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A B S T R A C T   

The Organic Rankine Cycle driven by parabolic trough collectors for the low-solar radiation zone was investi
gated in this study. Six environment-friendly refrigerants namely R152a, R600a, R601a, cyclopentane, cyclo
hexane, toluene were evaluated. In addition, the conventional Rankine cycle was evaluated. The dynamic energy 
and exergy analysis based on the daily average solar data was conducted. The system was designed in a com
bination solar field, thermal energy storage subsystem, and power block for 24 h of working time without any 
external energy source. The designed system was concurrently optimized through the economic indicator namely 
net present value since all the parameters depend on each other. The best design was obtained for conventional 
cycle with a net present value of 9.012 million US$. The optimum pressure and temperature of the turbine inlet 
were determined as 3250 kPa and 380 oC, respectively. The optimal ratio of the heat transfer fluid was found 
around 34.1%. The maximum energy and exergy efficiencies were respectively obtained as 11.05% and 11.86%. 
These values were respectively conducted as 10.19% and 10.94% at the design point. It was also conducted that 
the reductions in the emissions of CO2, SO2, and NOx were 108,046.4 ktones, 2,457.6 ktones, and 249.7 ktones, 
respectively.   

Introduction 

In the last decades, power generation from renewable energy sources 
became an urgent issue from the view of environmental concerns. The 
countries started to make their national renewable investment plans 
considering their potentials for renewable energy sources. From this 
point of view, not all regions are available since their resources are 
limited or unavailable. In a large range of the world, solar energy seems 
it is the best or single alternative renewable source. Thus, it is very 
important to evaluate the investment plans sensitively for the future 
planning of locations with low-radiation. One of the most useful ways 
for the evaluation of solar energy is to use concentrated collectors, 
which make the collected radiation increase in a particular area. In this 
aim, the power plant with an Organic Rankine Cycle (ORC) driven by 
parabolic trough collectors (PTC) is one of the alternative solutions for 
the low-radiation zones. However, for a respectable investigation, the 
systems should be carefully investigated from the energy, economics, 
and environmental points of view [1–3]. 

ORC is commonly used in power generation systems using different 
energy sources and working fluids. Zhang et al. [4] investigated the ORC 

power plant driven by the waste heat at 250 ◦C. They used cyclohexane 
as the working fluid. In the study, the energy and exergy efficiencies 
were reported as 22% and 60%, respectively. Wand et al. [5] used 
R245fa as the working fluid and reported an energy efficiency of 9.5% 
for the heat source of waste heat with 133.5 ◦C. Ozahi et al. [6] used 
toluene as the working fluid and reported an exergy efficiency of 15.69% 
for the heat source of waste heat with 566 ◦C. Gao et al. [7] used R123 as 
the working fluid and reported an energy efficiency of 17.85% for the 
heat source of waste heat with 130 ◦C. Abrosimov et al. [8] used R601 as 
the working fluid and reported an energy efficiency of 9.84% for the 
heat source of waste heat with 520 ◦C. 

Arslan et al. [9] investigated ORC power plant driven by geothermal 
energy. They used R141b as the working fluid for a heat source at 
133.5 ◦C. In the study, the energy efficiency was reported as 16.31%. 
Moloney et al. [10] used R1233zd(E) as the working fluid and reported 
respectively an energy and exergy efficiency of 16.2% and 52.3% for the 
heat source of geothermal energy with 251 ◦C. Mokarram and Mosaffa 
[11] used R245fa as the working fluid and reported respectively an 
energy and exergy efficiency of 14.66% and 55.15% for the heat source 
of geothermal energy with 250 ◦C. Yadav and Sircar [12] used R134a as 
the working fluid and reported an energy efficiency of 8.0% for the heat 
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source of geothermal energy with 85 ◦C. Noroozian et al. [13] used CO2 
as the working fluid and reported respectively an exergy efficiency of 
46.13% for the heat source of geothermal with low temperature. Wang 
et al. [14] used the zeotropic mixture (R600a-R601) as the working fluid 
and reported respectively an energy and exergy efficiency of 11.24% 
and 49.37% for the heat source of geothermal energy with 168 ◦C. 

Yang et al. [15] investigated ORC power plant driven by solar en
ergy. They used toluene as the working fluid for a heat source at 400 ◦C. 
In the study, the energy efficiency was reported as 17.9%. Roumpedakis 
et al. [16] used R152a as the working fluid for the solar heat source at 
570 ◦C. In the study, the maximum exergy efficiency was reported as 
6.0%. Wang et al. [17] used R123 as the working fluid and reported an 
energy efficiency of 7.79% for the heat source of solar with 90 ◦C. 
Abdollahpour et al. [18] used CO2 as the working fluid and reported an 
exergy efficiency of 8.53% for the heat source of solar with 187 ◦C. 
Habka and Ajib [19] used a mixture namely R401B as the working fluid 
and reported an energy efficiency of 5.30% for the heat source of solar 
with 90 ◦C. 

In the proposed systems, the temperature of the heat source (Tsource) 
ranges from 70 ◦C to 570 ◦C. Depending on the temperature of heat 
sources, many working fluids were performed including all the types of 
wet, dry, or isentropic fluids. For the high-temperature applications 
(Tsource > 300 ◦C), the most appropriate fluids were conducted as toluene 
[20], cyclopentane [21], and m-xylene [22]. For the medium 

temperature (150 < Tsource < 300 ◦C) applications, the most appropriate 
fluids were conducted as cyclohexane [4], R1233zd(E) [10], R245fa 
[23], R601a [24], and Heptane [25]. For the low temperature (Tsource <

150 ◦C) applications, the most appropriate fluids were conducted as 
R123 [17], R152a [24], R141b [26], R134a [27], and R600a [28]. The 
different collector technologies such as flat plate collector [17], com
pound parabolic involute collector [29], Fresnel reflector technology 
[30], Dish concentrator [31], and parabolic trough collector [32] were 
also conducted for ORC applications. 

In the literature, thermodynamic and economic analyses of ORC 
were conducted for a certain solar radiation value of medium to high 
ranging from 400 W/m2 to 1000 W/m2. The formed designs were also 
commonly based on thermal energy storage (TES) including limited 
working hours. The designs on the full daily time (24 h) were built on the 
usage of an external energy source such as oil for higher solar irradiation 
values. The availability of ORC based on solar energy without an 
external source and operating under the low solar irradiation (<400 W/ 
m2) is still intriguing. In this study, an ORC power plant powered by low 
solar irradiation is analyzed and optimized. Bilecik province (DNI 
ranging from 241 to 398 W/m2) is the selected pilot area for the 
installation of the plant. The working conditions are set for a working 
time of 24 h without any external energy source. The system is formed of 
three subsystems namely solar field (SF) driven by PTC, TES, and ORC 
power block (PB). Then, the system is analyzed from the energy, exergy, 

Nomenclature 

A Area (m2) 
Bt Cash flow ($) 
C Cost ($) 
cp Specific heat capacity (kJ/kgK) 
D Diameter (m) 
Ė Energy (kW) 
Ėx Exergy (kW) 
FR Heat removal factor 
F’ Collector efficiency factor 
H Height (m) 
h Enthalpy (kJ/kg) 
Ib Beam solar radiation (W/m2) 
L Length (m) 
m Mass of the oil in the tank (kg) 
ṁ Mass rate (kg/s) 
N Number of collectors 
P Pressure (kPa) 
Q̇ Heat energy (kW) 
r Discount rate 
S Heat absorbed by the receiver (kWh) 
s Entropy (kJ/kg) 
T Temperature (oC, K) 
U Overall heat coefficient (W/m2K) 
UL Heat loss coefficient (W/m2K) 
Ẇ Power (kW) 
x Mass ratio (%) 

Greek Symbols 
αr Absorptivity of receiver 
ε Exergy efficiency(%)

γ Intercept factor 
γHL Tank loss coefficient (W/m2K) 
η Energy efficiency(%)

θ Incidence angle 
κ Incidence angle modifier 

τcover Transmissivity of the cover glazing 
τPTC Effective transmissivity of thePTC 
ψ Specific exergy(kJ/kg)

Subscripts 
0 Reference state 
a Aperture 
amb Ambient 
d Destruction 
elec Electricity 
i Input, Initial investment, inner 
mr Maintenance and repair 
ms Molten salt 
o Output, outer 
p Pump, Personnel expenses 
r Receiver 
t Total, Tank 
u Useful 
wf Working fluid 

Abbreviations 
C Condenser 
CRC Conventional Steam Rankine Cycle 
CST Cold Storage Tank 
DNI Direct Normal Irradiance 
GWP Global Warming Potential 
HE Heat Exchanger 
HST Hot Storage Tank 
NPV Net Present Value 
ODP Ozone Depletion Potential 
ORC Organic Rankine Cycle 
PB Power Block 
PTC Parabolic Trough Collector 
SF Solar Field 
T Turbine 
TES Thermal Energy Storage  
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environmental, and economics (4E) points of view. The net present 
value (NPV) method is used for a lifetime of 20 years in economic 
evaluation since it gives a possibility to evaluate the time value of the 
money. Finally, the results of NPV are used as the objective function for 
the concurrent optimization of the system operating with the different 
working fluids. 

Study area 

Bilecik province was selected as the study area. Bilecik, with a 
population of 223,446 and a surface area of 4,307 km2, is located at 
40.1◦ latitude and 29.9◦ longitude. Bilecik has a low solar radiation 
value ranging between 1400 and 1550 kWh/m2 per year (DNI of 241 to 
398 W/m2) with an insolation time ranging between 2.98 and 10.68 has 
seen in Fig. 1 [33,34]. 

From the viewpoint of geographical conditions, Bilecik has a 
mountainous and rugged terrain. Therefore, there are limited options to 
install a power plant in the area. The available installation field was 

determined taking factors such as distance to the electricity transmission 
line, shading issues, preventing cultivated and woodland areas into ac
count. The satellite image of the determined field is given in Fig. 2. 

The determined study area has a perimeter of 9.616.69 m and a 
surface area of 2.77 km2 which a part of 2.5 km2 is used for SF. Bilecik 
has an average (calculated on daily basis using the data of the last 10 
years) ambient temperature (Tamb) ranging between − 2.4 and 25.6 ◦C. 
The maximum temperature was recorded as 41 ◦C in the period of the 
last 80 years [31]. The solar data is given in Fig. 3 [33–35]. 

The beam solar radiation (Ib) ranges between 0.94 and 2.91 kWh/m2- 
day. While the lowest value was recorded in December, the highest value 
was observed in June. Insolation time changes between 2.98 and 10.63 
h. The highest insolation time is recorded in July where the yearly solar 
irradiation is about 1469 kWh/m2-year for a clearness factor of 0.33. 

System description 

ORC plant driven by PTC is formed of three subsystems namely solar 

Fig. 1. Solar atlas of Turkey and Bilecik [33,34].  
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field (SF), thermal energy storage (TES), and power block (PB). The flow 
diagram is given in Fig. 4. 

The solar rays focus on the receiving pipe in the center of PTC, which 
are later converted to heat energy. In insolation time, some of this heat 
energy (in a mass ratio of 1-x) is transferred to TES subsystem by a heat 
exchanger (HE-I) while the remaining part (in a mass ratio of x) is 

transferred to PB subsystem to generate electricity generation by 
another heat exchanger (HE-III). For the out of insolation time, the PB is 
fed from TES. At this stage, the stored energy is transferred to PB by the 
heat exchanger of HE-I. The working time is set for 24 h considering the 
design point. So, the variable mass ratios of TES and working fluid are 
regulated by the frequency-controlled pumps according to the charac
teristic points obtained for the optimal design. All the pump efficiencies 
are included as 80% into calculations. Considering the worst climatic 
conditions in Bilecik province, the efficiency of heat exchangers is 
introduced as 98% into calculations. By doing so, a heat loss of 2% in 
heat sink fluid is taken into account. 

Solar field (SF) 

In SF, parabolic trough type collector (PTC) is selected in accordance 
with studied parametric conditions. PTC can be oriented in the east to 
west (E-W) direction tracking the sun from north to south (N-S) or in N-S 
direction tracking the sun in E-W. Over a single-year period, a horizontal 
N-S trough field usually collects slightly more energy than a horizontal 
E-W one [36]. Therefore, it is assumed that the collectors are located in 
the N-S direction with a solar tracking system in the direction of E-W. 
Taking the shading effect into account, a distance of about 5.1 m be
tween the PTC lines was adapted into calculations to determine the 
collector numbers [37]. The collector number is determined as 15489. 

Fig. 2. The study area of the power plant.  

Fig. 3. Daily average data for Bilecik [33–35].  

Fig. 4. Flow diagram of the system.  

Table 1 
Technical properties of PTC [32,38].  

Parabolic Collectors Values 

Receiver outer diameter (Do,r)  0.07 m 
Receiver inner diameter (Di,r)  0.066 m 
Glass envelope outer diameter (Do,g)  0.120 m 
Glass envelope inner diameter (Di,g)  0.115 m 
Heat transfer coefficient inside the receiver (hfi)  300 W/m2K 
Thermal conductivity of the receiver (k)  16 W/mK 
Transmissivity of the cover glazing (τcover)  0.90 
Effective transmissivity of PTC (τptc)  0.94 
Absorptivity of receiver (αr)  0.87 
Intercept factor (γ) 0.95 
Single collector width (W)  5.76 m 
Single collector length (L)  15 m 
Concentration Ratio (CR) 47  
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The technical details of the PTC used in system design are given in 
Table 1 [32,38]. 

Thermal energy storage system (TES) 

In the TES system, an indirect type is selected compatible with the 
working principle. Two tanks namely hot storage (HST) and cold storage 
(CST) are used in the system. In this regard, it is possible to run the 
system directly during insolation by the heat potential of heat transfer 
fluid in the mass ratio of x. At the out of the insolation time, the stored 
heat in HST is used by the discharge process. The discharged fluid from 
HST is charged into CST to complete the cycle. Therefore, the sizes of the 
tanks are determined concerning the maximum yearly requirement that 
is determined on daily basis values. In Table 2, the technical charac
teristics of TES are given. 

ORC power block (PB) 

ORC power block includes six main components namely heat ex
changers (HE-II and HE-III), turbine (T), generator (G), pump (P-I), and 
condenser (C). ORC is fed by HE-III in insolation time and by HE-II in 
non-insolation time. Turbine efficiency and pump efficiencies are 
respectively included as 85% and 80% into calculations. Since there is 
no source for the cooling water, the dry type (air) cooling is taken into 
account. In this regard, assuming a minimum temperature difference of 
8–10 ◦C between inlet and outlet points, the outlet temperature of 
cooling air is set to 35 ◦C where the inlet conditions change according to 
the meteorological data given in Fig. 3. Besides, the outlet conditions of 
the working fluid are determined in accordance with the recorded 
highest temperature value of 41 ◦C [35], and a suitable pinch point of 
15 ◦C [39]. Therefore, the condensation temperature of any working 
fluid is set to 56 ◦C. Thus, the initial points for the optimization process 
are obtained considering the extreme conditions. 

Selection of working fluids 

In the SF, a thermic oil named Therminol-VP1 is selected as heat 
transfer fluid since it is thermally stable and suitable for operation over 
long periods at bulk temperatures up to 370–400 ◦C [40]. In TES, Molten 
salt with a low melting point (17.50 wt% LiNO3, 14.18 wt% NaNO3, 
50.53 wt% KNO3, and 17.78 wt% NaNO2) is used as the storage mate
rial. It is chosen because of its desired properties such as lower freezing, 
higher heat capacity, higher upper limit temperature, higher long-term 
thermal stability (total weight loss of 7.1%), lower corrosion behavior, 
lower cost, and higher thermal conductivity (0.55 W/mK) [41]. In PB, 
taking the p-v-T behavior, thermal stability, and environmental issues of 
the fluids into consideration, seven different working fluids namely 
R152a, R-600a, R601a, R718, cyclopentane, cyclohexane, and toluene 
are selected covering the best of the high, medium, and low-temperature 
applications. The properties of the fluids used in the handled system are 
given in Table 3 [40–43]. 

Thermodynamic evaluation 

Neglecting the kinetic energy and potential energy terms, the energy 
balance of the system for the steady-state conditions is given as: 

Ib − Q̇SF − Q̇TES − Q̇PB + Ẇaux − ẆG + ṁaha − ṁbhb = 0 (1)  

where Ib, Q̇SF, Q̇TES, Q̇PB, Ẇaux and ẆG represent the direct normal 
(beam) irradiation (DNI), heat losses of SF, heat losses of TES, heat losses 
of PB, power of auxiliary equipment including pumps and condenser 
blower, and generated power, respectively. The term; h indicates 
enthalpy of the airflow at the condenser. The exergy balance of the 
system is then given as: 

Ėxsolar − ĖxQ
SF − ĖxQ

TES − ĖxQ
PB + ĖxW

aux − ĖxW
G + ṁaψa − ṁbψb = Ėxd (2)  

where Ėxsolar, ĖxQ
SF, ĖxQ

TES, ĖxQ
PB, ĖxW

aux, ĖxW
G and Ėxd represent the exergy 

rates of solar irradiation, heat losses of SF, TES, PB, the exergy of 
auxiliary equipment, the exergy of generator, and exergy destruction 
rate, respectively. The superscript Q and W denote respectively the 
exergy related to heat and work where ψ describes the specific exergy of 
the flow respectively. The expressions are given as follows: 

ĖxQ
=

(

1 −
T0

T

)

∙Q̇ (3)  

ĖxW
= Ẇ (4)  

ψ = (h − h0) − T(s − s0) (5)  

where h is enthalpy as mentioned before and s is the entropy. The 
subscript “0′′ identifies the reference state conditions that are taken as 
25 ◦C and 1 atm for this study. Ėxsolar is the exergy of solar radiation and 
given by [44]: 

Ėxsolar = I∙

[

1+
1
3

(
To

Tsun

)4

−
4
3

(
To

Tsun

)]

(6)  

where Tsunis the temperature of the sun and taken as 5800 K in this study 
[45]. In this regard, the energy and exergy efficiencies of the system are 
given as: 

η =
Ẇnet

I
(7)  

ε =
Ẇnet

Ėxsolar
(8)  

Thermodynamic analysis of SF 

The energy balance of SF is given by: 

I − Q̇PTC − Q̇HE− II + ẆP− II + Ẇtrack + ṁA’hA’ + ṁDhD − ṁB’hB’ − ṁEhE = 0
(9) 

In Eq. (9), the term “I − Q̇PTC”describes the rate of useful energy (Q̇u) 
of a single collector, and is given by [46]: 

Q̇u = N∙FR∙Ar∙[S∙CR − π∙UL∙(TE − Tamb) ] (10)  

where N is the number of PTC, FR is the heat removal factor, S is the heat 
absorbed by the receiver. UL, TEand Tamb are the heat loss coefficient, the 
inlet temperature of heat transfer fluid temperature, and the ambient 
temperature, respectively. CR, which is described as the ratio of aperture 
area (Aa) to receiver area (Ar), is the concentration ratio of the PTC. It is 
given as follows in terms of the width of the collector (Dr) and glass 
covering outlet diameter (Do,g): 

CR =
Aa

Ar
=

(
Dr − Do,g

)

Do,g
(11) 

Since the value of CR is greater than 10, the diffuse radiation is 
neglected [46]. So, the heat absorbed by the receiver; S is defined as 

Table 2 
Properties of HST and CST.  

Property Value 

Tank Diameter; Dt (m)  30.0 
Tank Height; H (m)  9.2 
Tank heat loss coefficient; γHL (W/m2K)  0.6 
Tank volume; V (m3)  6476.3 
Maximum mass, m (tones)  10288.2  
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[36]: 

S = Ib∙ηr (12)  

where Ib is the beam solar irradiation. ηr is the optical efficiency and 
given as [36]; 

ηr = τcover∙αr∙ρPTC∙γ∙κ(θ) (13) 

Here, τcover is the transmissivity of the glazing cover of the receiver, αr 

is absorptivity of the receiver, ρPTC is the reflectance of the mirror, γ is 
the intercept factor. κ(θ) is the incidence angle modifier and given as 
[36,46]: 

κ(θ) = 1 − 2.2307x10− 4∙θ − 1.1x10− 4∙θ2 + 3.18596x10− 6∙θ3 − 4.85509x10− 8∙θ4

(14)  

where θ, indicates the incident angle. The angle of incidence for the 
horizontal N-S axis with E-W tracking calculated as [36]: 

cos(θ) =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

cos2(θz) + cos2(δ)∙sin2(ω)
√

(15) 

Here, θz is zenith angle, δ is declination angle, and ω is hour angle. 
Finally, the heat removal factor is given by [36]: 

FR =
ṁA∙cp,therminol

Ar∙UL

⎡

⎣1 − exp

⎛

⎝ −
UL∙F’∙Ar

ṁA∙cp,therminol

⎞

⎠

⎤

⎦ (16) 

Here, F’ is the collector efficiency factor and defined as [36]: 

F’ =

1
UL

1
UL

+
Do,r

hfi∙Di,r
+ (

Do,r
2k + ln Do,r

Di,r
)

(17)  

where Do,r is the receiver outer diameter and Di,r is the inner diameter of 
the receiver. The power consumed in P-II is calculated as: 

ẆP− II =
υΔP
ηp

(18)  

where υ, ΔP and ηP are the specific volume and pressure loss and pump 
efficiency, respectively. So, the exergy balance of SF is calculated as 
follows: 

Ėxd,SF = Ėxsolar + ẆP− II + Ẇtrack + ṁA’ψA’ + ṁDψD − ṁB’ψB’ − ṁEψE (19)  

Thermodynamic analysis of TES 

The energy and exergy balances of TES are respectively given by: 

ṁBhB + ṁChC − ṁAhA − ṁFhF − Q̇HE− I − Q̇HST − Q̇CST + ẆP− III + ẆP− IV = 0
(20)  

Ėxd,TES =

ṁB(ψB − ψA) + ṁC(ψC − ψF) −

(

1 −
T0

TB

)

Q̇HE− I

−

(

1 −
T0

TE

)

Q̇l,HST −

(

1 −
T0

TC

)

Q̇l,CST + ẆP− III+ẆP− IV

(21) 

The energy balance of HE-I is given as: 

Q̇HE− I =

(

ṁBhB − ṁAhA

)

∙0.98 −
(

ṁEhE − ṁDhD

)

(22) 

The energy modeling of the HST can be mainly analyzed in two 
stages including; charging and discharging. For the charging stage, the 
inlet heat of HST can be defined as [47]: 

Q̇HST = Q̇E − Q̇l,HST (23)  

where Q̇E is the heat energy obtained from the solar field at point E, and 
Q̇l,hst is the lost heat from the storage tank during the charging period 
and calculated as follows: 

Q̇l,HST = (UA)HST ∙(THST − Tamb) (24)  

where U and A are the overall heat transfer coefficient and heat transfer 
surface area of the storage tank, respectively. The overall heat transfer 
coefficient UA is a function of the volume of fluid in the tank and the 
tank loss coefficient per unit area (γHL), and is given by [48]: 

UA = γHL∙
(

V
H
+ π∙Dt∙H

)

(25)  

where V and H are volume and height of the fluid in the tank and Dt are 
the diameter of the tank. The daily total heat gained is calculated as 
[47]: 
∑

QHST = Q̇HST ∙Δt (26)  

where Δt is the total time of charging which also means the insolation 
time (Δtins). The temperature in the HST can be calculated by: 

THST =

∑
QHST

cp,HST ∙mHST
(27)  

where mHST is the total mass in the HST. For this stage, the change in the 
temperature of the HST can be calculated as [47]: 

ΔTHST = THST − T+
HST (28)  

T+
HST = THST +

Δt
mHST ∙cp,HST

∙(− (UA)HST ∙(THST − Tamb)) (29) 

The total heat loss from HST during discharging is defined as: 

QHST,tlost = mHST ∙cp,HST ∙
(
THST − T+

HST

)
(30) 

For the discharging stage, the total heat transfer is defined as [47]: 

Table 3 
Properties of fluids used in system design [40–43].  

Properties R152a R600a R601a Cyclopentane Cyclohexane R718 Toluene Therminol VP-1 Molten Salt 

p-v-T behavior Wet Dry Dry Dry Dry Wet Dry – – 
Boiling Point (◦C) − 24.0 − 11.7 27.8 49.3 80.7 100.0 110.6 257.0 – 
Critical Temperature (◦C) 113.3 134.7 187.2 238.5 280.5 374.0 318.6 430 – 
Critical Pressure (MPa) 4.52 3.63 3.38 4.52 4.08 22.06 4.13 – – 
Density (kg/m3) 812.3* 508.7* 582.0* 708.9* 744.0* 985.2 851 1068 1920 
Specific heat (kJ/kgK) 2.01* 2.67* 2.45* 1.96* 2.01* 4.18* 1.70 2.70 1.66 
Melting temperature (◦C) – – – – – – – – 99 
ODP** 0 0 0 0 0 0 0 – – 
GWP*** 124 ~20 ~20 ~20 ~20 0 ~20 – – 

*values at 56 ◦C, ** relative to R11, ***relative to CO2. 
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QF =
∑

QHST − QHST,tlost (31)  

where Q̇F is the heat energy of molten salt at point F. The CST is also 
analyzed in the same way as the HST. At this time, the discharging 
process of HST means the charging of CST. So, the discharged heat (QD) 
in the CST is calculated as: 

QD =
∑

QCST − QCST ,tlost (32)  

Thermodynamic analysis of PB 

The energy and exergy balances of PB should be investigated in two 
stages including the direct and indirect working conditions. The direct 
condition includes working parameters when the PB is fed by PTC where 
the indirect one includes the parameters when PB is fed by TES. The 
energy balance equations for direct and indirect conditions are respec
tively given as: 

ṁB’hB’ − ṁA’hA’ + ṁaha − ṁbhb − Q̇HE− III + ẆP− I − ẆG = 0 (33)  

ṁFhF − ṁChC + ṁaha − ṁbhb − Q̇HE− II + ẆP− I − ẆG = 0 (34) 

Here, mass rates of the flow in ORC are calculated according to 
working times of Δtins and 24 − Δtins for direct and indirect cases, 
respectively. According to the energy balance equations, the exergy 
balances for the direct and indirect working conditions are respectively 
given as: 

Ėxd,PB− direct = ṁB’ψB’ − ṁA’ψA’ + ṁaψha − ṁbψb −

(

1 −
T0

TB’

)

Q̇HE− III + ẆP− I − ẆG

(35)  

Ėxd,PB− indirect = ṁFψF − ṁCψC + ṁaψa − ṁbψb −

(

1 −
T0

TF

)

Q̇HE− I + ẆP− I − ẆG

(36) 

The generated power; ẆG is calculated as: 

ẆG = ηG∙ẆT (37)  

where ηGis the generator efficiency and taken as 97% for the calcula
tions. ẆT is the power obtained from the turbine and given as: 

ẆT = ṁwf ∙(h3 − h4) (38) 

Here, ṁwf is the mass flow of the working fluid of ORC. Therefore, the 
net electric power of the generator is: 

Ẇnet = ẆG − ẆP− I − ẆP− II − ẆP− III − ẆP− IV − ẆC − Ẇtrack (39)  

where ẆP− I ẆP− II, ẆP− III, ẆP− IV , ẆC and Ẇtrack are respectively required 
powers of P-I, P-II, P-III, P-IV, fan, and tracking system (assumed as 35 W 
per collector). Besides, the parasitic losses were included as 2% [49]. 

Economic analysis 

The Net Present Value (NPV) method is used in the economic analysis 
of the system. In this method, the cash flows of the project invested are 
determined by taking the time value of money into account. The lifetime 
of power plant was taken as 20 years in this study. If NPV is negative, 
then the project is not investable even though it gains ground during the 
lifetime of the system. NPV method can be expressed mathematically as 
follows [50]: 

NPV =
∑n

t=0

Bt

(1 + r)t (40)  

where n is the lifetime of the system, Bt is cash flow in tth year. r is the 
discount rate and was concluded into calculations with an expectation of 

a profit margin of 10%. Bt value is calculated by the following equation 
for the proposed system: 

Bt = Celec − Cmr − Cper (41)  

where Celecis the gain of electricity. Cmr is the cost of maintenance and 
repair, Cper is the total annual personnel expenses. For the cost analysis 
of the designed system, the cost of the initial investment, the operating 
cost, and the salvage cost were taken into consideration. The investment 
cost of the system (Cinv) consists of the cost of the solar field (CSF), the 
cost of the thermal energy storage system (CTES), and the cost of the 
power block (CPB), and is given by: 

Cinv = CSF +CTES +CPB (42) 

CSF and CPB values were concluded as a whole and taken as 6000 US 
$/kWe [51]. CTES was concluded as 25.68 US$/kWhth [52]. Taking the 
salvage cost of the system (Csal) into consideration, the initial cost of the 
system is calculated as: 

Cinit = Cinv − Csal (43) 

The salvage cost of the plant was taken as 10% of the investment 
cost. The cost of maintenance and repair of the system was taken as 2% 
of the investment cost [50]. The labor force requirement of the power 
plant was included in calculations by considering 1 engineer and 10 
workers. The minimum wage of 2019 was taken into account for the 
calculations as 485.46 $. According to this, the total annual personnel 
expense is given as: 

Cp = 485.46∙12∙(2.1∙1 + 1.2∙10) (44) 

Depending on the financial incentive of the government on renew
able sources, the unit cost of electricity was included in calculations as 
0.133 $/kWh for the first 10 years, and it was taken as 0.077 $/kWh 
[53]. Accordingly, the benefit of electricity is given as: 

Celec = Ẇnet∙celec

{
celec = 0.133; forthefirst10years
celec = 0.077; forthelast10years (45)  

Optimization procedure 

The negative NPV commentates the designed systems are not 
investable although the system is profitable. This means the designed 
system has a long payback period and it would be more attractive to 
evaluate the investment cost in a different financial area. Therefore, to 
decide on the investment, the NPV values should be higher as much as 
they could be. In this regard, the optimum working conditions are 
determined according to the NPV values of the system as an objective 
function. The economic evaluation is structured on the idea of the 
installation of maximum power generation capacity of the organic tur
bine on daily basis. It means that the economic values are calculated on 
yearly basis according to the related maximum daily value of the whole 
system, and the NPV is then calculated for the life cycle of the system 
considering the daily net power output values. The optimum system is 
determined as the one with the highest NPV value. Optimal points were 
determined concurrently since all the parameters have been affected by 
each other. In this aim, an excel code was formed to obtain the results of 
the parametric evaluation. 

Results and discussion 

The handled system adapted for the low-radiation zone is evaluated 
block by block to obtain the optimal system. As the first step, PB is 
evaluated to find the best ORC configuration. As the second step, the TES 
side is evaluated taking SF and the best configuration of PB into account. 
At this step, the analyses are conducted within the limits of the molten 
salts. Finally, SF is evaluated taking the best configuration of both PB 
and TES. 
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Optimization of PB 

The maximum value of the TES and PB (installed capacity) on daily 
basis is handled for the installation of the system, and NPV of any design 
is conducted on yearly basis considering this maximum. The effects of 
the temperature and pressure at the turbine inlet are simultaneously 
investigated where the outlet temperature is set to 56 ◦C as mentioned in 
section 3.3. The outlet pressure of the turbine is determined according to 
the saturation values of the handled working fluids. The values of SF and 
TES were selected as available extremes (TA = 110 ◦C, TB = 400 ◦C, TD =

100 ◦C, and TE = 390 ◦C) values taking the assumed temperature dif
ference, the maximum working temperature, and melting temperature 
into consideration. The results are given in Figs. 5–11. 

According to Fig. 5, the range of P3 was investigated between 2000 
kPa and 10000 kPa covering the subcritical and supercritical cycles 
where T3 was investigated between 180 ◦C and the available highest 
temperature of 380 ◦C. The driving parameter is the pressure in this case. 
The optimum pressure for the highest NPV was determined as 8000 kPa 
where the optimum temperature was determined as the maximum 
available temperature of 380 ◦C. The maximum temperature was 
determined taking a temperature difference of 10 ◦C. In this case, the 
best cycle is the supercritical one with an NPV of − 39.72 million US$. 

According to Fig. 6, the range of P3 was investigated between 2000 
kPa and 6000 kPa covering the subcritical and supercritical cycles where 
T3 was investigated between 140 ◦C and the available highest temper
ature of 380 ◦C. The driving parameter is also the pressure in this case 

although both the pressure and temperature have collective effects at 
the lower pressures (<5600 kPa). Thus, the optimum pressure was 
determined as 5700 kPa where the optimum temperature was deter
mined as the maximum available temperature of 380 ◦C. In this case, the 
best cycle is the supercritical one with an NPV of − 42.41 million US$. 

According to Fig. 7, the range of P3 was investigated between 2000 
kPa and 6000 kPa covering the subcritical and supercritical cycles where 
T3 was investigated between 160 ◦C and the available highest temper
ature of 380 ◦C. Both the pressure and temperature have collective ef
fects as the driving parameters in this case. The optimum pressure was 
determined as 4000 kPa where the optimum temperature was deter
mined as 300 ◦C. In this case, the best cycle is the subcritical one with an 
NPV of –32.96 million US$. 

According to Fig. 8, the range of P3 was investigated between 1500 
kPa and 6000 kPa where T3 was investigated between 200 ◦C and the 
available highest temperature of 380 ◦C. Both the pressure and tem
perature have collective effects as the driving parameters in this case. 
Therefore, the optimum pressure was determined as 4750 kPa where the 
optimum temperature was determined as 333 ◦C. In this case, the best 
cycle is the supercritical one with an NPV of − 19.13 million US$. 

According to Fig. 9, the range of P3 was investigated between 1800 
kPa and 4500 kPa where T3 was investigated between 230 ◦C and the 
available highest temperature of 380 ◦C. Both the pressure and tem
perature have collective effects as the driving parameters in this case. 
The optimum pressure was determined as 2950 kPa where the optimum 
temperature was determined as 270 ◦C. In this case, the best cycle is the 
subcritical one with an NPV of − 15.30 million US$. 

According to Fig. 10, the range of P3 was investigated between 2000 
kPa and 4200 kPa where T3 was investigated between 280 ◦C and the 
available highest temperature of 380 ◦C. Both the pressure and Fig. 5. NPV variation vs. P3 (a) and T3 (b) for R152a.  

Fig. 6. NPV variation vs. P3 (a) and T3 (b) for R600a.  
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temperature have collective effects as the driving parameters in this 
case. The optimum pressure was determined as 3500 kPa where the 
optimum temperature was determined as 345 ◦C. In this case, the best 
cycle is the subcritical one with an NPV of − 5.61 million US$. 

In Fig. 11, the CRC power plant was evaluated. The range of P3 was 
investigated between 300 kPa and 3265 kPa where T3 was investigated 
between 200 ◦C and the available highest temperature of 380 ◦C. Both 
the pressure and temperature have collective effects as the driving pa
rameters in this case. The maximum available pressure was determined 
according to the dryness fraction at the outlet of the turbine that was 
assumed 0.9 as a minimum. Therefore, the optimum pressure was 
determined as 3265 kPa where the optimum temperature was deter
mined as 380 ◦C. The maximum limit values were determined as the 
optimum point for this case. In this case, the best cycle is the subcritical 
one with an NPV of 9.01 million US$. 

According to optimized results, the best design was determined as 
CRC. The ORC designs were found nonprofitable for any case. The main 
cause of this situation is the outlet condition of the condenser since it is 
limited by the ambient temperature of Bilecik depending on the air- 
cooling. Henceforth, the outlet temperatures of the fluids are rela
tively higher which means there is still possible useful energy that can be 
evaluated. 

Optimization of TES 

Taking the optimum point of PB and extreme points of SF into ac
count, the TES side of the system was investigated for R718. The other 
fluids were not included since they have a similar trend. The NPV var
iations versus TD and TE are given in Fig. 12. 

According to Fig. 12, as expected, the NPV decreases with the in
crease of TD. The minimum temperature of TD is handled as 100 ◦C 
taking the melting temperature of molten salt (99 ◦C) and the temper
ature decrease of CST occurred by the heat losses into account. However, 
for every single increase of 10 ◦C considering the minimum temperature 
of 10 ◦C HE-I, the variation of NPV is about 1.66%-2.71%. It means 
relatively a lower impact on the design; therefore, the different inte
grated usages could be available according to the need for the region. 
Also as expected, the NPV increases with the increase of TE. The 
maximum temperature of TE is handled as 390 ◦C taking the maximum 
stable working temperature of heat transfer fluid (400 ◦C). For every 
single increase of 10 ◦C considering a temperature difference of 10 ◦C in 
HE-I, the variation of NPV is about 0.64%-1.44% which also means a 
relatively lower impact on the design. For the constant temperature of 
TE = 400 ◦C, this increase is about 0.41%-0.84%. For the final decision, 
the optimum point is determined as the maximum available of 390 ◦C for 
TE where it is determined as the minimum available of 100 ◦C for TD. 

Fig. 7. NPV variation vs. P3 (a) and T3 (b) for R601a.  

Fig. 8. NPV variation vs. P3 (a) and T3 (b) for cyclopentane.  
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Optimization of SF 

Taking the optimum point of PB and extreme points of TES into ac
count, the SF side of the system was investigated for the variations of x, 
TA, and TB. The variation of NPV versus x is given in Fig. 13. 

According to Fig. 13, NPV increases up to a certain point, and then it 
decreases with the increase of mass ratio. It shows that there is a 
maximum peak point and it means this point is the optimal one for the 
investment. The optimal mass ratio is determined as 34.1%. The optimal 
point is not affected by the kind of working fluid or the working pa
rameters of the handled system. The single issue that affects the optimal 
point is just the solar irradiation characteristics of the region. Therefore, 
this effect is one of the most critical ones that should be taken into ac
count for any solar area. The NPV variation versus TA and TB is given in 
Fig. 14. 

According to Fig. 14, the NPV decreases with the increase of TA. The 
minimum temperature of TA is handled as 110 ◦C taking a temperature 
difference of 10 ◦C in HE-I into account. For every single increase of 
10 ◦C considering a temperature difference of 10 ◦C in HE-II, the vari
ation of NPV is about 0.88%–1.02%. For every single increase of 10 ◦C in 
TB considering a temperature difference of 10 ◦C in HE-I, the increase of 
NPV is about 0.64%–1.44%. For the final decision, the optimum point is 
determined as the maximum available of 400 ◦C for TB where it is 
determined as the minimum available of 110 ◦C for TA. 

Overview of the optimal designs 

The optimal points were determined as the maximum or minimum 
available ones for TA, TB, TD, TE. The optimal points of other points are 
variable depending on the fluids. The optimal characteristics of the 
system are summarized in Table 4. The optimum points were obtained 

for the supercritical cycle in the case of using R152a, R600a, R601a, and 
cyclopentane where these points were obtained for the subcritical cycle 
for the other working fluids. Any of the working fluids (except for R718) 
is not profitable for the low-radiation zone. The best and sole choice is 
R718 with an NPV value of 9.012 million US$ and a payback period of 
8.9 years. The maximum energy and exergy efficiencies for this case are 
respectively calculated as 11.05% and 11.86% with an installed turbine 
capacity of 22.20 MW. The produced electricity generation is recorded 
as 365,756.7 GJ per year. The minimum required PTC numbers were 
calculated as well and were recorded as 2772 for R718. This means the 
suitable areas with a minimum surface area of 451,559 m2 are profitable 
for the investment. For the other fluids, the turbine outlet pressure is 
relatively higher which means a higher outlet temperature. Therefore, 
there is still potential to be evaluated on a remarkable scale. 

Thermodynamic evaluation of the optimal system 

Thermodynamic evaluations were conducted for the optimal values 
of R718. Considering the daily dynamic evaluation, the design point was 
determined as the one with the required maximum turbine installation 
capacity and required TES volume. In this aim, energy efficiency (η), 
exergy efficiency (ε), net yearly electricity generation (Enet), available 
installed power capacities (WT), and net power out (Wnet) were deter
mined. The variation of net electricity generation, installed capacity, 
and net power output is given in Fig. 15. 

According to Fig. 15, the available installed capacity of the system 
ranges between 13.44 MW and 22.20 MW. The maximum calculated 
installation capacity is 22.202 MW and 22.196 MW for the direct feed 
and the TES feed, respectively. The maximum available installed power 
capacity is obtained for the 191st day of the year (July 10th) with an 

Fig. 9. NPV variation vs. P3 (a) and T3 (b) for cyclohexane.  

Fig. 10. NPV variation vs. P3 (a) and T3 (b) for toluene.  
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insolation time of 10.52 h and TES working time of 13.48 h. Therefore, 
the installed capacity is determined as the maximum requirement of 
22.2 MW. The auxiliary power requirement ranges between 1.34 MW 
and 2.73 MW. The electricity generation rate ranges between 
482,625.50 MWh and 1,500,363.05 MWh, which generates a yearly 

total of 365,756,712.15 MJ. The variation of energy and exergy effi
ciencies is given in Fig. 16. 

According to Fig. 16, η values of the optimal design range between 
9.94% and 11.05%, where ε values range between 22.89% and 23.32%. 
At the design point, η and ε are determined as 10.19% and 10.94%, 
respectively. The variations of the heat loads and heat losses of TES are 
given in Fig. 17. 

According to Fig. 17, the stored heat ranges between 3,515,845.19 
MJ and 11,406,904.63 MJ for HST, and range between 1,978,342.20 
and 6,418,587.63 MJ for CST. The heat losses range between 30,644.65 
MJ and 95,264.59 MJ for HST, and range between 7,773.41 MJ and 
21,738.63 MJ for CST. The design point is determined as the 172nd day 
of the year (June 21st). The maximum heat loss that occurred in HST is 
about 0.88% where it is about 0.42% for CST. The variation of tem
perature decrease depending on the heat losses is given in Fig. 18. 

According to Fig. 18, depending on the ambient conditions, the 
temperature decrease ranges between 5.53 ◦C and 5.96 ◦C for HST where 
it ranges between 1.13 ◦C and 1.55 ◦C for CST. Taking the design point of 
the system into consideration, the technical energy and exergy analysis 
results of the optimum system are given in Table 5. 

According to Table 5, the minimum exergy efficiency is determined 
for the condenser as 16.56% although it has higher energy efficiency. 
The exergy efficiency of the SF (PTC) is obtained as 34.71%, and this 
value is agreeable to that of Ref. [54]. The exergy efficiency of TES is 
calculated as 65.94%, which is agreeable to that of Ref. [55]. The exergy 
efficiency of PB is calculated as 41.56%, and it is agreeable to the 
literature values [56]. The exergy efficiency of the overall system was 

Fig. 11. NPV variation vs. P3 (a) and T3 (b) for R718.  

Fig. 12. NPV variation vs. TD (a) and TE (b).  

Fig. 13. NPV variation vs. mass fraction (x) of heat transfer fluid.  
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calculated as 10.94%, which is relatively lower in comparison to those of 
literature [57]. The main cause, depending on the air cooling system, is 
the higher temperature value at the outlet of the condenser. 

Environmental evaluation of optimal designs 

Depending on the geographical location, the electricity need of 

Fig. 14. NPV variation vs. TA (a) and TB (b).  

Table 4 
Optimal characteristics of the system for the selected fluids.  

Property R152a R600a R601a Cyclopentane Cyclohexane Toluene R718 

TA (oC) 110 
TB (oC) 400 
TD (oC) 100 
TE (oC) 390 
T1 (oC) 56 
ORC type Supercritical Supercritical Supercritical Supercritical Subcritical Subcritical Subcritical 
P1 (kPa) 1364.300 791.560 244.320 125.860 45.098 15.784 16.533 
T2 (oC) 62.20 60.32 58.34 58.47 57.34 56.26 56.33 
P2 (kPa) 9163 5816 4082 4847 3010 3571 3316 
T3 (◦C) 380 380 300 333 270 345 380 
P3 (kPa) 8000 5700 4000 4750 2950 3500 3250 
T4 (◦C) 297.35 322.53 232.68 206.44 188.74 206.53 56.43 
P4 (kPa) 1392.140 807.714 249.306 128.429 45.098 16.106 16.870 
ηmax (%) 4.92 3.99 5.33 7.57 7.84 9.34 11.05 
εmax (%) 5.28 4.29 5.73 8.12 8.42 10.03 11.86 
ẆT,max(MW) 12.56 10.42 12.70 16.79 16.98 19.66 22.20 

Ẇnet,max(MW) 8.28 6.41 8.90 13.15 13.58 16.40 19.47 

Enet (GJ/y) 151,202.9 118,751.4 165,608.7 243,875.7 253,456.3 305,917.4 365,756.7 
NPV (million US$) − 39.718 − 42.406 –32.955 − 19.135 − 15.302 − 5.612 9.012 
Payback period (year) 14.5 16.2 13.2 10.6 10.1 9.6 8.9 
Minimum PTC number – – – – – – 2772  

Fig. 15. The variation of Enet, WT, and Wnet for the optimal points of R718.  
Fig. 16. The variation of η and ε.  
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Bilecik province is satisfied by the coal-fired power plant located in 
Kutahya that is the nearest city and grid network. It means that a power 
plant driven by renewable energy sources would decrease the load of 
this coal-fired power plant. So, the emissions released into the atmo
sphere would also decrease since lignite with low energy value and high 
sulfur content is used in this plant. In this aim, taking the technical 
properties of this coal-fired power plant into account [58,59], the 
reduction of the related emission contents is given as in Table 6. 

The other concern of environmental management is not to have a 
strong regulation on these emission releases. Although there are some 
penal sanctions on this issue, it does not solve the problem because of the 
energy requirement. In this regard, a carbon tax would be an appropriate 
solution. However, at this time, it would bring new concerns amongst 
the consumers, producers, and commissioners. Although renewable 
energy comes into prominence as the strongest solution in this way, the 
entrepreneurs keep away from the investments because of higher costs. 
Turkey applies an encouragement politic to disseminate the solar ap
plications that guarantee to purchase the generated electricity for the 
first 10 years. As seen from the results of this study, it is not sufficient for 
many cases. In this regard, a tax discount or a carbon tax on the sale 
price would be an attractive solution. However, it should be deeply 
argued on the amount of this tax. Assuming a carbon tax ranging be
tween 5% and 18%, the re-calculated values of NPV and payback periods 
are also given in Table 6. According to Table 6, it is available to prevent 
CO2, SO2, and NOx emissions in an amount of 108,046.4, 2,457.6, and 
249.7 gross tons per year. The investment is not profitable for R152a, 
R600a, R601a, and cyclopentane in any case of tax discount. The in
vestment is profitable for cyclohexane if a discount of 15% is applied. 
The investment for toluene is profitable if a discount of 5% is applied. 

Conclusion 

For the low-radiation zone with a DNI value of ranging between 241 
and 398 W/m2, the ORC power plant driven by PTC was analyzed from 
the energy, exergy, economics, and environmental points of view. The 

Fig. 17. Daily heat loads for TES.  

Fig. 18. Variation of the temperature decrease for HST and CST.  

Table 5 
Exergy analysis results of the best investable design.  

Component Ei (MJ/d) Eo(MJ/d) Q (MJ/d) W (MJ/d) Exi (MJ/d) Exo(MJ/d) Exd (MJ/d) η (%) Ɛ (%) 

SF PTC 13,838,702.7 7,602,118.9 − 6,206,328.8 30,255.0 12,862,045.6 4,475,200.8 8,417,099.8 54.81 34.71 
TES HE-I  5,007,515.7  4,907,365.4 − 100,150.3  –  2,947,814.8  2,006,225.2  885,797.6  98.00  69.95 

HST  11,221,790.9  11,129,217.8 − 92,573.1  5,309.3  2,143,292.7  2,091,732.8  107,646.7  99.13  94.98 
CST  6,334,235.6  6,314,425.5 − 19,810.0  2,654.7  141,013.6  137,067.4  10,606.9  99.65  92.48 
Overall  5,007,515.7  4,794,982.2 − 112,383.2  7,964.0  2,947,814.8  1,950,719.2  1,004,051.2  95.60  65.94 

PB HE-II  4,814,792.3  4,718,496.4 − 96,295.8  –  1,950,719.2  1,836,229.3  73,840.2  98.00  96.21 
HE-III  2,594,603.2  2,542,711.1 − 51,892.1  –  1,527,386.0  989,510.3  515,277.7  98.00  66.26 
T/G  7,850,054.1  5,838,558.0 − 353,017.6  − 1,658,478.6  2,849,775.1  517,134.2  812,975.1  82.45  71.47 
C  5,260,044.6  5,154,843.7 − 305,112.6  199,911.7  529,842.0  120,833.8  608,919.9  94.41  16.56 
P-I  578,513.4  588,846.6 − 2,583.3  12,916.5  15,585.7  24,035.5  5,637.2  80.00  80.22 
Overall  7,409,395.5  588,846.6 − 808,901.4  − 1,445,650.3  3,478,105.3  156,632.4  2,016,650.1  19.51  41.56 

Overall System 13,808,447.7  5,154,843.7  − 7,127,613.4 − 1,407,431.3  12,862,045.6  120,833.8  7,934,218.0  10.19  10.94 

*P-II is counted in SF, **P-III is counted in HST, ***P-IV is counted in CST. 

Table 6 
Emission reduction and economic evaluation including a carbon tax.  

Property Discount (%) R152a R600a R601a Cyclopentane Cyclohexane Toluene R718 

CO2 (103 ton/y) –  44,666.1  35,079.8  48,921.6  72,042.1  74,857.8 90,369,5  108,046.4 
SO2 (103 ton/y) –  1,016.0  797.9  1112.8  1,638.7  1,702.7 2,55.6  2,457.6 
NOx (103 ton/y) –  103.2  81.1  113.1  166.5  173.0 208.9  249.7 
NPV (million US$) 5  − 36.553  − 39.921  − 29.489  − 14.031  − 9.999 0.790  16.667 
Payback period (year)   13.9  15.5  12.8  10.6  9.8 9.3  8.8 
NPV (million US$) 10  –33.389  − 37.436  − 26.023  − 8.927  − 4.695 7.193  24.301 
Payback period (year)   13.4  15.0  12.3  9.8  9.6 9.1  8.6 
NPV (million US$) 15  − 30.224  − 34.951  –22.557  − 3.823  0.608 13.595  31.976 
Payback period (year)   12.9  14.5  11.8  9.6  9.4 8.9  8.4 
NPV (million US$) 18  − 29.326  –33.460  − 20.477  − 0.761  3.790 17.436  36.569 
Payback period (year)   12.6  14.2  11.5  9.5  9.3 8.8  8.3  
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system was concurrently optimized taking the NPV values as an objec
tive function for making a decision of system applicability. Six different 
environment-friendly working fluids were performed for the proposed 
system. The conventional steam Rankine (CRC) cycle with R718 was 
also performed. The following issues were concluded:  

• The optimum design with the highest NPV was determined as the 
conventional Rankine cycle (CRC) with R718. The optimal energy 
and exergy efficiencies of CRC were respectively calculated as 
10.19% and 10.94% where the maximum energy and exergy effi
ciencies were calculated as 11.05% and 11.86%.  

• The NPV value of the optimal power plant was calculated as 9.012 
million US$ with an installed capacity of 22.20 MWe and a net ca
pacity of 19.47 MWe, which means the system was profitable for the 
investment. The yearly net electricity generation was calculated as 
365,756.7 GJ/y.  

• The optimal points were determined when TA, TB, TD, TE, T2, and P3 
are 110 ◦C, 400 ◦C, 100 ◦C, 390 ◦C, 380 ◦C, and 3250 kPa, 
respectively.  

• For the optimal case, it was determined that the reduction of 
108,046.4 ktones, 2,457.6 ktones, and 249.7 ktones were available 
in the emissions of CO2, SO2, and NOx, respectively.  

• The ORC designs were found not investable for the low-radiation 
zone. In this regard, different energy policies on the financial is
sues of the government were introduced from the environmental 
point of view. Thus, a suitable way was offered on the environmental 
tax including the discount of value-added tax or a new carbon tax 
ranging between 5% and 18%. The ORC with toluene was found 
investable when a discount or tax of about 5% was applied. The ORC 
with cyclohexane was found investable when this rate was applied as 
15%. 

Future studies 

Since the efficiency values of cases using refrigerants are relatively 
low depending on the higher temperature at the outlet of the turbine, a 
common application-which an internal heat exchanger is used- can be 
used to improve the energy and exergy efficiencies. Nevertheless, it is 
not expected that this application would be investable for the selected 
fluids except for toluene. Thereby, the most convenient choice seems to 
be the application including one or more bottoming cycles. In this re
gard, the R718 steam cycle should be designed as the bottoming cycle 
depending on its conditions at the turbine outlet since it enables us to 
catch the maximum available points. Therefore, the two-staged cycles of 
R152a/R718 and R600a/R718 can be taken into consideration. Three 
staged cycles of R600a/Cyclopentane/R718 and R152a/Cyclohexane/ 
R718 can also be taken into consideration. 
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