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a b s t r a c t

In the current study, a solar-driven organic Rankine cycle (ORC) system was thermodynamically,
economically and environmentally investigated. A focal point concentrator with two different cavity-
shape receivers was investigated as the ORC heat source. More specifically, the cylindrical and the
hemispherical cavity receivers were examined and compared as the most usual and promising choices.
MWCNT/oil nanofluid and R113 were used as the solar heat transfer fluid and ORC working fluid
respectively. The main aim of this research is an investigation of different cavities in the solar dish
and the investigation of the impact of the use of nanofluids in the solar system by different points
of view. The results of this work showed that the hemispherical cavity receiver with nanofluid is
the most efficient choice with 21.4% system efficiency, while the use of pure thermal oil in the
hemispherical cavity leads to 18.9%. On the other hand, the use of the cylindrical cavity leads to 17.8%
and 15.8% system efficiency with nanofluid and pure thermal oil respectively. The levelized cost of
electricity (LCOE) was 0.077 e/kWh and 0.076 e/kWh for the cylindrical and hemispherical cavity
receiver respectively. Moreover, it was concluded that the solar ORC system with the hemispherical
cavity receiver as the ORC heat source had resulted in more positive environmental influence related
to the cylindrical one.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Nowadays, renewable energy becomes increasingly important
because fossil fuels are depleted and increasing environmen-
tal problems such as CO2 emission, and global warming (Wong
and Bachelier, 2014). Investigations and research related to re-
newable energy have increased (El-Emam and Dincer, 2017).
Solar energy is seen as a promising source of renewable en-
ergy to supply energy demand. Solar collectors work as heat
exchangers that convert the absorbed solar radiation to ther-
mal energy. There are generally two types of solar collectors,
including non-concentrating solar collectors and concentrating
solar collectors (Qin et al., 2017). Focal Point Concentrator is
a type of focal point concentrator in which all incoming solar
radiation is concentrated at the focal point, where the absorber
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is located (Malali et al., 2017). There are two absorber types,
one external receiver and one cavity receiver, for the focal point
concentrator. The cavity receivers are more efficient than external
receivers due to their specific structure.

Some researchers investigated numerically and experimen-
tally the solar dish concentrator with the cavity receiver (Hussain
et al., 2017). The solar dish concentrator has been used as an
ORC heat source to generate electricity. In another paper, Loni
et al. (2016) considered numerically as an ORC heat source a solar
dish concentrator with a rectangular cavity receiver. The solar
ORC system’s structural and operational optimization parameters
were presented. They found improved system performance by
reducing the diameter of the cavity, reducing inlet temperature
and increasing work fluid flow rate. Pavlovic et al. (2017) consid-
ered the solar dish concentrator based on exergy analysis with a
spiral cavity receptor. Two types of tubes, namely smooth and
corrugated tubes have been used as the cavity tube receiver.
The solar dish concentrator with the corrugated tube led to the
highest performance. In a different study, Pavlovic et al. (2018)
compared the efficiency of a dish concentrator with two cavity

https://doi.org/10.1016/j.egyr.2020.03.035
2352-4847/© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
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Nomenclature

Aap,dish Dish aperture area, m2

h∗ Enthalpy, kJ/kg
Ibeam Solar irradiance, W/m2

ṁ Mass flow rate, kg/s
Q̇ Rate of heat, W
Q̇evp Rate of available solar heat at the

evaporator, W
T Temperature, K
Ẇ Power, W

Greek symbols

η Efficiency

Subscripts

c Condenser
evp Evaporator
H Heat source
L Cool source
net Net
ORC Organic Rankine Cycle
P Pump
T Turbine
II Second law thermodynamic

receiver types like spiral and conical cavities. Using the conical
cavity receiver, they find improved solar system efficiency.

Also, during some experimental tests, Loni et al. (2018e,c) and
Loni et al. (2018f) examined the application of various nanofluids,
such as alumina/oil, silica/oil, and carbon nanotube/oil nanofluids
as working fluid of various cavity receiver forms such as hemi-
spheric, cylindrical and cubic. They found increased solar dish
concentrator thermal performance using nanofluids compared to
oil as the base fluid. In another work, researchers presented a re-
view paper on the implementation of the Nanofluid as the cavity
receiver’s solar working fluid. They reported the dish concen-
trator’s highest thermal performance with a hemispheric cavity
receiver and the application of carbon nanotube/oil nanofluid as
the solar working fluid. The application of nanofluids as the solar
fluid has been studied by several researchers (Allouhi et al., 2018;
Subramani et al., 2018). Khakrah et al. (2018) energetically and
exegetically considered a PTC system using alumina/oil nanofluid
as the solar working fluid. The influence of different parameters
including volume fraction, wind speed and inlet temperature of
the nanofluid on energy and exergy performance of the system
was studied. They found that the solar system’s energy and ex-
ergy efficiency decreased and increased, respectively, with the
nanofluid’s increased inlet temperature. Loni et al. (2018d) ener-
getically and exegetically investigated the solar dish concentrator
performance with the use of Al2O3/oil and SiO2/oil nanofluid
as the solar working fluid. They presented some experimental
relations for predicting the performance of the solar system. In
a different research, Loni et al. (2018b) evaluated dish concen-
trator performance with different oil-based nanofluid. Sadeghi
et al. (2019) conducted numerical and experimental studies of
solar system performance using Cu2O/water nanofluid based on
energy and energy analysis. Evacuated tube solar collectors with a
parabolic concentrator were used as the solar collector. The effect
of nanofluid concentration was evaluated. Suggested solar sys-
tem performance improved by nanofluid application, with higher
nanoparticle volume fraction.

Some other researches have been done related to the prop-
erties of different nanofluids (Alarifi et al., 2019b; Asadi et al.,
2019a, 2020; Duangthongsuk and Wongwises, 2010). Asadi et al.
(2019b) experimentally investigated the stability and thermal
conductivity of MWCNT-water nanofluid. The main objective of
their study determined an optimum ultrasonication time for
having the best properties of the nanofluid. They reported that
60min ultrasonication as the optimum time resulted in the best
stability and highest thermal conductivity. Alarifi et al. (2019a)
experimentally tested the rheological properties of MWCNT-TiO2/
oil hybrid nanofluid under different conditions such as shear
rate, temperature, and concentration rate. They reported that
Newtonian behavior had been shown by the nanofluid in all the
investigated parameters. Asadi et al. (2019c) presented a review
paper related to sonication parameters on nanofluid properties.
Different nanofluid parameters were considered including stabil-
ity, thermophysical properties, and heat transfer of nanofluids.
They found thermal conductivity, and viscosity of the nanofluid
increased and decreased with sonication time, respectively. Asadi
and Pourfattah (2019) experimentally investigated the heat trans-
fer performance of two types of nanofluids including ZnO- and
MgO-engine oil nanofluids. They considered viscosity and ther-
mal conductivity of nanofluids under different temperatures and
nanofluid concentrations. They reported that MgO-oil nanofluid
resulted in better thermal conductivity compared to ZnO-oil
nanofluids in the same condition. In another study, Asadi (2018)
presented a study related to the selection of effective nanofluid
as a heat transfer fluid in different applications. MWCNT-ZnO/oil
nanofluid was investigated at different concentrations and differ-
ent temperatures. He found that maximum thermal conductivity
enhancement was 40%. Some researchers (Asadi et al., 2018)
experimentally and numerically considered the influence of using
hybrid nanofluids as coolant fluid on the performance of a system.
They reported increasing thermal conductivity by a maximum
65% using MgO–MWCNT/oil nanofluid.

On the other hand, ORC systems are implemented as effec-
tive power generation technology (Fergani et al., 2019; Srinivas
and Reddy, 2014; Sarkar, 2018). Various energy sources, such
as geothermal, wind, waste heat, etc., can be used as the ORC
heat source (Bellos and Tzivanidis, 2018b). Some researchers
studied the application of solar absorbed heat as heat supply
to ORC systems. Thermodynamic assessment of the solar dish
concentrator with a cavity receiver was considered to provide
heat to the ORC device (Loni et al., 2016c). Shahverdi et al. (2019)
considered a hybrid system including a solar ORC system and a
screw turbine to generate power. They used a PTC system as heat
supply to the ORC system and waste hydraulic power was used
for power generation by the turbine. They found increasing power
generation using the suggested coupled screw turbine with the
ORC system. Some researchers investigated a solar ORC system
with a dish concentrator with a cubical cavity receiver using
thermal oil (Loni et al., 2017b). Loni et al. (2019) studied the
influence of nanoparticle size and concentration of alumina/oil
nanofluid as heat transfer fluid of a focal point concentrator with
cavity receiver. The solar system was used to supply heat to
the ORC system. They suggested the optimum conditions for the
highest performance achievement.

Based on the abovementioned literature review, no research
has been conducted on the thermodynamic analysis of a solar
ORC systemwith various shapes of cavity receiver and MWCNT/oil
nanofluid application. In the present study, a focal point concen-
trator with two cavity shapes including cylindrical, and hemi-
spherical cavity receiver, was investigated as the ORC heat source.
MWCNT/oil nanofluid and R113 were used as the solar heat
transfer fluid, and ORC working fluid, respectively. It should be
stated that the experimental data reported by the authors in
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Fig. 1. A flowchart for the general methodological approach of the current study.

references of Loni et al. (2018f) and Loni et al. (2018a), were
used as the input of the simulated ORC system. One of the
important novelty of the current study is using experimental data
as input of the ORC system for prediction of the performance of
an ORC system using the nanofluid application. The main aim
of the present paper is the simulation and optimization of a
solar ORC system based on the examined solar setup. The main
objective of this research is thermodynamically, economically,
and environmentally considered performance of an ORC system
using the nanofluid application and different shapes of cavity
receiver that were coupled with the ORC system as the heat
source. Also, the effect of nanofluid as the solar working fluid
was compared with the application of base fluid in the solar
ORC system. The results of this work can be used for the future
design of highly efficient solar-driven ORC systems for electricity
production.

2. Modeling and methodology

In this section, firstly, a general approach of the used method
in this study was presented. Afterward, modeling method for
simulation of the solar systems, and ORC system was explained.
Finally, economical and environmental analyses of the system
were presented in detail.

2.1. General approach

In this study, a solar ORC system with different types of cavity
receiver and application of MWCNT/oil nanofluid was investi-
gated in several steps as follows:
• In the first step, reported experimental data of the cavity
receivers using the nanofluid and oil by the authors (Loni et al.,
2018f,a), were used as the input of the ORC modeling.
• The solar ORC system efficiency was considered with various
solar fluids including nanofluid and based fluid.
• Thermodynamic efficiency was evaluated for the various types
of cavity receiver effects, namely cylindrical and hemispheric
receivers.
• Economic assessment for the solar ORC system was conducted.
• Environmental analysis of the solar ORC system was done based
on the amount of CO2 emission, and carbon credit.

A flowchart of the general methodological approach of the
current study was presented in Fig. 1.

2.2. Specification of solar system

As mentioned in the above, the experimentally measured data
by the authors (Loni et al., 2018f,a), was used as the input of the
ORC modeling. In other words, the thermodynamic performance
of the cavity receivers as heat supply to the ORC system was
investigated and optimized for further experimental ORC studies.
Fig. 2a represents a view of the used focal point concentrator
setup during the experimental tests. The focal point concentrator
has 1.9 m diameter of the aperture, 1 m of focal distance and
1otracking error. A schematic of the solar dish concentrator with
the cylindrical and hemispherical cavity receivers is given in
Fig. 3. Copper tubes with a diameter of 10 mm were used as
the cavity tubes. The cavity tubes were selectively coated with
Black Chrome to improve absorption. For the reduction of heat
loss, the cavity receivers were isolated with mineral wool. All
structural measurements of the cavity receivers were selected
and constructed based on the authors’ optimization studies (Loni
et al., 2016a, 2017a). Fig. 2b, and c, respectively, showed a view
of the cylindrical and hemispheric cavity receivers.

On the other side, nanofluid is implemented as an efficient
way to improve thermal efficiency. The application of the
nanofluid with the mass fraction of 0.8% and pure oil as the
base fluid was examined in the cavity receivers. The authors
have tested the solar dish concentrator’s thermal performance
with two cavity receiver shapes using MWCNT/oil nanofluid, and
pure oil during a day in Refs. Loni et al. (2018f) and Loni et al.
(2018a). They measured operational parameters including the
working fluid temperature at cavity receiver inlet and outlet,
and working fluid flow rate and environmental parameters in-
cluding air temperature, wind speed and solar radiation. A view
of the investigated MWCNT nanoparticles is depicted in Fig. 4.
More details related to the experimental tests were reported in
Refs. Loni et al. (2018f) and Loni et al. (2018a). Generally, the
MWCNT/oil nanofluid was selected due to its perfect thermal
properties as presented in Table 1 as well as perfect sustainability
with no sedimentation during nine-month (Loni et al., 2018f).
Also, Behran thermal oil has been used as the base fluid with the
following thermal properties (Loni et al., 2016):

kf = 0.1882 − 8.304 × 10−5 (
Tf

)
(
W
m K

) (1)

cp,f = 0.8132 + 3.706 × 10−3 (
Tf

)
(

kJ
kg K

) (2)

ρf = 1071.76 − 0.72
(
Tf

)
(
kg
m3 ) (3)
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Fig. 2. Used experimental setup, (a) focal point concentrator (Loni et al., 2017a), (b) cylindrical cavity, and (c) hemispherical cavity receiver (Loni et al., 2018d).

Fig. 3. A schematic of the solar dish concentrator with the cylindrical and hemispherical cavity receivers.

Pr = 6.73899 × 1021 (
Tf

)−7.7127 (4)

In these equations, Tf (K) is the temperature working fluid, kf
( W
m K ) is working fluid conductivity, cp,f ( kJ

kg K ) is the working fluid

special heat capacity, ρf ( kg
m3 ) density of the working fluid, and Pr

is the working fluid Prandtl number.
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Fig. 4. A view of the investigated MWCNT nanoparticles.

Table 1
Thermal properties of the MWCNT nanoparticles.
Property MWCNT

Thermal conductivity (W/m K) 2000
Specific heat (J/kg K) 733
Density (kg/m3) 2100

It should be mentioned, there are chain investigations that are
done by the authors on the dish concentrator. In this research, ex-
perimental results were used as heat sources of an ORC electricity
generation system for cylindrical and hemispheric cavity receiver.
The solar ORC system has been investigated as a new subject for
study, based on energy, economic, and environmental aspects.

2.3. ORC modeling

In this research, the measured absorbed heat by the focal
point concentrator with the cavity receivers as the heat source
of the ORC device for power generation has been investigated. A
diagram of the Solar ORC system is given in Fig. 5. The ORC system
is accounted as an efficient thermodynamic cycle including an
evaporator for absorbing heat, a turbine for power generation, a
condenser for ORC working fluid cooling, and a pump for working
fluid circulation. It should be mentioned that absorbing heat will
be occurred at constant pressure, generating power will be done
under isentropic condition, ejecting heat at constant pressure,
and pressurizing working fluid at the isentropic condition. The
ORC device was investigated in this research at 3 MPa constant
evaporator pressure and 311 K condenser temperature. A view of
the T-s diagram of the ORC system is presented in Fig. 6.

ORC working fluid thermodynamic properties were deter-
mined using the REFPROP.8 software (Lemmon et al., 2007).
The R113 was selected as the ORC work fluid based on re-
ported results by Ref. Shahverdi et al. (2019). The thermophysical
properties of R113 are presented in Table 2. In this analysis,
the absorbed heat from the solar system was supposed to be
transferred to the working fluid of the ORC in the evapora-
tor. Therefore, the flow rate of the organic fluid (ṁORC ) can be
estimated as (Cengel, 2011):

ṁORC =
Q̇evp

(h∗
3 − h∗

2)
(5)

where, Q̇evp (W) is the measured absorbed heat by the solar
systems, h∗

2 (kJ/kg) and h∗
3(kJ/kg) are ORC work fluid enthalpy

at the evaporator inlet and outlet.

Fig. 5. A schematic of the solar ORC system.

The generated power by the turbine (ẆT ), ejected heat by the
condenser (Q̇c), and consumed energy by the pump (ẆP ) can be
calculated as following (Cengel, 2011):

The power generated in the turbine can be calculated by the
following equation:

ẆT = ṁORC
(
h∗

3 − h∗
4
)

(6)

Q̇c = ṁORC
(
h∗

4 − h∗
1
)

(7)

ẆP = ṁORC (h∗
2 − h∗

1) (8)

where, h∗
4(kJ/kg), and h∗

1 (kJ/kg) are the enthalpy at the outlet of
the turbine, and enthalpy at the inlet of the pump, respectively.
Consequently, the net power of the ORC system (Ẇnet ), ORC
efficiency (ηORC ), and overall solar ORC efficiency (ηoverall) can be
estimated as follows:

Ẇnet = ẆT − ẆP = ṁORC [
(
h∗

3 − h∗

4

)
−

(
h∗

2 − h∗

1

)
] (9)

ηORC =
Ẇnet

Q̇evp
(10)

ηoverall =
Ẇnet

Ibeam · Aap,dish
(11)

where, Ibeam (W/m2), and Aap,dish (m2) are solar beam radiation,
and the aperture area of the dish collector respectively.
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Fig. 6. The entropy–temperature diagram of the ORC system for R113.

Table 2
Thermo-physical properties of the considered working fluid.
Working fluid Molecular mass (kg/kmol) Tbp (◦C) Tcr (◦C) Pcr (MPa)

R113 187.38 47.6 214.1 3.439

The input data of the ORC modeling is presented in Tables 3,
and 4, for cylindrical and hemispherical cavity receivers using
the nanofluid and thermal oil respectively.

2.4. Economic analyses

This research has economically examined the established solar
ORC system. Levelized Electricity Cost (LCOE) is one of the eco-
nomic parameters examined; that can be described as the ORC
system’s investment and maintenance costs in its lifetime as (e)
to the solar ORC system’s generated power as kWh. The LCOE
equation can be determined as follows:

LCOE =
It + Mt + Ft

Et
(12)

When the investment cost isIt (e), Mt (e) is maintenance costs,
Ft (e) is the fossil fuel cost presumed to be equal to zero in this
analysis, with the power generated by Et (kWh). The solar ORC
device investment costs can be calculated as follows:

It = It,PTC + It,ORC (13)

In this equation, It,PTC is the solar PTC system’s investment costs,
which is expected to be 275 e/m2 (Bellos and Tzivanidis, 2018a),
and It,ORC is the ORC system’s investment cost estimated to be
3000 e/kWh (Bellos and Tzivanidis, 2018a). The following equa-
tion can be provided in relation to solar ORC system maintenance
costs:

Mt = 0.01 · N · It (14)

where N is the approximate solar ORC system’s lifetime, which in
this research was assumed to be equivalent to 25 years, and It is
the investment cost calculated based on the previous equations of
the solar ORC system. The power generated, Et (kWh), can finally
be determined in the following way:

Et = N · Et,yearly (15)

where Et,yearly (kWh) is power produced by the solar ORC system
on an annual basis, and N is the approximate solar ORC system’s
lifetime assumed to be equivalent to 25 years in this research.
Cash flow is another metric that is used for economic analysis.

The annual income minus maintenance costs can be calculated
as cash flow:

CF =
[
Et,yearly · Cel

]
− Mt (16)

The cash flow in this equation is CF (e), while the financial value
of the electricity generated is Cel (e/kWh) expected to be 0.2 in
this case (Bellos and Tzivanidis, 2018a).

Eventually, another significant parameter for a system’s eco-
nomic analysis is the Simple Payback Period (SPP). The SPP is
known as how long to be profitable for the system. The calcu-
lation of the SPP is as follows:

SPP =
It
CF

(17)

2.5. Environmental aspects

The application of renewable energies is recommended due
to their positive effects on reducing greenhouse gas emissions.
Current research has studied the environmental effects of solar
energy as a heat source and the ORC technology for the genera-
tion of electricity through waste heat from desalination systems.
Amounts of CO2 mitigated per annum can be estimated based on
the following equation (Sahota and Tiwari, 2017):

ϕCO2 =
ψCO2 × Een,ann

103 (18)

where, ϕCO2 (ton) is CO2 emission per annum, ψCO2 (kgCO2/kWh)
is average CO2 producing for power generation from coal that
was assumed equal to 2.04, and Een,ann (kWh) is power generation
by the solar or ORC systems during a year, whereas each year
was assumed 2500 hr for Tehran, Iran as a case study. Also,
carbon credit (ZCO2 ) was investigated as another important en-
vironmental parameter as followings (Sahota and Tiwari, 2017):

ZCO2 = zCO2 × ϕCO2 (19)

where, ZCO2 ($) is carbon credit per annum, zCO2 ($/ton) is carbon
credit which was assumed equal to 14.5, and ϕCO2 (ton) is CO2
emission per annum (Sahota and Tiwari, 2017).

3. Results and discussion

The findings of the solar ORC system using the cylindrical and
hemisphere cavity receivers will be described in three subsec-
tions as below:
• Firstly, the solar ORC system will be analyzed thermally and
thermodynamically.
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Table 3
Measured data of the cylindrical cavity receiver using (a) MWCNT/oil nanofluid and (b) pure oil.
Time Qin (W) Ibeam (W/m2) Tamb (◦C) Time Qin (W) Ibeam (W/m2) Tamb (◦C)

(a) (b)

10:00 975.64 629.8 27.5 9:10 1010.42 642.40 25.4
10:30 1106.00 674.6 23.1 9:30 1124.31 706.52 27.5
10:45 1324.34 738.0 23.4 10:00 1111.99 691.58 25.6
11:00 1367.36 748.4 24.0 10:30 1133.80 672.77 24.1
11:30 1372.59 750.0 25.4 11:00 1102.07 677.20 25.0
11:50 1360.35 750.0 25.0 11:30 1121.71 683.27 25.7
12:30 1328.33 734.0 23.0 12:15 1138.05 684.32 27.3
12:52 1264.35 709.7 23.0 12:30 1149.04 691.74 27.9
13:00 1266.05 706.5 22.6 13:00 1093.42 676.23 28.4
13:30 1127.62 646.3 25.2 13:30 1080.25 670.31 27.7
14:00 1075.88 623.1 25.9 14:00 1061.42 665.42 27.2
14:30 962.49 566.3 27.7 14:30 1131.38 674.79 26.7
15:00 808.45 515.5 26.5 15:00 1042.51 640.65 26.2

15:30 840.55 525.85 27.2
15:50 784.03 524.38 26.0

Table 4
Measured data of the hemispherical cavity receiver using (a) nanofluid, and (b) thermal oil.
Time Qin (W) Ibeam (W/m2) Tamb (◦C) Time Qin (W) Ibeam (W/m2) Tamb (◦C)

(a) (b)

10:15 1087.71 595.05 20.6 9:30 1335.25 752.82 26.9
10:40 1252.38 625.13 21.0 10:00 1394.94 774.27 27.8
11:15 1429.46 657.23 22.1 10:30 1478.96 790.79 28.0
11:30 1455.19 667.64 23.0 11:00 1530.17 805.02 29.0
12:15 1387.78 642.23 21.6 11:15 1566.74 824.22 29.0
12:40 1372.31 640.87 21.6 11:45 1637.74 849.04 31.3
13:00 1360.18 635.42 21.0 12:30 1656.08 859.22 31.6
13:30 1346.65 632.97 20.2 13:00 1615.43 841.63 31.5
14:00 1075.44 567.82 20.5 13:30 1591.46 833.46 31.0
14:30 781.62 503.88 21.0 13:45 1542.19 810.56 31.0
15:00 533.80 432.69 20.6 14:00 1375.60 774.60 30.0

14:30 1237.66 728.86 30.0
15:30 987.63 656.61 28.0
16:00 926.13 623.30 27.5

• Then, economic performance results will be recorded for the
solar ORC system.
• Finally, the solar ORC system’s environmental performance
related to CO2 emission and carbon credits will be presented.

3.1. Thermal and thermodynamic analyses

In this section, the suggested ORC system with two shapes
of cavity receiver as heat source of the ORC system, was in-
vestigated based on thermodynamic analyses. Also, a compar-
ison performance of both investigated solar ORC systems was
presented.

3.1.1. Cylindrical cavity receiver
Fig. 7a displays a comparison of produced ORC net power with

the cylindrical cavity receiver use specific solar working fluids
as the ORC heat source. During this comparison study, nanofluid
with 0.8% mass fraction of nanoparticles, and pure oil have been
used as the solar fluid. R113 has been used as a fluid for ORC.
As seen, the produced ORC net power is higher when using
MWCNT/oil nanofluid.

On the other side, Fig. 7b depicts a comparison study of total
efficiency with the application of nanofluid, and base fluid. The
focal point concentrator using the cylindrical cavity receiver has
been used as an ORC heat source. Nanofluid with nanoparticle
mass fraction of 0.8% was experimentally prepared and tested
as the nanofluid. As concluded from Fig. 7b, the nanofluid ap-
plication has increased the overall efficiency of the Solar ORC
system.

Cavity thermal efficiency and total ORC efficiency using
nanofluid and pure oil have been compared in Table 5. The

Table 5
Cavity thermal efficiency and total ORC efficiency using nanofluid, and pure oil
with the cylindrical cavity receiver.
Solar working fluid Pure oil MWCNT/oil nanofluid

Parameters ηtotal,solar ORC ηth,cavity ηtotal,solar ORC ηth,cavity

Steady-state period

0.162 0.574 0.178 0.635
0.163 0.579 0.181 0.647
0.165 0.587 0.182 0.648
0.165 0.586 0.180 0.642
0.161 0.571 0.180 0.640
0.160 0.569 0.177 0.630
0.158 0.563 0.178 0.634

Average 0.162 0.576 0.179 0.639

cylindrical cavity receiver has been tested experimentally and
used as the source of ORC power. It should be mentioned that
the reported data in Table 5 are for the steady-state period. As
resulted, the ORC total efficiency of the solar ORC system has
increased using the nanofluid. The average of the total ORC effi-
ciency utilizing the nanofluid was calculated to be equal to 17.8%,
whereas the average of the total ORC efficiency using pure oil was
reported to be equal to 15.8%, in the time of steady-state during
the experimental tests. Also, the average performance cavity with
nanofluid has been reported to be 63.9%, and, one using pure oil
was reported to be equal to 57.6%, in the steady-state period.

3.1.2. Hemispherical cavity receiver
Produced ORC net power using nanofluid and pure oil as the

solar working fluids is reported in Fig. 8a during the experi-
mental tests. A focal point concentrator tested using a hemi-
sphere cavity receiver and used as a supply of heat to ORC. The
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Fig. 7. Comparison of (a) ORC net power and (b) total efficiency of the cylindrical cavity receiver using nanofluid, and oil as the heat transfer fluid, with R113 as
the ORC working fluid.

MWCNT/oil nanofluid was experimentally prepared and exam-
ined with nanoparticles mass fraction of 0.8%. As resulted from
Fig. 8a, the generated ORC net power using the nanofluid shows
lower amounts. This is because of the lower amount of incom-
ing solar irradiation during the experimental nanofluid tests. On
the other side, amounts of the ORC total efficiency using the
MWCNT/oil nanofluid, and pure oil is shown in Fig. 8b during
the experimental tests. As concluded from Fig. 8b, the total ORC
efficiency of the Solar ORC device investigated indicates higher
quantities for nanofluid use. The steady-state period of the ex-
perimental tests was displayed in Fig. 8 for the nanofluid and
pure oil application. Based on Fig. 8b, the total ORC output of the
Solar ORC system also has higher values in the steady-state period
compared to the pure oil.

Cavity thermal efficiency and total solar ORC efficiency by the
nanofluid and the pure oil during the steady-state period were
compared in Table 6. Experimental data using the nanofluid with

the nanoparticle mass fraction of 0.8% and pure oil were used
as the heat supply for the ORC. As seen, the average amount of
the total ORC efficiency with the application of the nanofluid is
equal to 21.4%, while this value is calculated to be equal to 18.9%
with the use of the pure oil as based-fluid. Also, the solar thermal
efficiency was measured to be equal to 76.2% for the nanofluid,
and average thermal efficiency is reported to be equal to 67.5%
for the pure oil case. It would be concluded from Table 6, the
hemispheric cavity receiver solar system thermal efficiency with
nanofluid use has increased. Total solar ORC performance of the
hemisphere cavity solar ORC system has been enhanced by the
application of nanofluid. The use of the MWCNT/Oil nanofluid
is therefore suggested as a good way to improve the solar ORC
system’s performance.

3.1.3. Comparison of cavity receivers
In this segment, a variation of ORC performance parameters

using cavity receivers as the ORC heat sources was investigated.
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Fig. 8. Comparison of (a) ORC net power, and (b) total efficiency for hemispherical cavity as the ORC heat source and R113 as the ORC working fluid.

Table 6
Cavity thermal efficiency and total ORC efficiency using the nanofluid, and pure
oil with the hemispherical cavity receiver.
Solar working fluid Pure oil MWCNT/oil nanofluid

Parameters ηtotal,solar ORC ηth,cavity ηtotal,solar ORC ηth,cavity

Steady-state period

0.186 0.662 0.216 0.770
0.189 0.673 0.216 0.771
0.189 0.673 0.215 0.765
0.192 0.683 0.213 0.758
0.191 0.682 0.213 0.757
0.191 0.679 0.211 0.753
0.190 0.676
0.189 0.673

Average 0.189 0.675 0.214 0.762

Two different cavity shapes have been studied including a cylin-

drical cavity and hemispheric cavity receivers. Fig. 9a displays the

ORC net power variations for the cavity receivers. Note that cavity
receiver data are based on experimental tests using MWCNT/oil
nanofluids. The experimental data have been used as the model
Solar ORC system heat source data. As seen, the ORC net power
indicates higher quantities using the hemisphere cavity receiver
then the cylindrical cavity receiver as the solar dish absorber.
Fig. 9b further describes changes in the overall ORC efficiency
for cylindrical and hemispheric cavity receiving systems as the
ORC heat supply. In comparison to the cylindrical receiver as
ORC thermal source, it could be determined that the overall
ORC efficiency of the solar ORC system has improved with the
hemisphere cavity. As a result, the hemispheric cavity receiver is
suggested as a more powerful cavity compared to the cylindrical
cavity for generating power from the solar ORC heat source.

Table 7 reports the variation of the ORC performance param-
eters and environmental parameters for the cylindrical cavity.
Note that R113 is used as a fluid for the ORC system, and the
nanofluid has been tested. It would be seen from Table 7, the ORC
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Fig. 9. Variation of (a) ORC net power, and (b) total efficiency for cylindrical and hemispherical cavity receivers using R113 as the ORC working fluid, and the
nanofluid as the solar working fluid.

net power (Ẇnet ), generated turbine power (Ẇturbine), consumed
pump power (Ẇpump), ejected heat from the condenser (Q̇cond),
and ORC mass flow rate (ṁORC ) have a direct relation with heat
gain from the cavity (Q̇ in). The cavity heat gain shows a direct
relationship with the solar irradiation (Ibeam) as reported during
the experimental test. The same findings were recorded as the
ORC heat source using the MWCNT/oil nanofluid in Table 8 for
the hemispheric cavity receiver.

3.2. Economic analyses

This segment discusses the economic analyses of the solar
ORC system. Variation of Levelized Cost of Electricity (LCOE), Cash
Flow (CF), and Simple Payback Period (SPP) of the solar system
are reported in Table 9 during the steady-state conditions. Two
different types of cavity receivers have been studied including a
nano-fluid cylindrical and hemispherical receiver. As understood
from Table 9, the average amount of the LCOE during the steady-
state condition was found to be equivalent to 0.077 e/kWh and
0.076 e/kWh for the cylindrical and hemispherical cavity receiver

as an ORC heat supply, respectively. As seen, the ORC system with
the hemispherical cavity receiver resulted in a lower cost for the
generated power. Also, in Table 9, average amounts of the CF dur-
ing the steady-state condition were estimated equal to 16589.76
e/year, and 17414.92 e/year for the cylindrical and hemispherical
cavity receiver as the ORC heat supply, respectively.

As a result, the hemispheric cavity receiver ORC system gen-
erated a higher amount of electricity during a year. Finally, as
resulted in Table 9, average amounts of the SPP during the steady-
state condition were calculated as 9.541 years, and 9.374 years
for the cylindrical and hemispherical cavity receiver as the ORC
heat supply, respectively. Consequently, the hemispheric cavity
receiver ORC system can be suggested as a more economical
system for power generation.

3.3. Environmental analyses

This segment has addressed environmental analyses of the
solar ORC system. Table 10 reports the variation of CO2 emission
(ϕCO2 ), and CO2 credits (ZCO2 ), for the solar dish collector with the
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Table 7
Variation of the ORC performance for cylindrical cavity receiver using R113 as the ORC working fluid and the nanofluid.
Time Tamb

(◦C)
Ibeam
(W/m2)

Vwind
(m/s)

Q̇in
(W)

ṁORC
(gr/s)

Q̇cond
(W)

Ẇpump
(W)

Ẇturbine
(W)

Ẇnet
(W)

10:00 27.5 629.80 1.1 975.64 4.22 729.22 0.0081 246.43 246.42
10:30 23.1 674.60 1.7 1106.00 4.78 826.66 0.0091 279.35 279.35
10:45 23.4 738.00 2.5 1324.34 5.72 989.85 0.0109 334.50 334.49
11:00 24.0 748.40 1.3 1367.36 5.91 1022.00 0.0113 345.37 345.36
11:30 25.4 750.00 1.7 1372.59 5.93 1025.91 0.0113 346.69 346.68
11:50 25.0 750.00 1.7 1360.35 5.88 1016.76 0.0112 343.60 343.59
12:30 23.0 734.00 0.0 1328.33 5.74 992.83 0.0110 335.51 335.50
12:52 23.0 709.70 0.3 1264.35 5.46 945.01 0.0104 319.35 319.34
13:00 22.6 706.50 0.2 1266.05 5.47 946.28 0.0105 319.78 319.77
13:30 25.2 646.30 1.4 1127.62 4.87 842.82 0.0093 284.82 284.81
14:00 25.9 623.10 2.4 1075.88 4.65 804.14 0.0089 271.75 271.74
14:30 27.7 566.30 1.3 962.49 4.16 719.39 0.0079 243.11 243.10
15:00 26.5 515.50 2.2 808.45 3.49 604.26 0.0067 204.20 204.19

Table 8
Variation of the ORC performance for hemispherical cavity receiver using R113 as the ORC working fluid and the nanofluid.
Time Tamb

(◦C)
Ibeam
(W/m2)

Vwind
(m/s)

Qin
(W)

mORC
(gr/s)

Qcond
(W)

Wpump
(W)

Wturbine
(W)

Wnet
(W)

10:15 20.6 595.05 1.0 1087.71 4.70 812.99 0.0090 274.74 274.73
10:40 21.0 625.13 0.2 1252.38 5.41 936.07 0.0103 316.33 316.32
11:15 22.1 657.23 0.2 1429.46 6.18 1068.42 0.0118 361.05 361.04
11:30 23.0 667.64 1.3 1455.19 6.29 1087.65 0.0120 367.55 367.54
12:15 21.6 642.23 2.5 1387.78 6.00 1037.27 0.0115 350.53 350.52
12:40 21.6 640.87 0.0 1372.31 5.93 1025.70 0.0113 346.62 346.61
13:00 21.0 635.42 0.0 1360.18 5.88 1016.63 0.0112 343.55 343.54
13:30 20.2 632.97 0.6 1346.65 5.82 1006.53 0.0111 340.14 340.13
14:00 20.5 567.82 1.1 1075.44 4.65 803.82 0.0089 271.64 271.63
14:30 21.0 503.88 0.9 781.62 3.38 584.20 0.0065 197.42 197.42
15:00 20.6 432.69 1.6 533.80 2.31 398.97 0.0044 134.83 134.82

Table 9
Variation of Levelized Cost of Electricity (LCOE), Cash Flow (CF), and Simple
Payback Period (SPP) of the cylindrical and hemispherical cavity during the
steady-state conditions.
Cylindrical cavity receiver

Time (hh:mm) LCOE (e/kWh) CF (e/year) SPP (years)

10:45 0.078 16566.45 9.542
11:00 0.077 17106.45 9.432
11:30 0.077 17172.16 9.419
11:50 0.077 17018.49 9.449
12:30 0.077 16616.56 9.532
12:52 0.079 15813.43 9.709
13:00 0.079 15834.81 9.704

Average 0.077 16589.76 9.541

Hemispherical cavity receiver

Time (hh:mm) LCOE (e/kWh) CF (e/year) SPP (years)

11:15 0.075 17886.04 9.284
11:30 0.075 18209.01 9.226
12:15 0.076 17362.88 9.381
12:40 0.077 17168.67 9.419
13:00 0.077 17016.32 9.450
13:30 0.077 16846.58 9.484

Average 0.076 17414.92 9.374

cylindrical and hemispherical cavity, and the ORC system during
the steady-state conditions. The nanofluid and R113 have been
used as the solar and ORC fluid.

The average amount of the CO2 emission for the dish con-
centrator, and the ORC system during the steady-state condition
were calculated equal to 676.36 ton/year and 449.55 ton/year for
the cylindrical cavity receiver as the source of heat for the ORC
system, respectively. Also, average amounts of the CO2 emission
for the dish concentrator, and the ORC system during the steady-
state condition were estimated as 709.88 ton/year and 471.83
ton/year for the hemispheric cavity receiver as an ORC heat
supply, respectively. Some similar results were achieved for the

Table 10
Variation of CO2 emission (ϕCO2 ), and CO2 credits (ZCO2 ), for the solar dish
collector with the cylindrical and hemispherical cavity, and the ORC system
during the steady-state conditions.
Cylindrical cavity receiver

Time (hh:mm) Dish collector ORC system

ϕCO2 (ton/year) ZCO2 ($) ϕCO2 (ton/year) ZCO2 ($)

10:45 675.41 9793.47 448.92 6509.36
11:00 697.35 10111.59 463.50 6720.80
11:30 700.02 10150.31 465.28 6746.54
11:50 693.78 10059.77 461.13 6686.36
12:30 677.45 9823.00 450.27 6528.99
12:52 644.82 9349.86 428.59 6214.51
13:00 645.69 9362.46 429.16 6222.88

Average 676.36 9807.21 449.55 6518.49

Hemispherical cavity receiver

Time (hh:mm) Dish collector ORC system

ϕCO2 (ton/year) ZCO2 ($) ϕCO2 (ton/year) ZCO2 ($)

11:15 729.02 10570.86 484.56 7026.06
11:30 742.15 10761.12 493.28 7152.52
12:15 707.77 10262.66 470.43 6821.22
12:40 699.88 10148.25 465.18 6745.17
13:00 693.69 10058.50 461.07 6685.51
13:30 686.79 9958.50 456.49 6619.05

Average 709.88 10293.31 471.83 6841.59

amount of CO2 credit. Consequently, it could be concluded that
the solar ORC device with the hemisphere cavity receiver as the
heat source for ORC had resulted in more positive environmental
influence related to the cylindrical one.

4. Conclusions

A solar ORC system using cavity receivers was considered in
this work. A focal point concentrator was studied as an ORC heat
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source with two types of receiver, one cylindrical and the other
hemisphere. For solar working fluid, MWCNT/oil nanofluid and
pure oil were used. R113 was considered a working fluid for
ORC. The ORC modeling was developed based on the previous
experimental tests of the authors. The main achieved results can
be summarized as the following:
• The solar ORC system has the highest amount of ORC per-
formance parameters using MWCNT/oil nanofluid. The use of
nanofluid in a hemispheric receiver is therefore proposed as an
efficient way to improve solar ORC system performance.
• Average of the total ORC efficiency using the nanofluid was
calculated to be equal to 17.8%, whereas the average of the total
ORC efficiency using pure oil was reported to be equal to 15.8%,
for the cylindrical cavity receiver as the source of heat to the ORC
during experimental testing during the steady-state period.
• The average amount of total ORC efficiency with nanofluid use
was equal to 21.4%, while this value was calculated to be equal to
18.9% with the pure oil used by the hemispheric cavity receiver
as a heat supply to the ORC.
• The financial analysis proved that the LCOE is 0.076 e/kWh with
the hemispherical cavity and 0.077 e/kWh with the cylindrical
cavity. The SPP Is found 9.374 years with the hemispherical
cavity and 9.541 years with the cylindrical cavity. So, the financial
analysis indicates that the hemispherical cavity is a better choice
but both choices are viable.
• It is also found that the use of the hemispherical receiver leads
to a 5% lower CO2 avoidance compared to the cylindrical receiver.
• Finally, it was found that the ORC system with the hemispheri-
cal cavity receiver is the best choice for using it as the heat source
in an ORC. All the studied, energetic, financial and environmental
indicate this cavity as the proper one.
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