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Abstract

In this research, a parabolic trough concentrator with linear V-Shape cavity receiver was studied
as the heat source of an organic Rankine cycle system. The solar organic Rankine cycle system
was evaluated under exergy and economic analyses. Thermal oil was used as the solar working
fluid, and ethanol was used as the organic working fluid under different turbine inlet
temperaturesand turbine inlet pressure. The influence of different operational parameters,
including solar radiation, mass flow rate, and inlet temperature of solar working fluid was
investigated on the performance of the solar organic Rankine cycle system. It was found that
exergy gain and exergy efficiency of the solar system improved with increasingsolar radiation,
increasinginlet temperature, and decreasingthe flow rate of the solar working fluid. The highest
organic Rankine cycle efficiency and total efficiency were found to be 35%, and 25% at turbine
inlet temperature of 592 K and turbine inlet pressureof 6 MPa, respectively. Finally, the lowest

levelized cost of electricity, and the lowest payback period were calculated equal to 0.0716
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(e/kwh), and 8.79 (years) for the optimum condition of the developed solar organic Rankine
cycle system, respectively. The present study is beneficial for improving the performance of the

solar organic Rankine cycle systems with parabolic trough concentrators in a simple and

convenient way and the development of solar thermal technologies.

Keywords: Exergy and economic analyses; solar organic Rankine cycle system; parabolic

trough concentrator; linear V-Shape cavity receiver.

Nomenclature

A Area, nt

Cp Specific heat capacity

J/kgK

do Cavity depth, m

d Receiver tube diameter, m

Gr Grasshof number

g Gravity acceleration, /s

h Heat transfer coefficient,
W/m?K

I Directnormalsolar
irradiation, W/nt

KThermal conductivity, W/mK

m System mass flow rate, kg/s

N Number of tube sections

Nu Nusselt number

P Pressure, Pa

Pr Prandtl number

Qnet Net heat transfer rate, W

Q* Rate of available solar heat
at the cavity receiver, W

Qloss Loss rate of heat loss from
the cavity receiver, W

Q solar Rate of available solar heat
at dish concentrator, W

R Thermal resistance, K/IW

Ra Raleigh number

Re Reynolds number

T Temperature, K

t Thickness, m

w Wide, m
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Greek symbols
aRadiation absorptivity

€ Emissivity

n Efficiency

A Thermal conductivity,

W/(m K)

p Density, kg/m

c StefanBoltzmann

constant, W/rfK*

Subscripts

a air

ap aperture

cavity for the cavity

combined combined convection

con due to convection

ext external

f fluid

forced due to forced convection

gc glass cover

int internal

inlet at the inlet

ins insulation

n tube section number

natural due to natural convection

net net

PTC parabolic trough
concentrator

r receiver

rad due to radiation
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96 th thermal 99 infinitive
100 1 Introduction
101 Nowadays, renewable energies are accounted as an interesting source of energy for providing the
102 social required energy [1]. There are different kinds of renewable energy, including solar, wind,
103 geothermal, hydropower, etc. [2]. The solar energy is investigated as worldwide renewable
104 energy that is accessible in different countries [3]. The solar energy can be converted to thermal
105 energy using solar collectors. The solar collectors are divided two categories consist of
106 concentrator and non-concentrator collectors [4]. There are different types of solar concentrator,
107 including dish concentrator, Parabolic Trough Concentrator (PTC), linear Fresnel collector, and
108 Compound Parabolic Concentrator (CPC). The PTCs are accounted as an interesting and
109 industrial collector [5]. Generally, there are two types of absorber for the PTC collector,
110 including evacuated tube receivers, and cavity receivers [6]. The cavity receivers are introduced
111 as efficiently solar receiver for achieving the highest thermal energy in the solar concentrator
112 collectors [7].
113 There are numerous studies related to the performance investigation of PTC collectors,
114 numerically and experimentally [8]. Conrado et al. [9] presented a review paper related to
115 numerical and experimental studies of PTC systems. Bellos and Tzivanidis [6] reviewed
116 different design methods for PTC system. Chen et al. [10] experimentally invested performance
117 of a PTC system. They found the efficiency of the solar system was estimated equal to 60%
118 during winter. Lamrani et al. [11] numerically investigated a PTC system under variation of inlet
119 temperature. They found the application of oil was more suitable compared to water as the solar
120 working fluid. The thermal efficiency of the solar system was calculated by 76% during the
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summer. Moudakkar et al. [12] investigated the performance of a PTC system as the heat source
of a dryer. They developed two models based on uniform and non-uniform distribution of heat
flux. Both investigated model showed good agreement compared to measured experimental
results. Fathy et al. [13] experimentally considered the performance of a desalination system
with PTC as the heat source. They found the performance of the desalination system had higher
amounts with PTC compared to conventional desalination system. Razmmand et al. [14]
evaluated the performance of a PTC system with application of nanofluids as heat transfer fluid.
They found the performance of the solar system improved using nanofluid as the solar working

fluid.

Rehan et al. [15] experimentally tested the performance of a low concentration PTC with the
application of nanofluids. Various nanofluids in different concentrations and flow rates were
considered. Alumina/water nanofluid showed higher performance compared@e/wWeter
nanofluid as the solar working fluid. Potenza et al. [16] experimentally tested application of
CuO/air nanofluid as the solar working fluid of a PTC system. The thermal efficiency of the
system was measured equal to 65% using nanofluid. Bellos et al. [17] investigated improvement
methods of PTC efficiency utilizing the application of nanofluids and turbulators. They reported
an efficiency improvement of 1.54% using a combination of two suggested methods for

improving PTC performance.

As mentioned, cavity receivers are investigated as an effective way of improving the
performance of solar concentrating systems [18]. Some researches considered the application of
cavity receivers as absorbers of the dish concentrators [19]. Loni et al. [20] numerically and
experimentally investigated the effect of wind on the performance of a dish concentrator with a

hemispherical cavity receiver. They suggested some experimental relationship for prediction of
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wind effect on the performance of the hemispherical cavity receiver. In another research, Loni
and his colleagues [21] numerically and experimentally evaluated the thermal performance of a
dish concentrator with two shapes of cavity receiver, including cylindrical and cubical cavity

receivers. Also, some researches were done the related application of linear cavity receiver in
solar linear concentrators such as the linear Fresnel collector, and PTC systems [22]. Qiu et al.
[23] investigated the optical and thermal performance of a linear Fresnel concentrator with a
trapezoidal cavity receiver. Xiao et al. [24] evaluated the performance of a PTC system with a
new shape of the linear cavity receiver. They found the performance of the solar system can be

improved using internal fins.

On the other hand, Organic Rankine Cycles (ORCs) are introduced as an important
thermodynamic cycle for power generation from the low-temperature heat source, including
solar energy [25]. Some researchers numerically have studied the performance of the ORC
systems with the solar PTC collector as the ORC heat source [26]. On the other hand, some
researchers have investigated solar systems based on financial aspects [27]. Bellos and
Tzivanidis [3] studied a solar power generation system financially. Two kinds of the solar linear
concentrator, including parabolic trough concentrator and linear Fresnel concentrator, were
investigated. They found the parabolic trough concentrator can be introduced as a more useful
collector for absorbing energy. In another work, Bellos et al. [28] investigated a solar-driven
absorption chiller under energy, exergy and economic aspects. Optimum parameters of the solar
system and storage tank were reported. Najafi et al. [29] thermos-economically evaluated a solar-
conventional energy supply system. They investigated a direct absorption PTC collector. They

assessed the solar system for different weather conditions.
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As seen from the literature as mentioned above, there is no reported paper related to performance
investigation of a solar ORC system with linear V-Shape cavity receiver as an absorber of a PTC
system. In this research, a PTC system using a linear V-Shape cavity receiver was investigated as
the heat source of an ORC system under energy and economic analyses as a novelty subject.
Influence of different operational parameters including solar radiation, mass flow rate, and inlet
temperature of working fluid as well as parameters of the ORC system including different TITs
were investigated on the performance of the solar ORC system. Results of this research can be
used for designing an ORC system with the highest performance and lowest cost. The examined
novel PTC is a cost-effective technology because it has not evacuated tube, which is an
expensive device. Moreover, it presents higher reliability compared to the conventional systems

because there is not the danger of losing the vacuum.

2 Modelling and Description

In this research, the performance of a solar ORC system with a PTC system was numerically

investigated. A linear V-Shape cavity receiver was used as the ORC heat source. A schematic of

the investigated solar ORC system with the linear V-Shape cavity receiver is presgnted ip Figure

Thermal oil was used as the solar working fluid, whereas different organic fluids were

investigated as the ORC working fluid. The ORC system consisted of a heat exchanger
(evaporator), turbine, condenser, and pump. Absorbed thermal energy by the solar collector
transferred to the ORC system by the heat exchanger. It should be mentioned that the turbine
produced power, the condenser ejected thermal energy, and the pump circulated the ORC

working fluid. As seen frorE Figureg 1, absorbed solar energy by flowing thermal oil in the linear

V-Shape cavity receiver was transferred to the ORC working fluid using the heat exchanger.
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Generally, power was produced by flowing the high-temperature and high-pressure ORC

working fluid in the turbine.

Generally, there are two types of solar collector parameters, including structural, and operational
factors that influence the performance of the solar and ORC system. The structural parameters
are including PTC aperture area, cavity aperture area, cavity height, etc. About operational
parameters, they are including inlet temperature, and flow rate of the solar working fluid, types
of the solar working fluid, etc. Additional to these parameters, environmental factors are an
influence on the performance of the solar PTC and ORC system, including ambient temperature,

wind speed, and solar radiation, too.

It should be mentioned that variation of the solar system parameters influences the performance
of the ORC system because of using the absorbed heat by the solar systerataource of the

ORC system. On the other hand, some parameters of the ORC systems influence the
performance of the ORC system, too. These parameters are including turbine inlet pressure,
turbine inlet temperature, condenser temperature, type of ORC working fluid. In this study, the
influence of solar radiation, the inlet temperature of the solar working fluid, and the flow rate of
solar working fluid was investigated on the performance of the solar ORC system. Also, the

influence of turbine inlet temperature on the ORC performance was investigated.
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Figure 1: A schematic of the solar ORC system with linear V-Shape cavity receives ®RC heat source.

In this research, the solar PTC system was investigated as the ORC heat source with ethanol as
the ORC working fluid. Finally, the solar ORC system was economically evaluated for power
generation. Analysis processes of the current research are depicted in Figure 2. All of these

analyses were presented in detail in the next sections.
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3. The solar ORC system was economically evaluated.

Figure 2: Analysis process of the current research.

2.1  Solar Parabolic Trough Concentrator Modeling

Optical analysis of the solar PTC system with linear V-Shape cavity receiver was
conducted using SolTrace software. The SolTrace software is introduced as free and effective
software for optical modelling of solar concentrating systems [30, 31]. A view of the linear V-

Shape cavity receiver is presented in Figﬂre 3. The solar PTC system was simulated with sun

shape as a pillbox, half-angle width as 4.65 mrad, number of ray intersections as 10000, optical

error as 10 mrad, and tracking error as 1°. Structural parameters of the solar PTC system during

the optical and thermal modelling are reported in

Table 1. A view of the solar system elements is preser[ed in Figure 4.
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Figure 3: A view of the optical analysis by SolTrace software.

Table 1: Structural parameters of the solar PTC system.

Description Dimension
Parabola length 2m
Parabola aperture 50 cm
Focal distance 17.5cm
Cavity aperture width 5cm
Cavity length 2m
Cavity angle 60°

Cavity coating absorbance coefficie 0.85

11
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Figure 4: A view of the solar system elements.

Thermal modelling of the solar PTC system was numerically done based on energy balance

equations and thermal resistance method. The energy balance equations were developed in

Maple software. Thermal heat losses from the linear V-Shape cavity receiver include conduction,

radiation, and convection heat losses. A schematic of the heat losses from the V-Shape cavity

receiver is depicted in Figure

5. As mentioned, the thermal resistance method was used for

thermal modelling of the investigated solar PTC system. A view of the thermal resistance

method that used for thermal modelling of the linear V-Shape cavity receiver is presented in

Figure §

. All of the mentioned thermal resistanc

e in Fig

ire 6 has been shown in Appendix A.

12



Qloss.rad.exterins

e

Qioss cond ins

Inzunlation

Qoss.convexterin

il Qioss rad inter

0
Glass Cm-'e:r/ / \

Qoss.convexter ge Quoss.rad exter ge

241

242 Figure 5: A schematic of the investigated linear V-Shape cavity receiver.

T, T,

I - Tub
nner fube 7 \ Inner Tube

Quoss.convinter ~ f(R1) Quesscondins ~ f(Rs)

NN

} anss,rad,inter A f (‘t

Insulation

Glass Cover

Qoss.convexter, ge  F(R3) Qtuss.rad.exter,gc ~  Quossconvexterins © f(Rg) Quossire

(@) (b)

243 Figure 6: Schematic of used thermal resistance method for a) internal heat losses, and bemal heat losses
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245 The cavity tube was divided to smaller lengths along the cavity tube for calculating accuracy
246 results. Solar heat flux on each element of the cavity tube was calculated using the SolTrace
247 software. Heat gainQg..,), and cavity surface temperaturg; () of each element were

248 calculated using the following equations [32]:

—1 [ Onet.i
(Ts,n - 7i1=11 (L“) - Tinlet,o)

o meO
Qnet,n = 1 1)

(= +——)

h:An 2 Ti’leo

249  And

n
(T, _Too)
Rtotal >

Qnet,n = Q*n - (2)

250 It should be mentioned, internal convection heat transfer of the working fluid in the cavity tube is
251 calculated based on whereas external heat transfer from the cavity tube is assumed using

252 Finally, the thermal efficiency of the solar PTC system can be calculated as following [32]:

n _ Q net __ 211\1 Qnet,n
th = = =—
Q solar Q solar (3)

253 Where

) = Iy A
Qsolar sun‘lap,PTC (4)

254 In these equationsQ ,..(W) shows total absorbed heat by the solar working fluid, and
255  Qo1ar(W) presents total received solar energy by the solar PTC collector. It should be
256 mentioned, Behran thermal oil with the following thermal properties wsed as the solar

257  working fluid[33]:
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ks = 0.1882 — 8.304 x 1075(T}) (ﬁ) (5)
k]
= 0.8132 + 3.706 x 1073(T, e 6
¢ps = 0.8132 +3.706 x 1073(Ty) (kgK 6
k
pr = 1071.76 — 0.72(Ty) (m—g3 )
Pr = 6.73899 x 1021(T;)~771%7 8)

In these equations]; (K) is working fluid temperaturek, (r%) is working fluid
conductivity, ¢, f (k';—]K) is special heat capacity of the working fluja; (%) working fluid
density, and’r is Prandtl number of the working fluid.

2.2  Exergy Analyses
Exergy is a tool for prediction of the maximum available useful work during a process that

brings the system into equilibrium with environmental. Exergy efficiency of the system can be

defined as cavity receiver exergy rate to rate of solar exergy as following [34]:

_ E gain
Exgyn 9)

nth,ex -

In this equationE,,;, (W) is the exergy rate of the cavity receiver that can be calculated as

below [34]:

Toutlet)) _ Tamb m AP
Tr  p (10

Egain =m: Cp : (Toutlet — Tintet — Tamp In ( T
inlet

And, Exs,,,(W) is exergy delivery by the sun that can be estimated using the following equation

[34]:
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Exgyn = IsunAaperture,PTC [1 _§' r]flm +§< - ) l (11

In this equationTy,,,, is assumed equal to 5762 K. Pressure drop of the solar working fluid in the

cavity receiver can be defined as following [32]:

p- Vzv L

AP=¥.Q;.E+ZKS,) (12
8- m?

0P = O d+ZKy) a3

Moreover, the equivalent thermal 0uth@4) is defined as follows:

. AP -m
WPump = T (14)

. W, um
eq — (Qnet — ;el p) (15

Wheren,,; will be assumed equal to 0.33 for the investigated system. This value is practically the
mean electrical efficiency of the grid. The overall efficiency is defined using the equivalent
thermal output and the solar energy input:

Qeq

Q solar

(16)

Noverall =

2.3 Organic Rankine Cycle System Modeling

As mentioned previous, the solar PTC system with the linear V-Shape cavity receiver was
investigated as the ORC heat source. Ethanol was used as the ORC working fluid. The ORC
system was evaluated under variation of turbine inlet temperature (TIT), and turbine inlet

pressure (TIP). A schematic of the entropy-temperature graph of the ORC system with Ethanol

as the working fluid is presented in Figure 7.

16
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282 Figure 7: A schematic of the entropy-temperature graph of the ORC system with E#tnol as the working
283 fluid.

284 In this research, it was assumed that absorbed solar energy by the solar system was used as the
285 heat source of the ORC system. Consequently, the mass flow rate of the ORC working fluid can

286 be calculated as following [34]:
m _ Qevp
T (s — ) 40
287 In this equationQevp (W) is equal to the cavity heat gairk*, (kJ/kg) is the enthalpy at the

288 evaporator inlet and*;(kJ/kg) is the enthalpy at the evaporator outlet.

289 On the other side, the generated power by the turbine can be estimated as below [34]:

WT = mORC(h*S - h*4) (19

290 In this equationh*; (kJ/kg), andh*,(kJ/kg) are the enthalpy at the turbine inlet and the turbine
291 outlet, respectively. Also, the rejected heat in the condenser can be estimated using the following

292 equation [34]:

17
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Qc = mORC(h*4 - h*1) (19

In this equationh*,, and h*; (kJ/kg) are the enthalpy at the condenser inlet and the outlet,
respectively.

Finally, the consumed power in the pump is calculated by the following equation [34]:

WP = mORC(h*Z - h*1)

(20)
The net power of the ORC system is calculated as:
Whee = Wr — Wp= tiopc[(R*3 — h*) — (R*; — h*y)] 1)
ORC efficiency can be defined as follows:
Norc = Wnet/ Qevp 22
On the other side, overall solar ORC efficiency can be evaluated as below:
Noveralt = Wnet/ (beam- Aprc) 23

The ORC system was evaluated under variation of TIP between 1 MPa to 6 MPa, condenser

temperature as 311 K, and the ambient temperature of 301 K.

2.4  Economic Analyses

In this study, the developed solar ORC system was economically investigated. One of the
investigated economic parameters is Levelized Cost of Electricity (LCOE) that can be defined as
the investment and maintenance cost of the solar ORC system during the lifeténeocathé
generated power by the solar ORC system as kWh. The LCOE can be calculated as the following

equation:

I, +M, +F
LCOE = 1 —t ¢t (24)

18
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Wherel; (€) is investment costy; (€) is maintenance cosk; (€) is the cost of fossil fuel that is
assumed equal to zero in this study, &pkWh) is generated power. The investment cost of the

solar ORC system can be calculated as follows:

Iy = Iy prc + It ore 25

In this equation/, pr¢ is the investment cost of the solar PTC system that was assumed from
200e/m?for large scale setup, to 3@0m? for small scale setup], andl, gg¢ is the investment

cost of the ORC system that was assumed from&R®(h for large scale setup, to 406Wh

for small scale set(ip]. Related to the maintenance cost of the solar ORC system, the below

eguation can be presented:

Mt - 0.01 . N . It (26)

Where, N is the estimated lifetime of the solar ORC system that was assumed equal to 25 years
in this research, anfj was the investment cost of the solar ORC system that was calculated
based on the previous equations. Finally, generated pdiMi\Wh), can be calculated as

follows:

E.=N- Et,yearly 27

Where E; yeqri, (KWh) is yearly generated power by the solar ORC system, and N is the

estimated lifetime of the solar ORC system that was assumed equal to 25 years in this research.

Another parameter for economic analysis is cash flow. The cash flow as the annual income

minus maintenance costs can be calculated as follows:

CF = [Et,yearly * el] - M, (28)

19
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In this equation, CF (€) is the cash flow, C,; (€/kWh) is the financial value of electricity

produced, which was assumed equal to 0.2 in this study [3].

Finally, Simple Payback Period (SPP) is another important parameter for economic analysis of a
system. The SPP is defined as how long it takes for the system to be profitable. The SPP can be

calculated as follows:

CF (29

2.5 Validation of the Developed Model

The developed system was validated based on the reported experimental data by [35]. A view of

the experimental setup is presented in Figu|r3 8. Figure 9 shows the variation of thermal

—Tamp

.. .- T . .
efficiency versus variation o( ’; ) for the reported experimental results and numerical

beam

results based on the current research. As seen, there is a good agreement between the measured
experimental results and calculated numerical results in this research. More specifically, the
mean deviation between the numerical and the experimental results is about 1%, which is a

relatively low value.

20



336 Figure 8: Investigated the PTC system by ref. [35].
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338 Figure 9: Comparison between the reported experimental results [35] and calculated results in this study

339 3 Results and Discussion

340 In this section, results of the investigated solar ORC system with application of the linear V-

341 Shape cavity receiver will be presented as follows:

342 - Firstly, exergy performance of the solar PTC with the linear V-Shape cavity receiver
343 will be reported.

344 - Afterwards, the performance of the solar ORC system with the PTC collector to
345 deliver heat to the ORC system will be presented.

346 - Finally, economic analyses of the suggested solar ORC system for power generation
347 will be reported.

348 3.1 Exergy Analysis
349 In this section, the performance of the solar PTC with the linear V-Shape cavity receiver was

350 investigated under exergy analysis. The cavity tube diameter was equal to 25 mm. Thermal oil

21
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was used as the solar working fluid. Influence of solar radiation, inlet temperature, and flow rate

of the thermal oil was studied on exergy performance of the solar system. Figure 10a, 10b, and

10c display variation of exergy gain versus variation of solar radiation, inlet temperature, and

flow rate of thermal oil, respectively. |In Figure|10a, solar radiation changed in the range of 600

W /m? to 1100W /m?, and the inlet temperature and flow rate of the solar working fluid were

assumed as constant amounts diC5@nd 50 ml/s, respectively. As seen in Figurg 10a, exergy

gain of the solar system has increased with increasing solar radiation. Similar results have been

reported in Ref. [36]. Aboft Figure [LOb, the inlet temperature of the solar working fluid was

changed from 5@ to 240C. On the other side, the solar radiation, and the flow rate of the
working fluid were investigated at constant amounts of 808n2, and 50 ml/s, respectively. It

would be resulted from Figure [LOb, exergy gain of the solar system enhanced with increasing

inlet temperature of the solar working fluid. Similar results had been reported in RefAl[&Y].

Figure 1Qc was depicted based on the flow rate of the solar working fluid in the range of 5 ml/s

to 610 ml/s, and the solar radiation and inlet temperature of the working fluid equal to 800

W /m?, and 50°C, respectively. As depicted |in Figure|10c, higher amounts of the flow rate of

solar working fluid resulted in lower amounts of the exergy gain.Similar conclusions have been
reported in Ref. [37].Finally, it can be concluded that the exergy gain of the solar system

improved with increasing solar radiation, increasing the inlet temperature of the solar working

fluid, and decreasing the flow rate of the solar working fluid. It can be seep from Figure 10, the

most effective parameter on the exergy gain of the solar PTC system with the V-shape cavity
receiver is the inlet temperature of the heat transfer fluid. The exergy gain of the examined solar
system improved up to nearly 220 W with an inlet temperature of the heat transfer fluid equal to

240 °C as a new finding of the current research.
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Figure 10: Variation of the collector exergy gain under variation of a) solar radiation, b) inét temperature of
thermal oil, and c) flow rate of thermal oil.

Variation of exergy efficiency of the solar PTC system versus variation of solar radiation, inlet

temperature, and flow rate of thermal oil was depict¢d in Figyre 11a, 11b, and 11c, respectively.

It should be mentioned that the linear V-Shape cavity receiver with a tube diameter of 25 mm

was used as the PTC absorber. Also, thermal oil was used as the solar working fluid. The solar

radiation was varied between 600/m? to 1100W /m? in

Figure 1la. Also, amounts of the

inlet temperature and flow rate of the solar working fluid were assumed equé&iCtoabd 50

mi/s in

system revealed higher amounts with increasing solar

Figure 1[la, respectively. As resulted ffom Figure 11a, the exergy efficiency of the solar

radiation amount. Similar results have

been reported by other researches such as Refs. [36, 38].Related to F]gure 11b, the inlet
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temperature of the solar working fluid was varied in the range f &0240C. And, the solar
radiation and flow rate of the working fluidasinvestigated as a constant amount of BOOn?,

and 50 ml/s, respectively. As seerlf in Figure 11b, the exergy efficiency of the solar PTC system

with V-Shape cavity receiver improved with increasing inlet temperature of the solar working

fluid. Similar conclusions have been reported in Ref. [37]. re 11c, the flow rate of the

solar working fluid was investigated between 5 ml/s to 610 ml/s, and the solar radiation and inlet

temperature of the working fluid was assumed equal tolB@6?, and 50°C, respectively. As

resulted froml Figure 11c, the exergy efficiency of the solar ORC system decreased with

increasing the flow rate of the solar working fluid. Similar results had been reported in Ref. [37].
Consequently, higher amounts of the exergy efficiency of the solar system can be resulted in
increasing solar radiation, increasing the inlet temperature of the solar working fluid, and
decreasing the flow rate of the solar working fluid. Also, it can be seen that the exergy efficiency
of the solar system has shown a similar trend compared to the variation of the exergy gain in the

same condition. Similar to concluded results of the exergy gain, it could result from Figure 11,

the most effective parameter on exergy efficiency of the solar PTC system with the V-shape
cavity receiver is inlet temperature of the heat transfer fluid. The highest exergy efficiency of the
solar system was calculated nearly 25% with an inlet temperature of 240 °C as a new finding of

the current study.
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Figure 11: Variation of the collector exergy efficiency under variation of a) solar radiation, b) inkt
temperature of thermal oil, and c) flow rate of thermal oil.

Figure 12

a, 12b, and 12c depict the variation of cavity heat gain \&echiasge of solar

radiation, inlet temperature, and flow rate of thermal oil, respectively. As mentioned, the linear

V-Shape cavity receiver was used as the PTC receiver with a tube diameter of 25 mm. Thermal

oil was used as the solar working flJid. Figure 12a has been reported for variation of the solar

radiation between 600/ /m? to 1100W /m?2. Also, amounts of the inlet temperature and flow

rate of the solar working fluid were assumed constant equal°® 8Ad 50 ml/s during the

analyses i

n Figure ]

| 2a, respectively. It can be sgen in Fig

ire 12a, the cavity heat gaeadncrea
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with increasing solar radiation amount. On the other side, the inlet temperature of the solar

working fluid was changed in the range oPG@ 240°C in|Figure 12b.Also, the solar radiation

and flow rate of the working fluid asassumedas 80® /m?, and 50 ml/s, respectively. It could

be concluded from Figure [L2b, the cavity heat gain decreased with increasing inlet temperature

of the working fluid.A similar trend of data had been reported in Ref. [37]. Rela[ed to Figure

, the cavity heat gain was investigated with the variation of flow rate between 5 ml/s to 610

ml/s, the solar radiation equal to 8@0/m?, and inlet temperature as of the %D It could be

resulted from Figure 12c, the cavity heat gain improved with an increasing flow rate of the solar

working fluid. Similar results had been reported in Ref. [37]. It should be mentioned that the
cavity heat gain had shown sharply increasing with an increasing flow rate of the solar working
fluid until 100 ml/s and after that, the cavity heat gain has remained at an almost constant
amount. Consequently, the optimum amount of flow rate equal to 100 ml/s could be defined for

achieving the highest performance with the lowest power consumption.
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Figure 12 Variation of cavity heat gain under variation of a) solar radiation, b) inlet tenperature of
thermal oil, and c) flow rate of thermal oil.

Figure 13a, 13 b, and 13c show variation of outlet temperature of the solar working with changes

in solar radiation, inlet temperature, and flow rate of thermal oil, respectively. The PTC collector
with the linear V-Shape cavity receiver was studied. As mentioned, thermal oil was used as the
solar working fluid. In these analysdise solar radiation varied from 600 /m? to 1100W /m?,

the solar working fluid changed in the range of(Gfb 240C, and the flow rate of the solar

working fluid was investigated between 5 ml/s to 610 ml/$ in Figufe 13a, 13b, and 13c,

respectively. Whereas, default values of solar radiation of 800°Vith® inlet temperature of

50°C, anda flow rate of 50 ml/s were assumed during the analysgs. In Figure 13, the outlet

temperature of the solar working fluid increased with increasing solar radiation, the inlet
temperature of the working fluid, and decreasing flow rate of the solar working fluid. Similar

results had been reported in Ref. [37].
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Figure 13: Variation of outlet temperature of solar working fluid under variation of a) solar radiation, b)
inlet temperature of thermal oil and c) flow rate of thermal oil.

3.2  Solar Organic Rankine Cycle System
In this section, the performance of the solar ORC system with the PTC collector as the ORC heat
source was investigated. The V-Shape cavity receiver was used as the PTC absorber, and thermal

oil was studied as the solar working fluid. It should be mentioned that Ethanol was investigated

as the ORC working fluid. The condenser was assumed at a constant temperatttgrofGa:

depicts the variation of ORC mass flow rate versus variation of turbine inlet temperature for
different amounts of turbine inlet pressure. The turbine inlet temperature changed in the range of
474 K to 654 K, and turbine inlet pressure has varied between 1 MPa to 6 MPa. In these

Analyses, solar radiation, inlet temperature, and flow rate of the solar working fluid were
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assumed equal to 800 /m?, 50°C, and 150 ml/s, respectively. Also, it should be mentioned that

the aperture area of the investigated PTC was equal to 2 x*@dTable 1 for more detail).

As seen ir] Figure 14, the ORC mass flow rate has reduced with increasing turbine inlet

temperature. Similar results had been reported in Ref. [39]. Also, higher amounts of turbine inlet

pressure have resulted in higher amounts of the ORC mass flow rate.
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Figure 14: Variation of ORC mass flow rate versus variation of turbine inlet temperature TIT) for different
amounts of turbine inlet pressure (TIP).

Variation of ORC net work versus variation of turbine inlet temperature for different amounts of

turbine inlet pressure is presented in Figurg 15. It should be mentioned that the V-Shape cavity

receiver with thermal oil was used as the ORC heat source. Also, ethanol was investigated as the
ORC working fluid. The ORC system was considered at constant condenser temperattte as 38
Turbine inlet temperature varied between 474 K to 654 K, and turbine inlet pressure changed
between 1 MPa to 6 MPa. About the solar heat source of the ORC system, constant conditions
were assumed including the solar radiation equal to/B@M?, inlet temperature equal to %)

and flow rate of the solar working fluid as 150 ml/s. Also, it should be mentioned that the

aperture area of the investigated PTC was equal to 2 x 0(5es Table [L for more detail).As

resulted from Figure 15, a higher amount of turbine inlet pressure, higher ORC net work. Also,
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there is an optimum amount of turbine inlet temperature for achieving the highest amount of the

ORC net work at each level of the investigated turbine inlet pressure, as|seen in Rigure 15. These

optimum values have occurred due to ethanol as the investigated ORC working fluid is
accounted as a wet organic fluid. So, the performance of the ORC system increased with
increasing TIT until ethanol remained at the two-phase condition at the inlet of the condenser.
After that, with changing the phase of ethanol at the inlet of the condenser to superheat
condition, then the performance of the ORC system decreased with increasing TIT.
Consequently, the highest performance of the ORC system had occurred at the saturated state of
ethanol at the inlet of the condenser at the constant condenser pressure. A similar conclusion has
been reported in Ref. [40]. Optimum values of turbine inlet temperature and maximum ORC net

work at different amounts of turbine inlet pressure have reporled in Table 2. As resulted from

Table 2, the maximum values of the ORC net work had increased with increasing turbine inlet

pressure in the range of 170 W to 222 W. As a new finding, the highest amount of the ORC net
work of the solar ORC system with the V-shape linear cavity receiver to deliver heat to the ORC

system was calculated equal to 222 W at TIT of 592 K, and TIP equal to 6 MPa.
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Figure 15: Variation of ORC net work versus variation of turbine inlet temperature (TIT) for different
amounts of turbine inlet pressure (TIP).
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Table 2: Optimum values of turbine inlet temperature, and maximum performancearameters of the solar
ORC system at different turbine inlet pressures.

TIP (MPa)| 1 2 3 4 5 6

TIT,p(K) | 483 523 544 568 571 592

Woer (W) | 170.31 194.53 202.10 203.76 212.13 221.92
nore | 027 031 032 033 034 035
Mol | 019 022 023 023 024 025

Figure 16 shows the variation of ORC efficiency versus variation of turbine inlet temperature in

the range of 474 K to 654 K. The ORC efficiency was calculated for different levels of turbine
inlet pressure between 1 MPa to 6 MPa. The solar PTC system with the linear V-Shape cavity
receiver was used as the ORC heat source with the constant condition including the solar
radiation equal to 80W/ /m?, inlet temperature equal to %) and flow rate of the solar working

fluid as 150 ml/s. Also, it should be noted that the aperture area of the investigated PTC was

equal to 2 x 0.5 f(see Table [L for more detail).On the other side, thermal oil was used as the

solar working fluid. It should be mentioned that ethanol was investigated as the ORC working

fluid. A condenser with a constant temperature 6€38as used for rejecting heat from the ORC

system to the ambient.|In Figure|16, the ORC efficiency revealed a similar trend compared to the

ORC net work tend data with vitiation of TIT, and TIP of the ORC system. In other words, the

ORC efficiency improved with increasing TIP. Also, there is a maximum ORC efficiency for

each investigated level of the TIP, as reported in Taple 2. A new finding,the maximum ORC

efficiencies with the V-shape linear cavity receiver to deliver heat to the ORC system were
varied in the range of 27% to 35%. Whereas the highest ORC efficiency was calculated equal to
35% for TIT equal to 592 K, and TIP equal to 6 MPa. On the other hand, the variation of total

efficiency versus variation of turbine inlet temperature for different amounts of turbine inlet

pressure is depicted|in Figure|17. Similar results can be explained for variation of total efficiency

with changing TIT, and TIP. In other words, the higher amount of the TIP had resulted in a
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higher amount of total efficiency. Also, there is a maximum amount of the total efficiency for

each level of the TIP, as shown

in Figurg

17 and repor‘ed inT

able 2. A similar conclusion has

been reported in Ref. [40]. As new findings, the maximum values of total efficiency of the solar

ORC system with the V-shape linear cavity receiver to deliver heat to the ORC system were

varied in the range of 19% to 25% with a variation of TIT, and TIP. The highest total efficiency

was calculated equal to 25% for TIT equal to 592 K, and TIP equal to 6 MPa.
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Figure 16: Variation of ORC efficiency versus variation of turbine inlet temperature (TIT) for different
amounts of turbine inlet pressure (TIP).
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Figure 17: Variation of total efficiency versus variation of turbine inlet temperature (TIT) for different
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Also, the variation of ORC net work versus variation of turbine inlet temperature for different

amounts of the solar radiation, and inlet temperature of the solar working fluid are presented in

Figure 18a, and 18b, respectively. It should be mentioned that Ethanol was used as the ORC

working fluid. The ORC system was investigated at constant evaporator pressure of 3 MPa, and

constant condenser temperature ofC38n|Figure 1Ta, the solar radiation was varied in the

range of 600/ /m? to 1100W /m?. Inlet temperature and flow rate of the solar working fluid

were assumed as |0 and 50 ml/s, respectively. Also, it should be mentioned that the aperture

area of the investigated PTC was equal to 2 x G.%seg Table [L for more detail). As seen in

Figure 18a, higher solar radiation had resulted in higher amounts of the ORC net work. About

Figure 18b, the inlet temperature of solar working fluid was varied in the range’@f t60

240°C. Also, the reported results|in Figure|18b are based on solar radiation equalitg880

and the flow rate of the solar working fluid equal to 50 ml/s. As seen, the lower inlet temperature
of the solar working fluid resulted in higher ORC net work. Consequently, the ORC net work
increased with increasing solar radiation and decreasing the inlet temperature of the solar
working fluid. Similar results had been concluded in Ref. [41]. As seen, there is an optimum TIT
for each level of investigated solar radiation equal to544 K. Adssimilar result has been
reported in Ref. [40]. These optimum values were occurred due to ethanol as the ORC working
fluid is a wet organic fluid. So, the performance of the ORC system increased with increasing
TIT until the condition of ethanol at the inlet of the condenser remained in two-phase condition
at constant condenser pressure. After that, phase of ethanol at the inlet of the condenser changed
to superheat state and performance of the ORC system reduced with increasing TIT.
Consequently, the highest performance of the ORC system had occurred at the saturated

condition of ethanol at the inlet of the condenser at the constant condenser pressure. As a new
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543 finding, the ORC net work of the suggested solar ORC system with the V-shape linear cavity
544 receiver was calculated equal to 277.87 W for the solar radiation of 1108. W highest

545 amount of the ORC net work with the variation of inlet temperature was calculated equal to
546 201.98 W for the solar working fluid of 50 °C. It can be seen that the solar radiation can be
547 introduced as more effective parameter for increasing the ORC net work compared to the inlet

548 temperature of the solar working fluid.
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549 Figure 18: Variation of ORC net work versus variation of turbine inlet temperature (TIT) for different

550 amounts of a) solar radiation, and b) inlet temperature of the solar workingléid.

551 Finally,|Figure 19a and 19b depict the variation of total efficiency of the solar ORC system

552 versus changes of turbine inlet temperature for different amounts of the solar radiation, and inlet

553 temperature of the solar working fluid, respectively. It should be mentioned that the ORC system
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was investigated at constant evaporator pressure equal to 3 MPa, and constant condenser

temperature as 38. Also, Ethanol was used as the ORC working fluid. Figurge 19a was

calculated for the solar radiation between 6@Q)m? to 1100 W/m?, a constant inlet

temperature of 5@, and constant flow rate of the solar working fluid equal to 50 ml/s. As

displayed in Figure 19a, the total efficiency improved with increasing solar radiatjon. In [Figure

, the total efficiency was calculated for the inlet temperature of the solar working fluid in the
range of 56C to 240C, solar radiation equal to 800/m?, and the flow rate of the solar
working fluid as 50 ml/s. As depicted, the total efficiency increased with decreasing inlet

temperature of the solar working fluid.

Consequently, a higher amount of solar working fluid and a lower amount of the inlet
temperature resulted in the higher total efficiency of the solar ORC system.As a new result, the
highesttotal efficiency of the suggested solar ORC system with the V-shape linear cavity receiver
to deliver heat to the ORC system was calculated equal to 31.58% for the solar radiation of 1100
W/m?. Also, the highest amount of the total efficiency with the variation of inlet temperature was
estimatedequal to 22.95% for the solar working fluid of 50 °C. As seen, similar to the concluded
results for the ORC net work, the solar radiation aawlore effective parameter for increasing

the total efficiency compared to the inlet temperature of the solar working fluid.
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Figure 19: Variation of total efficiency of the solar ORC system versus variation ofurbine inlet temperature
(TIT) for different amounts of a) solar radiation, and b) inlet temperature of the solar working fluid.

3.3  Economic Analyses

In this section, economic analyses of the investigated solar ORC system for power generation are
presented. The solar PTC system with the linear V-Shape cavity receiver was used as the ORC
heat source with the constant condition including the solar radiation equal 1t 828, inlet
temperature equal to 80 and flow rate of the solar working fluid as 150 ml/s. Thermal oil was

used as the solar working fluid. Also, the ORC system was investigated under the condition of a
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579 constant evaporator pressure of 3 MPa, and constant condenser tempefatité B8hanol as

580 the working fluid. It should be mentioned that 100 units of the investigated solar ORC system
581 were economically studied as a solar farm in this section of research. Variation of generated
582 power and cash flow of the solar ORC system versus changes of turbine inlet temperature at the
583 TIP of 3 MPa are presented in Figurg 20a, and 20b, respectively. The cash flow was reported for
584 large and small scale setups. The turbine inlet temperature was changed in the range of 474 K to
585 654 K. In[ Figure 2D, there is an optimum value of turbine inlet temperature for producing the
586 highest amounts of the power generation and cash flow. The optimum TIT was calculated as 544
587 K. It can be seen that the large scale setup had shown higher values of the cash flow compared to
588 the small one. As a new result, the highest amounts of generated power and cash flow were
589 calculated equal to 50.524 MWh, and 10€4XVh for the large scale setup, respectively.
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Figure 20: Variation of a) generated power, and b) cash flow of the solar ORC systewersus variation of
turbine inlet temperature at the TIP of 3 MPa.
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The variation of LCOE and the simple payback period of the solar ORC system versus changes

of turbine inlet temperature at the TIP of 3 MPa are present¢d in Figlire 21a, and 21b,

respectively. The economic analysis developed for the solar ORC system with the linear V-
Shape cavity receiver was used as the ORC heat source at constant condition including the solar
radiation equal to 80W /m?, inlet temperature equal to %) and flow rate of the solar working

fluid as 150 ml/s. Also, thermal oil and ethanol were used as the solar, and ORC working fluids,
respectively. On the other side, the ORC evaporator, and ORC condenser were assumed at
constant pressure equal to 3 MPa, and constant temperaturi€ pfedpectively. As mentioned,

in this section of the study, 100 units of the investigated solar ORC system were economically

examined as a solar farm. The turbine inlet temperature was varied from 474 K to 654 K. In

Figure 21, there is an optimum value of turbine inlet temperature equal to 544 K for achieving

the lowest amounts of the LCOE and simple payback period. The LCOE was calculated for large
and small scale setups.It can be seen that the large scale setup hadirekwtedamounts of
the LCOE compared to the small one.As a new finding, the lowest amount of LCOE of the solar

ORC system with the V-shape linear cavity receiver to deliver heat to the ORC system was
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calculated as 0.04&Wh for the large scale setup, and the lowest payback period was estimated

equal to 6.01 years for the large scale setup, too.
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Figure 21: Variation of a) LCOE, and b) simple payback period of the solar ORC systemersus variation of
turbine inlet temperature at the TIP of 3 MPa.

Finally, a comparison between the calculated results in the current research with reported

results by other researchers is presentad in T3

ble 3. In the current study, the maximum total

efficiency of the solar ORC system usiay/-shape linear cavity receiver was calculated as 25%.

39



614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

It could be understood frgm Tabl¢ 3, the calculated total efficiency of the solar ORC system had

shown higher amounts compared to reported results by other researchers. It should be mentioned

that the investigated PTC systems by all of the mentioned study in Tpble 3 are based on

conventional PTC with evacuated receiver tube. As seen, Quoilin et al. [42] reported total
efficiency equal to 7-8% for a solar ORC system with conventional PTC system to deliver heat
to the ORC system that is lower than the calculated overall efficiency in the current research. Al-
Sulaiman et al. [43] had reported total efficiency of a solar ORC system with conventional PTC
system equal to 7%. In another study;Sulaiman et al. [44] presented maximum electrical
efficiency of a solar ORC system with conventional PTC equal to 15%. So, the examined solar
ORC seems to be a highly efficient system which can compete with the other systems and so it

can be used in real future applications due to its satisfactory performance.

It has to be said that the examined V-shape cavity receiver has important advantages in
low and medium temperature levels compared to the conventional PTC. More specifically, the
examined PTC haa relatively lower cost than the conventional PTC due to the non-utilization
of the expensive evacuated tube. Moreover, the present system has higher reliability due to there
is no danger of losing the vacuum in the evacuated tube. The drawback of this system is the
relatively low performance in extremely high temperatures because in these cases, the thermal
losses of the cavity are higher than the evacuated tube. Thus, this work suggests the utilization of
the V-shape cavity with an application which has not demanded of extremely high-temperature

levels.
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636

637 Table 3: Comparisonof the calculated results in the current research with reported results by other
638 researchers.
Authors Brief title Highlights Ref.

Quoilin et al. (2011) A low-cost SORC for  The overall efficiency of the ORC run by PTC was [42]
power generation with 8%.

PTC
Al-Sulaiman et al. Modelling of a solar The total electrical-exergy efficiency of ORC symste [43]
(2011) ORC system with PTC with only solar energy, both solar energy and thedrr
energy storage, and with only thermal energy ster
were calculated as 7%, 3.5%, and 3%, respectively.
Al-Sulaiman et al. Solar ORC system The maximum electrical efficiency for the solar m [44]
(2011) using PTC system appeared to be around 15% for the solar mode.
Roy et al. (2011) Performance analysis R-123 as the ORC unit working fluid yielded tr [45]
of an solar ORC with maximum efficiencies, some 19% at 470 K Turbinestn
PTC system Temperature.
Delgado-Torres and  Solar ORC system with The total efficiency of the system was calculatesl [46]
Garcia-Rodriguez PTC 22.3%, 19.3%, and 18.3% using toluene, D4 and MM
(2007) the ORC working fluid, respectively.

Casati et al. (2013) Thermal energy storagt A design value of the soldp-electric efficiency was [47]
for solar-powered ORC estimated 18% for the 100 k¢solar ORC with direct

engines with PTC thermal storage.

collectors
Bellos and A solar ORC system Toluene was reported to be the most efficient wogk [48]
Tzivanidis (2017) using PTC fluid exergetically with 29.42%; the electricit

production was 177.6 kW while the cooling and the
heating production were 398.8 kW and 974.2 k
respectively.
Al-Nimr et al. (2017) A combined CPV/T The overall efficiency of the suggested power syst [49]
and ORC solar power could increase by 15.72%-17.78% in comparison w

system with PTC that of the CPV without a waste heat recovery syste

Patil et al. (2017) Comparison of SORC SORC with thermal storage could be considered m [50]
and PV systems with  reliable although its LCOE is 0.07 USD/kWh more rth
PTC PV.

639

640 4 Conclusions

641 In this research, a solar ORC system was investigated under exergy and economicAspects.
642 solar PTC system with a linear V-Shape cavity receiver was used as the ORC heat source.
643 Thermal oil and ethanol were used as the solar, and ORC working fluids, respectively. Influence
644 of different parameters of the solar system was investigated on exergy performance of the
645 system, including solar radiation, the inlet temperature of the solar working fluid, and flow rate

646 of the solar working fluid. Also, the effect of some ORC parameters, including TIT and TIP,
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665

666

667

668
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were studied on the performance of the solar ORC system and economic performance of the

system. The main achievements of the current research can be summarized as follows:

o Exergy gain and exergy efficiency of the solar system had increased with increasing solar
radiation, increasing the inlet temperature of the solar working fluid, and decreasing the flow rate
of the solar working fluid.

o It was found that a higher amount of turbine inlet pressure, higher ORC net work. Also,
there is an optimum amount of turbine inlet temperature for achieving the highest amount of the
ORC net work at each level of the investigated turbine inlet pressure. The highest amount of the
ORC net work was calculated equal to 222 W at TIT equal to 592 K, and TIP equal to 6 MPa.

o The ORC efficiency and total efficiency revealed a similar trend compared to the ORC
net work tend data with vitiation of TIT, and TIP of the ORC system. Also, there is a maximum
ORC efficiency and total efficiency for each investigated level of the TIP. The highest ORC
efficiency and total efficiency were calculated equal to 35%, and 25% for TIT equal to 592 K,
and TIP equal to 6 MPa, respectively.

o It was concluded that there is an optimum value of the turbine inlet temperature as 544 K
for producing the highest amounts of the power generation and cash flow. The highest amounts
of generated power and cash flow were calculated equal to 50.524 MWh, an&/kd4or

the large scale setup, respectively.

o Finally, it was found that there is an optimum value for turbine inlet temperature equal to
544 K for achieving the lowest amounts of the LCOE and the lowest simple payback period. The
lowest amount of LCOE was calculated as 0.64&9Vh for the large scale setup, and the lowest

payback period was estimated equal to 6.01 years for the large scale setup.
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677 Appendix A: Thermal Resistance Calculation

678 All of the mentioned thermal resistancep in Figyre 6 had been calculated in detail as below:

679 o Convection heat losses from glass cover to ambient can be calculated as following [24]:
R = 1
! Agchcon,glass A-1
680 Where
" 0.274(Gr - Pr)t/*
= , = W
con,glass dgc gc ap A-2
gaATd,>
C
681 e Radiation heat losses from glass cover to ambient can be assumed as below [24]:
R = 1
2 Agchrad,glass A-4
682 Where
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683

684

685

686

687

688

689

Qrad,glass = 58gcAgc (Tg4c - To%)) A5

o Internal convection heat losses to glass cover were calculated usinderiogl

Reference source not foundi24]:

1
R, =
3 Acavityhconv,int A-6
Where
0.591,(Gr - Pr)t/* ,
heconv,int = 7 ,do = cavity depth AT
0
Gr = gaATd03 /
r= y2 A-8
o Internal radiation heat losses to glass cover were assumed d&&ra&q. Reference
source not found[24]:
R 1
* Acavityhrad,int A-9
Where
Qrad,int = 5€r—gcAcavity (Ts4 - Tg4c) A-10
Er_gc = 1/ 1A, 1 , €gc = 0.95,and g, = 0.05
o Conduction heat losses from insulation layer can be calculated as following [32]:
tins
Rs = A-12

kinsAcavity
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690 As seen from Figure|5, outer sides of the linear V-Shape cavity receiver were covered using

691 insulation for reducing heat losses. Mineral wool with a thickness ah 2and an average

692 insulation conductivity of 0.062 W/mK [51], was used as the insulation.

693 o Radiation heat losses from the insulation layer to ambient was assumed as below [32]:
R = 1
o Acavity hrad,ext A-13
694 Where
Qrad,ext = 5€Acavity (Ts4 - To‘é) A-14
695 o Convection heat losses from the insulation layer to ambient was calculatedesoEq.
696 Reference source not found32].
R — 1
¥ Acavityhcon,ext A-15

697 Based on the thermal resistance method, total internal heat losses can be calculated as below

698 [32]:
p _ Ts — Tamp
Qloss,int = R A-16
total,int
699 Where
R _ RiRy R3R,
total,int - R1 + RZ R3 + R4_ A-17

700 On the other side, the total external heat losses can be calculated as following [32]:
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701

702

703

704

705
706

707
708

709
710

711
712

713
714
715

716
717

'Q _ Ts — Tamp
loss,int —
Rtotal,ext A-18

Where

R¢R;
R¢ + R, A-19

Rtotal,ext =Rs +

Finally, total resistance heat losses can be calculated based on the following equation [32]:

Riotar = Riotarint T Reotatext A-20
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