exergy efficiency of the OR
found as 3.22% for the same fluid configuration with
_m ¼ 0.1 kg/s between the hours of 800-900.

� The highest overall energy efficiency is found as 5.83% for

the configuration of n-pentane with _m ¼ 0.4 kg/s between

the hours of 1100-1300. The lowest energy efficiency is

found as 3.21% for the same fluid configuration with
_m ¼ 0.1 kg/s between the hours of 800-900.

� The highest overall energy efficiency is found as 5.76% for

the configuration of n-hexane with _m ¼ 0.4 kg/s between

the hours of 1100-1300. The lowest energy efficiency is
C for n-hexane and cyclohexane for a day.
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Fig. 7 e The overall energy efficiency of the integrated system for the working fluids in the ORC.

i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 6 ( 2 0 2 1 ) 2 7 2e2 8 8284
found as 2.94% for the same fluid configuration with
_m ¼ 0.1 kg/s between the hours of 1600-1700.

� The highest overall energy efficiency is found as 5.67% for

the configuration of cyclohexanewith _m¼ 0.4 kg/s between

the hours of 1100-1300. The lowest energy efficiency is

found as 2.86% for the same fluid configuration with
_m ¼ 0.1 kg/s between the hours of 800-900.

Thus, it was found that the working fluids show a slightly

different performance compared to each other. The overall
Fig. 8 e The overall energy efficiency of the integra
energy efficiency of the system increases with the increasing

of the mass flow rate from 0.1 kg/s to 0.4 kg/s. Among the four

fluids, n-butane performs the best.

Figs. 10 and 11 show the overall exergy efficiencies of the

integrated system regarding the working fluids in the ORC.

� The highest overall exergy efficiency is found as 8.27% for

the configuration of n-butane with _m ¼ 0.4 kg/s between

the hours of 1100-1300. The lowest exergy efficiency is found
ted system for the working fluids in the ORC.
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Fig. 9 e The overall exergy efficiency of the integrated system for the n-butane and n-pentane.
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as 2.26% for the same fluid configuration with _m ¼ 0.1 kg/s

between the hours of 800-900.

� The highest overall exergy efficiency is found as 8.22% for

the configuration of n-pentane with _m ¼ 0.4 kg/s between

the hours of 1100-1300. The lowest exergy efficiency is found

as 2.24% for the same fluid configuration with _m ¼ 0.1 kg/s

between the hours of 1600-1700.

� The highest overall exergy efficiency is found as 8.06% for

the configuration of n-hexane with _m ¼ 0.4 kg/s between

the hours of 1100-1300. The lowest exergy efficiency is found
Fig. 10 e The overall exergy efficiency of the integra
as 1.38% for the configuration of n-hexanewith _m¼ 0.1 kg/s

between the hours of 1600-1700.

� The highest overall exergy efficiency is found as 7.86% for

the configuration of cyclohexanewith _m¼ 0.4 kg/s between

the hours of 1100-1300. The lowest exergy efficiency is found

as 1.26% for the same fluid configuration with _m ¼ 0.1 kg/s

between the hours of 1600-1700.

Thus, it is found that the working fluids show a slightly

different performance compared to each other. The overall

exergy efficiency of the system increases with the increasing
ted system for the n-hexane and cyclohexane.
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Fig. 11 e Hydrogen generation of the integrated system for the n-butane and n-pentane.
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of the mass flow rate from 0.1 kg/s to 0.4 kg/s. Among the four

fluids, n-butane performs the best.

As can be seen in Figs. 4e11, the efficiencies increase from

morning to noon and decrease towards the evening for the

working fluids the n-butane, n-pentane, and n-hexane. But

severe decreases are seen in the efficiencies in the morning

and evening times for the working fluid the cyclohexane.

Figs. 11 and 12 show the total daily hydrogen generation of

the integrated system regarding theworking fluids in the ORC.

The efficiency of PEM and inverter is taken as 80% and 95% for

hydrogen production.

� The daily total hydrogen is generated as 2384.6 g, 4859.2 g,

7333.6 g and 9807.1 g for the n-butane with _m ¼ 0.1 kg/s,
Fig. 12 e Hydrogen generation of the integrated
_m ¼ 0.2 kg/s, _m ¼ 0.3 kg/s and _m ¼ 0.4 kg/s hours from 0800

to 1700.

� The daily total hydrogen is generated as 2364 g, 4817.3 g,

7271.3 g and 9726.1 g for the n-pentane with _m ¼ 0.1 kg/s,
_m ¼ 0.2 kg/s, _m ¼ 0.3 kg/s and _m ¼ 0.4 kg/s hours from 0800

to 1700.

� The daily total hydrogen is generated as 2204.3 g, 4498.3 g,

6793 g and 9087.7 g for the n-hexane with _m ¼ 0.1 kg/s,
_m ¼ 0.2 kg/s, _m ¼ 0.3 kg/s and _m ¼ 0.4 kg/s hours from 0800

to 1700.

� The daily total hydrogen is generated as 1951.31 g, 3992.4 g,

6033.8 g and 8074.9 g for the cyclohexane with _m ¼ 0.1 kg/s,
_m ¼ 0.2 kg/s, _m ¼ 0.3 kg/s and _m ¼ 0.4 kg/s hours from 0800

to 1700.
system for the n-hexane and cyclohexane.

https://doi.org/10.1016/j.ijhydene.2020.10.016
https://doi.org/10.1016/j.ijhydene.2020.10.016


i n t e r n a t i o n a l j o u rn a l o f h y d r o g e n en e r g y 4 6 ( 2 0 2 1 ) 2 7 2e2 8 8 287
The highest daily hydrogen is generated for the configu-

ration of n-butane with _m ¼ 0.4 kg/s amongst 16 configura-

tions. The lowest daily hydrogen is generated for the

configuration of cyclohexane with _m ¼ 0.1 kg/s.
Conclusion

In this study, thepowerandhydrogenproductionperformance

of an integrated renewable energy system is investigated. The

system consists of PTSCs, a middle-grade geothermal source,

an ORC, a PEM, and cooling towers. The thermal energy

required to run the ORC can be obtained from a middle-grade

geothermal source supported by the PTSCs. The temperature

of the fluid of the middle-grade geothermal source can be

significantly upgraded by the PTSCs that harvest solar radia-

tion. With the integration of solar energy with geothermal

source, the temperature of the fluid entering the system is

increased, as well as its energy and exergy. Thus, more elec-

tricity and hydrogen are produced in the systemwith the fluid

with high energy and exergy sent to the ORC. In addition, the

best performance of the system is found by testing four types

of working fluids and four different mass flow rates for each.

� The highest overall efficiency, electricity generation, and

hydrogen production are obtained for the configuration of

n-butane with _m ¼ 0.4 kg/s between the hours of 1100-1300.

� The average electricity generation is 66.02 kW between the

hours of 1100-1300.

� The system can reach up to 9807.1 g hydrogen production

in a day.

� The energy and exergy efficiency is calculated to be 5.85%

and 8.27% for n-butane, respectively.

� To enhance the performance of the integrated system,

upgrading the temperature of the fluid of the middle-

temperature geothermal source alone is not enough.

� The mass flow rate of the working fluid in the ORC should

also be increased.

As a result, it is seen that the significant amount of elec-

tricity and hydrogen can be generated from a middle-grade

geothermal source supported by solar energy and its energy

and exergy efficiency are improved via n-butane. If the com-

ponents of the integrated system are developed further,

thermal energy, electricity, and hydrogen can be produced

more efficiently.
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