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A B S T R A C T   

Parabolic Trough Solar Collector (PTC) is a power generation unit that works based on solar energy. This system 
provides a considerable amount of thermal power but no electrical energy. Hence, the current investigation 
attempts to boost the outputs of the PTC system by merging this unit with the Photovoltaic (PV) module and 
Organic Rankine Cycle (ORC). In this regard, the outputs of the conventional PTC system under multiple 
operating conditions are compared with those of PTC-PV, PTC-ORC, and PTC-PV-ORC systems. These systems are 
three-dimensionally simulated using the steady-state approach and the influences of variation in the solar flux 
and concentration ratio on the energy and exergy efficiencies are scrutinized. According to the obtained data, at 
the base case condition, the overall energy efficiencies of the conventional PTC, PTC-PV, PTC-ORC, and PTC-PV- 
ORC systems are 42.75%, 47.20%, 13.43%, and 21.46%, respectively. The performance of these systems from the 
exergy viewpoints is 5.51%, 14.31%, 4.19%, and 13.33%, respectively. Based on the simulations, from the 
electrical energy and exergy viewpoints, the PTC-PV-ORC system has the highest performance followed by PTC- 
PV and PTC-ORC systems. Nonetheless, the thermal exergy of the ORC-based systems is remarkably lower than 
that of single solar units. This study shows the integration of the PTC system with the PV module and ORC boosts 
the output of this conventional unit.   

1. Introduction 

These days, due to the intense growth in the human population, 
energy demand is rising rapidly. Renewable energies are reliable sources 
that can maintain this essential need. Among various renewable energy 
sources, solar energy is the most prominent one due to its availability in 
any location. One of the most functional solar energy units is the Para
bolic Trough Collector (PTC). PTC can provide thermal energy by 
concentrating the solar irradiance on the receiver tube surface [1]. This 
system consists of a parabolic reflector and a receiver tube that converts 
solar irradiance into heat [2]. Heretofore, manifold studies are con
ducted on evaluating the outputs of the PTC system. 

The consequence of utilizing a heat shield on the PTC exergy and 
energy performances is assessed by El-Bakry et al. [3]. According to this 
scientific work, using a heat shield can enhance the exergy and energy 
efficiency of the PTC system by around 15.4 % and 14.4 %, respectively. 
The effect of using an evacuated and non-evacuated receiver tube on the 
PTC operational performance is poked by Reddy and Ananthsornaraj 
[4]. It is found that the variation in the first law efficiency of the system 
by evacuation of the receiver tube is almost negligible. 

In addition to these strategies, adding nanoparticles to the operating 
fluid may positively affect the performance of the solar energy units. 
Nanomaterials have high thermal conductivity compared to water and 
oil leading to elevation in heat exchange between the fluid and system 
[5]. 
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Javidan et al. [6] evaluated the performance of a nanofluid-based 
PTC system equipped with different fin shapes. The shape of installed 
fins inside the receiver tube includes square, circle, triangle, and com
bined square-circle. The outputs of the simulations show that installing 
square-circular shape fins enhances the thermal output of the system by 
around 39 %. Moreover, using hybrid TiO2/Cu nanoparticles in the base 
fluid boosts the coefficient of heat transfer by approximately 21 %. The 
influence of adding Al2O3 and CuO to the operating fluid on the per
formance of a PTC system is studied by Farooq et al. [7]. The thermal 
efficiencies of the PTC system at the mass flow rate of 0.0112 kg/s are 
computed to be 13.01 % and 13.92 % using Al2O3 and CuO, respectively. 
At the mass flow rate of 0.0224 Kg/s, the thermal outputs of the system 
are obtained to be 13.1 % and 14.79 % using Al2O3 and CuO, respec
tively. Hence, the CuO-based PTC system is superior to the Al2O3-based 
system from the thermal efficiency viewpoint. 

The thermal performance of a nanofluid-based PTC system equipped 
with internal fins and porous foam is scrutinized by Samiezadeh et al. 
[8]. The outputs demonstrate that increasing the volume fraction of 
nanoparticles enhances the thermal output of the system. Moreover, a 
reduction in solar flux causes an increment in the temperature gradient 
inside the fluid channel. 

It is noteworthy to mention that, using strip inserts [9,10] and tur
bulators [11] inside the fluid channel have constructive effects on the 
performances of the nanofluid-based PTC systems. Furthermore, using 
rotary receiver tubes is one of the novel methods, in improving the 
performance of PTC systems. The comparison between the thermal 
performance of a PTC system with rotary and stationery receivers is 
conducted by Reddy et al. [12]. The experimental data reveals that 
reduction in the water inlet temperature and elevation in the mass flow 
rate, boost the thermal output of the PTC system. The thermal perfor
mance of the PTC system with receiver rotational velocities of 4 rpm and 
2 rpm are computed to be 158 % and 190 %, respectively, higher than 
that of a system with stationary receiver. 

Even though the PTC system can produce thermal energy, it is unable 
to provide electrical energy for human use. Thus, the combination of the 
PTC unit with the solar cells can enhance its overall performance. By the 
installation of a Photovoltaic (PV) module on the absorber layer of the 
common PTC unit, the renewable-based generation system will produce 
both thermal and electrical energies. 

Soltani et al. [13] studied the thermal and electrical output of a PTC 
system merged with a PV module and thermoelectric generator. In this 
mathematical investigation, it is interpreted that the hybrid system can 
provide 22.7 W electrical power a the solar flux of 998 W/m2. In addi
tion, the maximum thermal efficiencies of the system are obtained to be 
around 75 %. Herez et al. [14] evaluated the electrical energy and 

thermal energy efficiencies of a PTC-PV unit. As reported, increasing the 
fluid momentum enhances the generated power of the mentioned sys
tem. It is deduced that the greatest overall efficiency of the unit is 
around 82 %. 

In another study, Padhy et al. [15]. fabricated a PTC-PV unit and 
examined the thermal and electrical output of the unit. The obtained 
data demonstrate the electrical efficiency and temperature difference of 
the system are 14.93 % and 11.4 ◦F, respectively. The cost of fabricating 
this hybrid system is estimated to be Rs. 15,000. Besides, the perfor
mances of a PTC-PV unit are evaluated from various viewpoints 
including energy and exergy by Fu et al. [16]. Based on the outcomes, 
the optimum electrical performance of the unit is obtained at the solar 
flux of 900 W/m2. The value of saved cost, entropy generation, and CO2 
emission are found to be 70 USD/month, 23.9 W/m.K, and 804.0 kg/ 
month, respectively, at the optimum operating condition of the system. 
Additionally, merging PTC systems with power generator systems such 
as Organic Rankine Cycle (ORC) can boost the overall energy output of 
the unit and provide electrical energy. ORC is a system consisting of a 
condenser, a small turbine, a pump, and a heat exchanger that can 
convert low-grade thermal energy into electrical [17]. 

The exergy and energy performances of a water heating unit and an 
ORC subsystem are scrutinized by Aziz et al. [18]. In this etude, the 
impact of some operating fluids with low critical temperatures on the 
system performance is investigated. It is concluded that the system with 
working fluids of R245fa and m-xylene has the highest performance. The 
energy, exergy, and economic analysis of a PTC system integrated with 
ORC and partial evaporation Rankine cycle is evaluated by Habibi et al. 
[19]. Based on the results, the amount of total cost rate, exergy effi
ciency, and output energy power of the designed system are 228 $/h, 
18.6 %, and 782 kW, respectively. The performance of a PTC system 
combined with ORC and Phase Change Material (PCM) storage is scru
tinized by Pourmoghadam et al. [20]. In this evaluation, the impact of 
using multiple operating fluids including R134a/R245fa, R245fa/ 
R1234yf, and R500/R245fa on the performance of the system is studied. 
The outputs reveal that the R500/R245fa is the best operating fluid from 
both energy and exergy performance viewpoints. Moreover, the net 
present value, payback period, and levelized cost of energy are 
computed to be 186,622 $, 18 years, and 0.29 $/kWh, respectively. 
Besides, some researchers combined the PTC system with ORC and 
electrolyzer to produce hydrogen fuel [21,22]. 

Based on the research studies, manifold investigations are conducted 
on the performance of the PTC systems integrated with power systems. 
Nevertheless, there are various scientific gaps in this field of research. 
Currently, no investigations are performed on the energy and exergy 
analysis of the PTC system integrated with both the PV module and ORC. 

Nomenclature 

Cp Heat capacity at a fixed pressure (J/(kg • K)) 
D Fluid channel Diameter (m) 
Ė Energy rate (W) 
Ėx Exergy rate (W) 
F Collector focal length (m) 
Gk Production of kinetic energy in turbulent flow 
k Heat Conduction coefficient (W/(m • K)) 
P Operating fluid pressure (kPa) 
T Temperature (K) 
W Width of the collector (m) 
Ẇel Electrical power (W) 

Greeks 
μ Dynamic viscosity (kg/(m • s)) 
β Liquid volume fraction 

∅ Nanofluid mass fraction 
κ Kinetic energy of turbulent flow 
∊ dissipation rate of turbulent flow 
η Generation unit performance (%) 
ρ ORC operating fluid density (kg/m3) 
σ Stefan-Boltzmann coefficient (W/(m2 • K4)) 
ε Glass emissivity 
φ Rim angle (◦) 

Subscripts 
amb Ambient state 
el Electrical 
the Thermal 
r Base case 
g Glass Cover 
s Solid-state 
w Wind effect  
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Besides, there is no comprehensive study on the comparison of different 
types of hybrid PTC-based systems. Thus, in the present research, the 
outcomes of conventional PTC systems are compared with those of PTC- 
ORC, PTC-PV, and PTC-PV-ORC systems. In this order, the PTC system is 
designed three-dimensionally by considering all layers including glass 
cover, air gap, solar cells (PV module), absorber layer, and fluid channel. 
Furthermore, the PTC unit operating fluid is VP-1 and the working fluid 
of ORC is R407c. In the following, the details of the present study are 
presented. 

2. Numerical modeling 

In this study, the energy and exergy performance of all PTC, PTC-PV, 
PTC-ORC, and PTC-PV-ORC systems are scrutinized. For this purpose, 
initially, the details of the simulation of the PTC system are presented. 
Henceforth, the specifications of the ORC are presented. 

2.1. PTC and PTC-PV system 

To obtain accurate numerical outputs, both PTC and PTC-PV systems 
are designed and simulated three-dimensionally. A schematic view of 
the implemented PTC-PV generation unit is pictured in Fig. 1. As noticed 
in the mentioned figure, the PTC-PV system consists of various layers 
including a glass envelope, air spacing zone, PV module, absorber, and 
fluid channel. It should be noted that the only difference between the 
PTC and PTC-PV renewable systems is the lack of the PV cell on the PTC 
unit. Moreover, to exploit the consequence of reflector geometry on the 
mentioned system performance, the solar flux dispensation on the sur
face of the receiver tube is calculated and imposed. 

An open-source Soltrace software is utilized to compute the distri
bution of solar irradiance on the receiver. In this software, by defining 
the characteristics of the receiver tube and the reflector, the solar irra
diance distribution on the receiver can be computed. In these 

simulations, PV module absorptivity and the transmissivity of the glass 
coating are considered to be 0.95 and 0.97, respectively. Moreover, the 
collector slope error is assumed to be 3 mrad and the collector mirror’s 
specularity error is considered to be 0.5 mrad. The selected values of 
specularity and slop errors are in line with measurements performed by 
Wendelin [23]. In the Soltrace software, to obtain the solar flux distri
bution over the receiver tube, 100 million sun rays are generated and 
tracked through optical interactions of the PTC system. Furthermore, the 
desired number of ray intersections is considered to be 1 million. 

Also, the dimensions and thermodynamic characteristics of the 
different parts of the proposed renewable unit are shown in Tables 1 and 
2, respectively. 

Regarding the PTC system, the solar irradiance dispensation over the 
absorber zone is extremely dependent on the reflector size. In the PTC 
systems, the equation of the reflector can be proposed as [26]: 

x2 = 4Fy (1) 

Also, the focal length of the reflector, where the tube is installed can 
be calculated by [26]: 

Fig. 1. The 3D and 2D views of the introduced PTC-PV generation unit.  

Table 1 
Thermodynamic characteristics of the different pieces of the introduced gener
ation units [24,25].  

Components Material 
density (kg/ 
m3) 

Heat conduction 
coefficient (W/(m •
K)) 

Specific heat capacity 
at fixed pressure (J/(kg 
• K)) 

Glass coating 2221  0.765 829.9 
PV cell layer 2331  148.1 701 
Air spacing 

zone 
1200  0.20 1250 

Absorber 
zone 

8960  401.1 385.1  
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F =
W

4tan(φ/2)
(2)  

in this equation, W and φ are aperture wide and the rim angle of the 
reflector is considered to be 80◦. Moreover, the concentration ratio of 
the system can be determined as [26]: 

C =
W
d

(3)  

where d is the absorber zone diameter. The concentration ratio of the 
renewable-based generation unit is considered to be variable in the 
range of 25 to 45. 

2.2. ORC 

In the present systems, the ORC consists of different components 
including a small turbine, a condenser, a pump, and a heat exchanger. In 
this hybrid unit, the R407c is chosen as the operating fluid of the ORC 
based on the findings of Singh and Mishra [27]. According to this 
research paper, the R407c is one of the best fluids for deriving the ORC. 

In both the PTC-ORC and PTC-PV-ORC systems, the needed thermal 
energy of the ORC is maintained by the PTC system. In the heat 
exchanger, the cold R407c absorbs the thermal energy of the hot VP-1 
and transfers it from liquid to gas state. Henceforth, the R407c moves 
toward the turbine, and the VP-1 moves toward the inlet of the PTC 
system. In the ORC, the R407c drives the turbine and produces electrical 
energy, afterward, by a reduction in the pressure of the gas, the R407c 
moves toward the condenser to lose its heat and change to the liquid 

state. Finally, liquid R407c enters the pump to get energy for circulation 
in the cycle. In Fig. 2, a schematic view of the coupled PTC-ORC unit is 
presented. 

2.3. Boundary condition 

In this section, the applied boundary conditions on the designed 
systems are explained. The “inlet mass flow rate” boundary condition is 
considered at the inlet position of the channel to simulate the working 
fluid within the tube. In this type of boundary condition, both the mass 
flow rate and temperature of the working fluid can be clarified. More
over, at the outlet of the tube, the “pressure outlet” condition is imposed. 
In this case, the amount of gage pressure at the outlet of the channel is 
considered to be zero. 

The heat generation condition is considered for the PV module, to 
model the process of solar irradiance absorption in the system. It is 
noteworthy to mention that the solar flux distribution is imposed on the 
tube using a User Defined Function (UDF). 

On top of that, for simulation of the heat loss phenomenon of the 
collector receiver, the “wall” with “mixed heat transfer” is imposed for 
the surface of the glass cover. In this boundary condition, by considering 
the sky temperature and convection heat transfer coefficient, both 
convection and radiation mechanisms can be simulated. The convective 
coefficient and sky temperature are the function of ambient temperature 
and wind speed respectively. These values are computed using the 
following equations [28,29]: 

hw = V0.58
w d− 0.42

g (4)  

Tsky = 0.0522T1.5
amb (5)  

in these equations, Vm, dg, and Tamb are wind speed, absorber diameter, 
and ambient temperature, respectively. 

2.4. Governing equations 

In the present study, the systems are designed three dimensional and 
simulated using the steady-state method. By using this approach and 
considering the working fluid as a turbulent flow, the mass, momentum, 
and energy balances can be presented as [30]: 

Table 2 
Geometrical properties of the different parts of the introduced generation 
units.  

Parts Value 

Glass cover thickness (mm) 3.2 
Air spacing zone thickness (mm) 20 
PV cell thickness (mm) 0.301 
Absorber zone thickness (mm) 3.0 
Diameter of the fluid channel (mm) 38 
Length of the reflector and receiver tube (m) 5 
Aperture wide of reflector (m) 8  

Fig. 2. Schematic diagram of the PTC-ORC hybrid system.  
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∂(ρui)

∂xi
= 0 (6)  

∂(ρuiuj)

∂xj
=

∂
∂xj

[

μ
(

∂ui

∂xj
+

∂uj

∂xi

)

−
2
3

μ ∂ui

∂xi
δij − ρu′

iu′
j

]

−
∂P
∂xi

(7)  

∂(ρujcpT)
∂xj

=

[

μ
(

∂ui

∂xj

+
∂uj

∂xi

)

−
2
3

μ∂ui

∂xi
δij − ρu′

iu′
j

]
∂ui

∂xi
+

∂
∂xj

(

λ
∂T
∂xj

+
μt

σh,t

∂
(
cpT

)

∂xi

)

+uj
∂P
∂xj

(8)  

in these equations, ρ, u, P, and cp are the density, velocity, pressure, and 
heat capacity of the working fluid, respectively. In the simulations, due 
to the turbulence of flow in the channel, the k − ε model is selected for 
solving the equations. In this equation, ε is dissipation rate and k is 
turbulent kinetic energy. 

In the above equations, the term − ρu′
iu′

j refers to the Reynolds stress 
which is computed as [30]: 

− ρu′
iu′

j = μt

(
∂ui

∂xj
+

∂uj

∂xi

)

−
2
3

(

ρk+ μt
∂uk

∂xk

)

δij (9)  

The value of turbulent kinetic energy can be calculated as [30]: 

∂(ρkuj)

∂xj
=

∂
∂xj

[(

μ +
μt

σk

)
∂k
∂xj

]

+Gk − ρε (10)  

where, 

Gk = − ρu′
iu′

j
∂uj

∂xi
= μtS

2 (11)  

μt = ρCμ
k2

ε (12)  

S ≡
̅̅̅̅̅̅̅̅̅̅̅̅
2SijSji

√
(13)  

in these equations, Gk is turbulent kinetic energy production, μt is eddy 
viscosity, S donates the linear deformation of a fluid element, and σk is a 
constant value equal to 1. 

Furthermore, the value of the dissipation rate can be obtained as 
[30]: 

∂(ρεuj)

∂xj
=

∂
∂xj

[(

μ +
μt

σε

)
∂ε
∂xj

]

+ ρ

⎛

⎜
⎝max

⎡

⎢
⎣0.43,

S k
ε

S k
ε + 5

⎤

⎥
⎦

⎞

⎟
⎠Sε − ρC1

ε2

k +
̅̅̅̅̅
vε

√

(14)  

in the above equation, the constants of C1 and σε considered to be 1.9 
and 1.2, respectively. 

Moreover, some assumptions are made to attenuate the simulations. 
The suppositions are as follows: 

• The thermal properties of the pieces for the PTC-PV and PTC gen
eration systems are considered to be constant versus temperature 
variation.  

• The sky is considered a black body [31].  
• The velocity distribution at the receiver tube inlet is supposed to be 

uniform.  
• The solar flux dispensation along the length of the tube is constant.  
• The turbine efficiency is considered to be 75 % [32,33].  
• The final temperature of the R407c, exiting the heat exchanger is 

considered to be 6 ◦C lower than the inlet temperature of the VP-1 to 
this component. 

The VP-1 properties are highly temperature-dependent. In order to 

calculate the density, thermal conductivity, and heat capacity of the 
fluid, the following equations can be used [34]: 

ρ = 1.4386 × 103 − 1.8711T + 2.273 × 10− 3T2 − 2.3793 × 10− 6T3 (15)  

λ = 0.14644+ 2.0353 × 10− 5T − 1.9367 × 10− 7T2 + 1.0614 × 10− 11T3

(16)  

Cp = 2.125 × 103 − 11.017T + 0.049862T2 − 7.7663 × 10− 5T3 + 4.394

× 10− 8T4

(17)  

Nonetheless, for calculating the viscosity of the VP-1, if the temperature 
is about 285.15–373.15 K, Eq. (18) can be used. But, if the fluid tem
perature is in the range of 373.15 K to 698.15, Eq. (19) should be used 
for computing the mentioned property [34]. 

μ = 3.661 × 102 − 3.0154T + 8.3409 × 10− 3T2 − 7.723 × 10− 6T3 (18)  

μ = 23.165 − 0.1476T + 3.617 × 10− 4T2 − 3.9844 × 10− 7T3 + 1.6543

× 10− 10T4 (19)  

3. Thermodynamic study 

The control volume method is used to investigate the energy and 
exergy efficiencies of the simulated systems. In the following sections, 
the energy and exergy analysis of the simulated systems are provided in 
two distinct sections. 

3.1. Energy analysis 

Imposing the control volume method, the energy balance of the 
systems can be presented as: 

Ėsun = Ėel + Ėth + Ėloss (20)  

in these equations, Ėsun, Ėth, Ėel, and Ėloss is the rate of received energy by 
the system from the sun, the output thermal energy rate, the electrical 
power rate, and the loss energy rate from the generation cascade to the 
ambient. 

The value of Ėsun can be computed as: 

Ėsun = Ġsun • W • L (21)  

in the above equation, Ġsun is the solar flux intensity, W is wide, and L 
represents the length of the reflector. Besides, the electrical energy 
output of the system can be calculated based on the following equation 
[35]: 

Ėel = ηel • Ėsun (22)  

here, ηel refers to the electrical performance of the solar cells which can 
be determined as [36]: 

ηel = ηsta • [1 − 0.0045 • (Tcell − 298.15) ] (23)  

In this equation, ηsta is the solar cell converting performance at the 
standard situation (it is equal to 15 % in current research) and Tcell is the 
solar cell operating temperature. Moreover, the output thermal power 
and efficiency of the proposed systems can be obtained as [37]: 

Ėth = ṁ • Cp • |Tout − Tin| (24)  

ηth =
ṁ • Cp • |Tout − Tin|

Ėsun
(25)  

in the PTC and PTC-PV systems, Tout is the outlet temperature of the 
collector receiver tube and Tin is the inlet temperature of the mentioned 
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receiver. While in the PTC-ORC and PTC-PV-ORC systems, Tout is the 
final temperature of the condenser and Tin is the outlet temperature of 
the R407c at the outlet of the turbine. 

3.2. Exergy analysis 

The exergy balance of the system can be provided as: 

Ėxsun = Ėxel + Ėxth + Ėxloss (26)  

in the above equation, Ėxsun, Ėxel, Ėxth, and Ėxloss is the rate of input sun 
exergy, the rate of electrical output exergy, the thermal output exergy 
rate of the renewable-based unit, and the exergy loss rate of the systems. 
In these equations, the rate of input solar exergy can be obtained as [38]: 

Ėxsun = Ėsun •

(

1 −
Tamb

Tsun

)

(27)  

in this equation, Tsun is sun temperature which is equal to 5800 K. 
Furthermore, the output electrical exergy power and exergy efficiency of 
the system can be computed as [35]: 

Ėxel = Ėel (28)  

εel =
Ėxel

Ėxsun
(29)  

Finally, the thermal exergy power and efficiency of the systems are 
calculated according to the following equations [39]: 

Fig. 3. (a) The variation of operating fluid outlet temperature versus the cell number, (b) lateral view of the generated grid.  
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Ėxth = ṁ • [(hout − hin) − Tamb • (sout − sin) ] (30)  

hout − hin = Cp • (Tout − Tin) (31)  

sout − sin = Cp • ln
(

Tout

Tin

)

(32)  

εth =
Ėxth

Ėxsun
(33)  

4. Grid study and validation 

In this section, the impact of mesh density on the obtained data and 
the validity of the present numerical simulations are investigated. To 
evaluate the effect of cell number on numerical information, the 
mentioned PTC-PV hybrid system meshed with 500, 1000, 1500, 2000, 
and 3000 thousand cells. In Fig. 3, the variation of outlet temperature 
with the cell number is depicted. As can be seen, by enhancing the mesh 
density, the variation in the operating fluid outlet temperature is 
reduced. Based on the output results, the difference between the system 
with cell numbers of 500 and 1500 thousand cells is around 1.3 %, while 
this value for the difference between the system with cell numbers of 
1500 and 3000 thousand cells is approximately 0.2 %. As a result, the 
system with a cell number of 1500 thousand is elected for more inves
tigation due to its low time cost and precision. 

Moreover, for verification of the obtained solar flux profile from the 
open-source Soltrace software, the data of the present study are collated 
with the output information of Mwesigye and Meyer [34]. The dispen
sation of concentration ratio on the collector receiver tube is depicted in 
Fig. 4 (a). In order to verify the present simulation, the specifications of 
the present study are chosen as the same as the study of Mwesigye and 
Meyer [34]. In this study, the absorber absorptivity, the glass coating 
transmissivity, the collector slop error, and the mirror specularity error 
are considered to be 0.96, 0.97, 3 mrad, and 0.5 mrad, respectively. 
Moreover, the rim angle of the reflector is assumed to be 80◦. As shown 
in Fig. 4 (a), there is a good collusion between the obtained solar irra
diance distribution on the receiver tube in the present study and that of 
achieved in the evaluation of Mwesigye and Meyer [34]. 

Besides, the PTC thermal efficiency is compared with the results of 
Mwesigye and Meyer [34]. In the study of Mwesigye and Meyer [34], a 
conventional PTC system is three dimensionally designed and simulated 
using ANSYS fluent software. The steady-state approach is used for 
simulating the PTC system and k − ε is selected for modeling the working 
fluid in the tube. Moreover, the SIMPLE algorithm with second-order 
upwind schemes is used for solving the equations. 

Fig. 4 (b) shows the variation of PTC thermal efficiency versus the 
operating fluid inlet temperature in the study of Mwesigye and the 
current assessment [34]. As illustrated, the obtained outcomes have a 
good accommodation. The greatest and average amount of error be
tween the studies is about 3 % and 1.7 %, respectively. In conclusion, 
due to the good agreement between the data of the study of Mwesigye 
and Meyer and the current assessment [34], the numerical outputs of the 
present investigation are reliable enough. 

5. Results 

In the present research, the performance of all PTC-PV, PTC, PTC- 
ORC, and PTC-PV-ORC systems are evaluated from both exergy and 
energy viewpoints. In this regard, the ORC performance is studied, 
henceforth the effect of integration of this cycle with the PTC and PTC- 
PV unit is scrutinized. In the simulations, the working conditions of the 
systems are as same as the base case situation which is indicated in 
Table 3. As shown in this table, for evaluating the effect of solar flux 
intensity and concentration ratio every time one parameter is fixed and 
the other is variable. 

In Fig. 5, the efficiency of the ORC system and the inlet temperature 
of the condenser of the cycle versus the inlet temperature of the turbine 
is presented. It should be noted that the turbine inlet temperature is 
equal to the final temperature of the R407c when leaves the heat 
exchanger. As pictured in Fig. 5, increasing the turbine inlet temperature 
enhances both the thermodynamic performances of the proposed unit 
and the fluid inlet temperature when enters the condenser. Thus, the 
electrical and thermal energy performances of the mentioned unit boost. 

Fig. 4. Collation evaluation between the obtained outcomes of the study and 
corresponding data from Mwesigye and Meyer [34] (a) solar flux concentration 
and (b) thermal efficiency. 

Table 3 
Working condition of the PTC and PTC-PV systems.  

Criteria Base condition Variation 

Solar irradiance (W/m2) 800 400–1200 
Concentration ratio 35 25–45 
Mass flow rate of operating fluid (kg/h) 360 – 
Considered ambient temperature (◦C) 30.1 – 
Considered wind speed (m/s) 1 –  
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The thermal, electrical, and overall energy efficiencies of the simu
lated systems are exhibited in Fig. 6. As shown in Fig. 6 (a), increasing 
solar flux from 400 W/m2 to 1200 W/m2 continuously declines the 
thermal energy efficiencies of both the PTC and PTC-PV systems. The 
thermal efficiencies of the PTC and PTC-PV systems at the solar flux of 
400 W/m2 are 43.17 % and 38.22 %, respectively. On the other hand, 
the thermal efficiencies of the PTC and PTC-PV systems at the solar flux 
of 1200 W/m2 are 41.94 % and 37.04 %, respectively. The main reason 
for this phenomenon is the elevation in the rate of heat transfer from the 
tube to the ambient by raising solar flux. 

In the PTC-ORC and PTC-PV-ORC systems, although increasing solar 
flux from 400 W/m2 to 800 W/m2 has an unfavorable impact on the 
thermal performances, ascending solar flux from 800 W/m2 to 1200 W/ 
m2 boosts the thermal performance of the units. 

The impacts of solar flux on the electrical generations of the systems 
are provided in Fig. 6 (b). This figure demonstrates that raising solar flux 
harms the electrical efficiencies of the PTC-ORC and PTC-PV-ORC sys
tems. The electrical production of the PV module is highly dependent on 
the operating temperature of the solar cells. Raising the temperature of 
the cells intensely reduces the electrical energy generation of the mod
ule. Therefore, this decrement in the electrical performance of the PTC- 
ORC and PTC-PV-ORC systems can be justified due to the dependency of 
these systems on the electrical output of the solar cells. Nonetheless, the 
electrical performance of the PTC-ORC system is dependent only on the 
performance of the ORC unit. 

In the PTC-ORC unit, raising solar flux causes an increment in the 
temperature of the operating fluid at the inlet of the turbine leading to 
higher electrical energy production. The electrical energy efficiency of 
the PTC-ORC unit is enhanced from 2.33 % to 4.72 % by increasing solar 
flux from 400 W/m2 to 1200 W/m2. 

Based on Fig. 6 (c), raising solar flux declines the electrical perfor
mances of all systems except PTC-ORC. According to the results, the 
overall energy efficiencies of the conventional PTC, PTC-ORC, PTC-PV, 
and PTC-PV-ORC systems at the solar fluxes of 400 W/m2 are 43.17 %, 
33.82 %, 50.22 %, and 52.29 %, respectively. These values at the solar 
flux of 1200 W/m2 are calculated to be 41.94 %, 17.81 %, 43.97 %, and 
20.66 %, respectively. From the energy viewpoint, in the low solar flux, 
the PTC-PV-ORC system has the highest performance, while, in the high 
intensities, the PTC-PV system has the best output. 

Fig. 7 demonstrates the thermal, electrical, and overall exergy effi
ciencies of the systems versus solar flux. As presented, the thermal 

Fig. 5. The variation of ORC efficiency and condenser inlet temperature versus 
the inlet temperature of the ORC turbine. 

Fig. 6. (a) The thermal (b) electrical, and (b) overall energy efficiency of the 
systems versus solar flux. 
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exergy performances of the PTC and PTC-PV units are superior to the 
ORC-based systems. In the systems coupled with ORC, a part of thermal 
energy converts to electrical power, and the remained heat is delivered 
to the ambient through the condenser at low temperatures leading to a 
reduction in the thermal exergy output of the units. The thermal exergy 
efficiencies of the conventional PTC, PTC-ORC, PTC-PV, and PTC-PV- 
ORC at the solar flux of 1200 W/m2 are 7.42 % 1.00 %, 5.93 %, and 
0.59 %, respectively. Besides, the electrical exergy performances of the 
systems are similar to those of electrical energy performances. 

Furthermore, the computational outputs reveal that the overall 
exergy performances of the conventional PTC and PTC-PV systems are 
continuously enhanced by raising solar flux intensity. Nevertheless, 
elevation in the solar flux slightly declines the overall exergy output of 
the systems. In the solar flux of 400 W/m2, the PTC-PV-ORC systems 
have the best performance followed by PTC-PV, PTC-ORC, and con
ventional PTC systems. However, in the solar flux of 1200 W/m2, the 
PTC-PV has the highest efficiency followed by PTC-PV-ORC, conven
tional PTC, and PTC-ORC systems. 

The temperature distributions in both PTC and PTC-PV systems at 
various solar fluxes are portrayed in Fig. 8. As indicated, both the outlet 
and absorber temperatures of the PTC system are more than that of the 
PTC-PV. In PV-based systems, a portion of the solar energy converts to 
electricity; thus, a lower amount of heat will shift from the absorber to 
the working fluid compared to the PTC unit. 

Moreover, increasing solar flux intensity ascends the outlet temper
ature of the operating fluid which can be attributed to the higher heat 
transfer rate from the tube to the fluid. Additionally, the absorber 
temperature in the bottom sections is more than that of the upper areas. 
Non-uniform solar flux dispensation over the tube causes a non-uniform 
temperature distribution in the absorber. The reflector of the unit con
centrates most of the solar rays on the absorber tube bottom section, 
while in the upper sections, the tube receives solar energy directly from 
the sky not the reflector of the system. 

The influences of the concentration ratio on the energy performances 
of the simulated systems are depicted in Fig. 9. As provided, increasing 
concentration ratio from 25 to 45 reduces the thermal energy perfor
mances of the conventional PTC, PTC-ORC, PTC-PV, and PTC-PV-ORC 
systems from 45.04 % to 41.46 %, 13.33 % to 10.68 %, 40.44 % to 
36.38 %, and 14.68 % to 8.53 %, respectively. The lower thermal energy 
performance of the ORC-based systems compared to the single solar 
power units is due to the thermal to electrical energy conversion by the 
turbine. Moreover, raising the concentration ratio on the surface of the 
tube increases the temperature of the receiver leading to higher heat 
transfer from the system to the ambient through both convection and 
radiation mechanisms. The PTC and PTC-PV systems have the highest 
performance among the simulated systems at various concentration 
ratios from the thermal energy viewpoint. 

Furthermore, the results show that at all studied concentration ra
tios, the PTC-PV-ORC system outperforms among the systems. The 
electrical energy efficiencies of the PTC-ORC, PTC-PV, and PTC-PV-ORC 
systems are obtained to be 4.10 %, 8.15 %, and 11.41 %, respectively. 
Also, the impacts of variation in concentration ratio on the PV-based 
systems are much higher than that of ORC-based systems. It should be 
noted that the conventional PTC system is not able to provide any 
electrical energy. 

The overall energy analysis of the systems reveals that the outputs of 
the single solar units are higher than those of units combined with the 
PV module. However, the main parts of the produced energies by the 
conventional PTC and PTC-PV systems are in the form of thermal 
energy. 

Fig. 10 portrays the thermal, electrical, and overall exergy effi
ciencies of the systems. Based on Fig. 10 (a), the thermal exergy effi
ciencies of the ORC-based systems at multiple operating conditions are 
intensely lower than those of conventional PTC and PTC-PV systems. In 
the ORC-based systems, the thermal energy transfers from the solar 
section to the ORC. In the cycle, the hot fluid enters the turbine and 

Fig. 7. (a) The thermal (b) electrical, and (b) overall exergy efficiency of the 
systems versus solar flux. 
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produces electrical energy. Afterwards, the fluid with low temperature 
enters the condenser and releases its remained heat to the cooling fluid. 
Hence, a limited thermal exergy is provided by these types of hybrid 
systems. The thermal exergy efficiencies of the conventional PTC, PTC- 
PV, PTC-ORC, and PTC-PV-ORC systems are 6.42 %, 5.06 %, 0.59 %, and 
0.39 %, respectively. Moreover, the electrical exergy efficiencies pre
sented in Fig. 10 (b) are similar to the electrical energy performances of 
the system (Fig. 9 (b)). The electrical exergy efficiencies of the PTC-ORC, 
PTC-PV, and PTC-PV-ORC systems are computed to be 4.33 %, 8.60 %, 
and 12.04 %, respectively. 

Finally, the overall exergy efficiencies of the systems at multiple 
concentration ratios are depicted in Fig. 10 (c). Based on the findings, 
the overall exergy efficiencies of the conventional PTC and PTC-ORC 
systems are enhanced by raising the concentration ratio of the sys
tems. Increasing the concentration ratio of the systems from 25 to 45 
boosts the overall exergy efficiencies of the PTC and PTC-ORC systems 
from 4.55 % to 6.42 % and from 3.76 % to 4.92 %, respectively. 
Nevertheless, the ascending concentration ratio of the systems from 25 
to 45 diminishes the overall exergy efficiencies of the PTC-PV and PTC- 
PV-ORC systems from 14.94 % to 13.66 % and from 14.51 % to 12.43 %, 
respectively. 

Also, the temperature distribution on the symmetry line of both the 
PTC and PTC-PV systems at the receiver tube outlet is pictured in Fig. 11. 
As can be seen, all components of the PTC system have higher temper
atures compared to the PTC-PV hybrid system. In both systems, the glass 
coating has the lowest temperature due to its interaction with the sur
rounding environment. Also, as mentioned earlier, the temperature of 
the absorber zone in the PTC-PV renewable unit is less than that of the 
PTC unit due to the energy conversion in this layer. Also, due to the 
lower heat transfer rate among the absorber layer and the working fluid 
in the hybrid PTC-PV generation unit, the fluid temperature in the PTC 
unit is more than the corresponding data of the PTC-PV unit, which can 
lead to lower thermal energy and exergy performances of the novel PTC- 
PV unit. But, due to the electricity production in the PV module, the 
overall performance of the PTC-PV unit is more than that of the PTC 
unit. 

Although the integration of the PTC or PTC-PV system with the ORC 
reduces the net energy performance of the renewable unit, it enhances 
the exergy output of the coupled device, remarkably. Considering the 
simulation outcomes, the PTC-PV-ORC generation unit has the highest 
exergy performance among the studied systems. 

Fig. 8. The temperature distribution in the PTC and PTC-PV systems at different solar fluxs.  
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Fig. 9. (a) The thermal (b) electrical, and (b) overall energy efficiency of the 
systems versus concentration ratio. 

Fig. 10. (a) The thermal (b) electrical, and (b) overall exergy efficiency of the 
systems versus concentration ratio. 
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6. Conclusion 

In this present research, the efficiencies of different hybrid parabolic 
trough solar collectors are evaluated from both the energy and exergy 
viewpoints. The solar unit is three-dimensionally designed and simu
lated using the steady-state approach. Also, the performance of the 
organic Rankine cycle is computed mathematically. In the coupled 
systems, the thermal energy of the solar unit is delivered to the cycle 
through a heat exchanger. In order to analyze the efficiencies of the 
systems, the designed units are simulated at various solar fluxes and 
concentrated ratios. The most substantial achievements of this paper are 
as follows:  

• Integration of the parabolic trough solar collector with the cycle 
increases the net exergy output of the hybrid generation unit while it 
declines its overall energy performance.  

• The PTC-PV and PTC-ORC hybrid systems have the highest and 
lowest performance from the energy viewpoint. Actually, in the low 
solar fluxes, the PTC-PV-ORC system has the highest energy perfor
mance among the studied systems, while in the high intensities, the 
PTC-PV system has the best energy performance.  

• Nevertheless, from the exergy viewpoint, the PTC-PV system has the 
optimum performance followed by PTC-PV-ORC, conventional PTC, 
and PTC-ORC systems, respectively.  

• The electrical energy and exergy analysis of the systems shows that 
the collector integrated with both solar cells and the cycle has the 
highest performance. 

• Increasing the solar irradiance intensity and concentration ratio re
duces the energy performance of the systems while raising the value 
of these parameters has a positive impact on the exergy efficiencies 
of both conventional solar units and collectors integrated with solar 
cells. 

Based on current research, the combination of solar power systems 
with the cycle boosts the exergy efficiencies of renewable systems due to 
thermal to electrical energy conversion by the ORC. On the other hand, 
integrating the PTC with the PV module can enable the system to pro
duce extra electrical energy in addition to thermal power. According to 
the findings, the PTC-PV-ORC system is the best option from the elec
trical energy production viewpoint. Nevertheless, when the overall 
performance is the priority, the PTC-PV system is the best option. This 
study proposed novel methods that can enhance the performance of 

conventional PTC unit. 
Although this study takes a prominent step toward a deeper under

standing of the performance of parabolic trough solar collectors, some 
topics can attract the attention of the researchers. In the following, some 
of the most interesting ideas are provided:  

• Evaluating the effect of ORC configuration on the overall exergy and 
energy performances of the coupled unit.  

• Assessment of the consequence of working fluid on the system 
performance.  

• Evaluating the effect of using nanofluid-based PTC unit on operating 
of the coupled device. 
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