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A B S T R A C T   

Parabolic trough collector (PTC) is a type of solar system that generates thermal energy by concentrating solar 
radiation on the surface of a circular receiver tube. However, the overall output of this solar system can be 
significantly enhanced by the integration of this system with Photovoltaic (PV) modules which is proposed and 
comprehensively investigated in this research using 3D validated numerical simulation. In the first step of this 
study, all operating parameters of the new PTC/PV system (i.e. thickness of the air gap, the glass cover thickness, 
copper nanoparticles mass fraction, and PV cell efficiency) are optimized by employing the Taguchi method. 
Afterward, it is attempted to enhance further the efficiency of the optimized PTC/PV system by rotating the 
receiver tube of the system and also installing metal foam inside the fluid channel of the receiver tube. According 
to the Taguchi method, the maximum overall performance of the PTC/PV system is 71.1%, when the glass cover 
thickness, air gap thickness, PV cell efficiency, and nanoparticles mass fraction are 2 mm, 10 mm, 21%, and 6%, 
respectively. Additionally, the numerical simulations show that rotating the receiver tube of the optimized PTC/ 
PV system can augment the overall efficiency of the system from 71.1% to 82.5%, which is due to the 
improvement in heat transfer rate from the tube to the operating fluid. However, by rotating the receiver tube, 
the electrical efficiency of the PV cells reduces from 16.0% to 14.9%. Additionally, installing metal foam inside 
the receiver tube can boost the electrical and overall efficiency of the fixed PTC/PV system by approximately 2% 
and 13.9%, respectively. It is worth mentioning that adding foam to the rotating receiver tube declines the 
thermal efficiency of the system by around 0.5%.   

1. Introduction 

Solar energy has shown to be the greatest alternative energy sources 
to maintain the needed electrical energy. Solar energy is almost avail
able everywhere and is free, clean, and environmentally friendly, all of 
which have made it an interesting and potential energy source in recent 
years. 

In order for conversion of solar energy to electrical energy, different 

technologies are proposed by the engineers, such as flat plate collectors 
(FPC), parabolic trough collector (PTC), linear Fresnel reflectors (LFR), 
parabolic dish (PD), central receiver (CR), photovoltaic (PV) module, 
and photovoltaic thermal (PVT) system. Actually, each of these solar 
systems has its specific upside and downside potentials, which can be 
used for their particular climate condition and propose. PTC is a solar 
system used for medium and high-temperature applications. These 
systems are mostly used in solar power stations for steam generation to 
rotate the turbine for electrical generation purposes. 
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Until now, some experimental studies are performed on the PTC to 
enhance their thermal performance via different methods. Chafie et al. 
[1], explored the thermal functionality of a parabolic trough collector 
under the Tunisian climate condition. The maximum thermal efficiency 
of the PTC was reported to be around 55%. Additionally, the average 
thermal efficiency on sunny and cloudy days was reported at 41% and 
29%, respectively. In another study, Jamal-Abad et al. [2] studied the 
effect of embeding porous media in the parabolic trough collector’s 
receiver on the Nusselt number and thermal funtionality of the PTC. 
They found that, by using metal foam in the PTC’s receiver, the thermal 
efficiency of the system rises due to thermal conductivity increment. 
Based on their obtained data, although adding metal foam in the 
receiver tube raises the amount of Nusselt number, it increases the 
amount of friction factor significantly. The effect of using free porous, 
semi-porous, and full porous receivers in the PTC is investigated by 
Valizade et al. [3]. They reported that the temperature difference by 
using free porous, semi-porous, and full porous receivers is 3.3 ◦C, 
8.8 ◦C, and 12.2 ◦C, respectively. 

Besides, recently, some of the scholars assessed the influence of 
various parameters on the thermal performance of PTC using numerical 
methodology. The effect of employing supercritical CO2 as a fluid for 
heat transfer to PTC is studied by Qiu et al. [4]. They observed that 
secondary flow occurs on the cross-section of the receiver tube due to 
buoyancy. Based on their study, the efficiency of the system is 81.93% 
up to 84.17% using the Rankine cycle. Bellos et al. [5] evaluated the 
performance of the PTC under the climate condition of Athens, Greece. 
They found that the maximum and minimum thermal efficiency belongs 
to June and December with 68.7% and 37.1%, respectively. In a separate 
investigation, Bellos and Tzivanidis [6] studied the performance of a 
PTC by using air and thermal oil as the working fluid. They conducted 
that the exergetic performance of the PTC with the working fluid of 
thermal oil and air is 31.57% and 25.62%, respectively. Also, the in
fluence of using helical-screw tape inserts in a PTC system receiver is 
assessed by Raheem et al. [7]. In this work, the effect of various pa
rameters of inserts, including helix angle, inner diameter, and insert 
thickness, on the functionality of the PTC system are evaluated. Ac
cording to this study, the optimum value for the inserts accounted to be 
helix angle of 90◦, inside diameter of 3.5 mm, and inserts thickness of 1 
mm. Besides, the operation of the PTC system from the environmental 
and economic viewpoint is reviewed by Guillén-Lambea and Carvalho 
[8]. In this study, the Life Cycle Assessment (LCA) of the PTC system is 
scrutinized and the performance of the PTC system from the greenhouse 

gas emissions viewpoint is studied. In this research, they could propose a 
framework for the standards and provided the needed data for optimi
zation of the PTC system with environmental considerations. 

Based on the numerical and experimental studies, the nanoparticles 
dispersion in the base fluid increases the thermal properties of the 
working fluid, which increases the thermal and electrical efficiencies of 
the solar systems [9]. Allouhi et al. [10] investigated the influence of 
using various nanofluids in the PTC’s receiver on its thermal perfor
mance. They found that the dispersion of nanofluid in the fluid base with 
a concentration of 3% has only a minor effect on the system’s thermal 
efficiency. Moreover, they observed that the system’s exergy efficiency 
with pure base fluid is between 3.0% and 8.5%, while the exergy effi
ciency of the system using CuO nanoparticles is approximately 9.0%. 
Moreover, the performance of a nanofluid-based PTC system with a 
rotary absorber tube is investigated by Bezaatpour et al. [11]. In this 
work, in order to augment the functionality of the PTC system, an 
external magnetic field is imposed on the absorber tube of the system. 
Based on the results, it is concluded that in the low rotational speeds of 
the absorber tube, by increasing the intensity of the magnetic field from 
0 to 1000 G, the exergy destruction of the system reduces remarkably. 
While, in high rotational speeds, the variation of magnetic field intensity 
do not significantly influence the PTC system performance. Also, it is 
found that the PTC system heat loss with rotary absorber under the effect 
of a magnetic field is about 37% lower than that of a PTC system with 
fixed absorber tube without no magnetic field. 

Although PTCs can maintain the needed steam of the turbine in the 
power stations for electrical generation, some solar systems, such as PV 
modules, can directly convert solar energy into electrical energy. 
However, the PV modules depend on their working temperature in terms 
of electrical efficiency [12]. In fact, by raising the PV cell temperature, 
the amount of PV module electrical efficiency is reduced. Thus, some 
researchers tried to elevate the electrical efficiency of these systems by 
combining them with solar collectors (PVT systems) by lowering their 
cell temperature. In Table 1, there are some experimental and numerical 
studies on the performance of this type of solar system. 

Based on the studies mentioned above, by the combination of PTC 
and PV module, not only the PV cells temperature will reduce, but also it 
is possible to produce electrical energy directly (PV) and indirectly 
(steam production) simultaneously with a single device. Recently, some 
limited mathematical studies are performed on this type of solar system. 
Soltani et al. [17] studied the effect of using the PV module layer and 
thermoelectric generator in the PTC’s receiver. Based on their 

Nomenclature 

Cp Specific heat capacity (J • kg− 1
• K− 1) 

D Diameter of the fluid channel (m) 
Ė Power (W) 
F Focal length (m) 
Gk Production of turbulence kinetic energy 
k Conductivity (W • m− 1 • K− 1) 
Nu Nusselt number 
P Pressure of fluid (kPa) 
S Linear deformation of the liquid element 
Ṡgen Entropy generation rate (J • m− 1 • s− 1 • K− 1) 
T Temperature (K) 
W Aperture wide (m) 
Ẇel Electrical power (W) 

Greeks 
μ Fluid dynamic viscosity (Pa • s) 
β Volume fraction of liquid 

∅ Mass fraction of nanofluid 
κ Turbulent kinetic energy 
∊ turbulent dissipation rate 
η Efficiency (%) 
ρ Material density (kg • m− 3) 
σ Stefan-Boltzmann constant (W • m− 2 • K− 4) 
ε Emissivity of material 
φ Rim angle (◦) 

Subscripts 
amb Ambient 
bf Base fluid 
el Electrical 
g Glass cover 
nf nanofluid 
r Standard case 
s Solid 
th Thermal 
w Wind  

G. Yan et al.                                                                                                                                                                                                                                     



Applied Thermal Engineering 223 (2023) 119999

3

investigation, the maximum amount of thermal and electrical power are 
about 240 W and 20.5 W, respectively. In another study, Valizadeh et al. 
[18] studied the effect of using a PV module layer in a triangular receiver 
tube of a PTC. They found that the maximum amount of exergy effi
ciency is about 30.3%. Additionally, they found that by increasing the 
fluid velocity, the electrical and thermal efficiency of the system rises 
1.05% and 2.2%, respectively. Table 2 reveals the novelty and disad
vantages of the performed studies on the combined PTC. 

Based on the foregoing literature review, extensive investigations 
have been performed on evaluating the thermal performance of the 
commercial PTC system. However, the overall performance of the 
typical PTC system is not high enough, and enhancement in the output 
of this system can significantly expand the installation of it around the 
globe. Therefore, the primary purpose of the present research is to 
present a type of PTC system that can simultaneously provide thermal 
and electrical power. This way, a PTC system is integrated with a PV 
module. Additionally, to present a PTC/PV system with the most opti
mized electrical and thermal output, the dimensions of the various 
specifications of the system, including glass thickness and air thickness, 
are optimized using the Taguchi method. 

For the first time in the present study, not only the specifications of 
the PTC/PV system are optimized, but also the effect of using metal foam 
on the operation of the system is scrutinized. In fact, using metal foam 
inside the fluid channel can boost the heat transfer from the receiver 
tube to the working fluid, providing higher thermal and electrical output 
by the hybrid system. Furthermore, for higher enhancement of the 
functionality of the PTC/PV system, the influence of rotating the 
receiver tube on the outputs of the system is evaluated. The key novelties 
of this study are listed as:  

• Combining a parabolic trough collector with a PV module.  
• Optimization of the PTC/PV system by employing the Taguchi 

method.  
• Evaluation of the electrical, thermal, and overall performance of the 

optimized PTC/PV, OPTC/PV system with rotational absorber, and 
OPTC/PV system with both rotational absorber and copper foam. 

• Investigation of the influence of Cu/water nanofluid on the perfor
mance of the PTC/PV.  

• Investigation of Nu number and entropy generation over the 
absorber channel of the systems. 

2. Numerical simulation 

In present section, the specifications of the designed PTC/PV system, 
governing equations, solar radiation distribution over the surface of the 
circular receiver, and the imposed boundary conditions on the numer
ical models are discussed. 

2.1. Receiver tube 

In order to investigate the functionality of the PTC/PV system, its 
receiver tube is three-dimensionally designed as shown in Fig. 1. Based 
on this figure, the designed receiver tube consists of a glass cover layer, 
an air gap, a PV layer, an absorber, and a fluid channel. In order to 
comprehensively investigate the functionality of the PTC/PV system, in 
the first step, the specifications of the PTC/PV system are optimized 
using the Taguchi method. For the optimization of the system, the 
considered parameters are the thickness of the air gap, the thickness of 
the glass cover, the nanoparticles mass fraction, and the efficiency of the 
PV module. Henceforth, the effect of using a rotational absorber on the 
performance of the optimized PTC/PV system (OPTC/PV system) is 
evaluated. Besides, in another case, the effect of installing copper metal 
foam on the functionality of the OPTC/PV system with a rotational tube 
is revealed. Thermophysical properties and dimensions of the compo
nents of the PTC/PV system are available in Tables 2 and 3, respectively. 
It should be noted that the porosity and permeability of the copper foam 
are considered 0.9 and 7 × 10-6, respectively. 

For the numerical simulations, the base fluid of the system is 
considered to be Therminol VP-1, which its properties in the range of 
285.15 K ≤ T ≤ 698.15 K are as follows [21]: 

Heat capacity (J•kg− 1•K− 1): 

Table 1 
A summary of works on PVT systems.  

Ref. Methodology Novelty Concluding remarks 

Sarafraz et al. 
[13] 
(2019) 

Exp. Using MWCNT/water in 
the PVT system 

The electrical and 
thermal energy 
production of the 
MWCNT/water-based 
PVT system is 
reported to be 17% 
and 120% higher than 
the water-ethylene 
glycol-based PVT 
system. 

Al-Waeli et al. 
[14] 
(2019) 

Exp. Using SiC/water in the 
PVT system 

The highest obtained 
electrical and thermal 
efficiencies were 
reported to be 13.7% 
and 72%, 
respectively. 

Salari and 
Hakkaki- 
Fard [15] 
(2019) 

Num. Investigation of the 
effect of different 
parameters on the 
performance of the PVT 
system. 

Heat transfer mass 
flow rate, solar 
radiation, and 
ambient temperature 
were announced to be 
the favorable 
parameters of thermal 
efficiency. Besides, 
wind speed and heat 
transfer mass flow 
rate were reported to 
be favorable 
parameters. 

Salari et al.  
[16] 
(2020) 

Num. Using of the 
thermoelectric 
generator in the PVT 
system 

The electrical 
efficiency of the PVT 
and PVT/TE are 13.58 
and 14.71%, 
respectively, at a 
particular working 
condition. However, 
the thermal efficiency 
of the PVT and PVT/ 
TE are 55.28% and 
53.26%. 

Soltani et al.  
[17] 
(2018) 

Num. Using the TE generator 
and PV module in the 
PTC’s circular receiver 

The solar radiation on 
the receiver is 
assumed to be 
uniform. 
Using a 1D numerical 
method. 

Valizadeh 
et al. [18] 
(2019) 

Num. Using a PV module in a 
triangular receiver of a 
PTC 

The commercial PTC 
receivers are 
generally circular. 
Using a 1D numerical 
method.  

Table 2 
Thermophysical properties of the components of the system [19,20]  

System 
component 

Density 
(kg • m− 3) 

Conductivity 
(W • m− 1 • K− 1) 

Specific heat 
(J • kg− 1

• K− 1) 

Glass cover 2200 0.76 830 
PV layer 2330 148 700 
Air gap 1.225 0.024 1006.43 
Absorber and 

copper foam 
8960 401 385  
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Cp = 2.125 × 103 − 11.017T + 0.049862T2 − 7.7663 × 10− 5T3 + 4.394

× 10− 8T4 (1) 

Density (kg•m− 3): 

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

Thermal conductivity (W•m− 1•K− 1): 

λ = 0.14644+ 2.0353 × 10− 5T − 1.9367 × 10− 7T2 + 1.0614 × 10− 11T3 (3) 

The viscosity of the Therminol VP-1 in the range of 285.15 K ≤ T ≤
373.15 K is [21]: 

Viscosity (mPa • s) μ = 3.661 × 102 − 3.0154T + 8.3409 × 10− 3T2 − 7.723

× 10− 6T3 

Also, in the range of 373.15 K ≤ T ≤ 698.15, the viscosity of the fluid 
can be obtained as [21]: 

Viscosity (mPa • s) μ = 23.165 − 0.1476T + 3.617 × 10− 4T2 − 3.9844

× 10− 7T3 + 1.6543 × 10− 10T4

(5) 

Moreover, the nanoparticle dispersion in the base fluid increases the 
thermal properties of the operating fluid, which causes enhancement of 
the overall performance of the solar system [22,23]. Thus, to augment 
the performance of the PTC/PV system, Cu nanoparticles with mass 
fractions in the range of 0–6% are dispersed in the base fluid. The heat 
capacity, density, thermal conductivity, and viscosity of the nanofluid 
can be calculated as Eq. (6–9) in which ϕ is the mass fraction of the 
nanoparticle, dp and dbf are nanoparticle and base fluid diameters, 
respectively, and, kB represents the Boltzmann constant (1.381 × 10− 23 

J/K). 
Heat capacity [24]: 

Cp,nf = (1 − ϕ)Cp,bf +ϕCp,nf (6) 

Density [24]: 

ρnf = (1 − ϕ)ρbf +ϕρnf (7) 

Thermal conductivity [25]: 

knf =

[
kp + 2kbf − 2ϕ

(
kbf − kp

)

kp + 2kbf + ϕ
(
kbf − kp

) +
ρpϕCp,bf

2kbf

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2kBT

3πdpμbf

√ ]

kbf (8) 

Viscosity [26]: 

Fig. 1. PTC/PV receiver tube, (1) optimized PTC/PV system by using Taguchi method, (2) OPTC/PV system with rotational absorber, and (3) OPTC/PV system with 
both rotational absorber and copper foam. 

Table 3 
Dimensions of the different components of the PTC/PV system.  

System component Dimension (mm) 

Diameter of channel 80 
Thickness of Absorber 2 
Thickness of the PV module 0.3 
Thickness of air gap 5–40 
Thickness of Glass cover 2–6 
Length of the receiver tube 5,000  
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μnf =
μbf

1 − 34.87
(

dp
dbf

)− 0.3
ϕ1.03

μbf (9) 

The Cu nanoparticle thermal properties are presented in Table 4. 

2.2. Parabolic reflector 

In order to apply the effect of parabolic reflector geometry, such as 
aperture wide and rim angle, on the distribution of the solar radiation 
over the receiver tube, the Soltrace software is used. By using this 
software, the solar radiation distribution as a function of a circular angle 
is obtained. In this open-source software, 4 × 106 solar rays are gener
ated and tracked to obtain the distribution of solar rays over the tube 
accurately. For this simulation, inserting the value of the optical prop
erties of different components of the receiver tube is necessary. For this 
purpose, the transmissivity and emissivity of the glass cover is consid
ered 0.97 and 0.86 [21], respectively, and the absorptivity of the PV 
layer and absorber is taken 0.95 [27]. The amount of distribution of the 
solar radiation over the PV module layer of the system is presented in 
Fig. 2. 

Additionally, the profile of the reflector of the PTC/PV system is 
considered to be a parabola in which its focal length can be calculated as 
[28]: 

x2 = 4Fy (10)  

F =
W

4tan(φ/2)
(11) 

In these equations, F, W, and φ represent the focal length, aperture 
wide, and rim angle, respectively. Also, the concentration ratio of the 
system solar radiation can be obtained as [28]: 

C =
W
dpv

(12) 

where, dpv is the diameter of the PV layer. In this study, the 

concentration of the system is considered to be 100. 

2.3. Governing equations 

To simulate the receiver tube with the highest accuracy, the tube is 
designed three-dimensionally and simulated with a steady-state model. 
For the liquid zone, due to the heat transfer fluid high Reynolds number 
in the fluid channel, the κ − ε turbulence model is used for the solution of 
the governing equations. In the following, the continuity, momentum, 
and energy equations for the fluid zone are presented [29]: 

∂(ρui)

∂xi
= 0 (13)  

∂(ρuiuj)

∂xj
= −

∂P
∂xi

+
∂

∂xj

[

μ
(

∂ui

∂xj
+

∂uj

∂xi

)

−
2
3

μ ∂ui

∂xi
δij − ρu’

iu’
j

]

(14)  

∂(ρujcT)
∂xj

=
∂

∂xj

(

λ
∂T
∂xj

+
μt

σh,t

∂(cT)
∂xi

)

− uj
∂P
∂xj

+

[

μ
(

∂ui

∂xj

+
∂uj

∂xi

)

−
2
3

μ ∂ui

∂xi
δij − ρu’

i u’
j

]
∂ui

∂xi
(15) 

The amount of turbulent kinetic energy (κ) and turbulent dissipation 
rate (∊) can be calculated as [29,30]: 

∂(ρkuj)

∂xj
=

∂
∂xj

[(

μ +
μt

σk

)
∂k
∂xj

]

+Gk − ρ∊ (16)  

∂(ρεuj)

∂xj
=

∂
∂xj

[(

μ +
μt

σ∊

)
∂∊
∂xj

]

+ ρC1S∊ − ρC2
∊2

k +
̅̅̅̅̅
v∊

√ (17) 

where, 

C1 = max
[
0.43,

η
η + 5

]
(18)  

η = S
k
ε (19)  

S ≡
̅̅̅̅̅̅̅̅̅̅̅̅
2SijSji

√
(20)  

Gk = − ρu’
iu’

j
∂uj

∂xi
(21) 

In the above equations, Gk represents the production of turbulence 
kinetic energy, Sij donates the linear deformation rate of a fluid element. 
Besides, in these equations, C2 = 1.9, σk = 1, and σε = 1.2 [21]. 
Moreover, the governing equation for the solid layers of the system can 
be presented as [31]: 

∇ • (k∇T)+ψĖsun − ξĖel = 0 (22) 

here, Ėsun is input solar energy to the system and Ėel is electrical 
production by the PV cells. In this equation, the amount of ψ and ξ is 
equal to 1 for the PV layer and 0 for the other layers [31], due to the 
presence of heat absorption and electrical generation only in this system 
component. 

2.4. Boundary condition 

For modeling the systems in the software, imposing proper boundary 
conditions is required. In this geometry, the inlet of the fluid channel is 
considered to be the “mass flow inlet,” and at the channel outlet, the 
“outlet pressure” condition is applied. The amount of electrical energy 
production in the PV layer is also extracted from thesystem energy 
balance by using a UDF code. It is noteworthy that the amount of 
calculation of the electrical energy production of the system is explained 
in the following section. 

Besides, for the glass cover surface, the “wall” boundary condition 
with the “mixed heat transfer mechanism” is used. In this kind of 

Table 4 
Thermal properties of the Cu nanoparticles.  

Property Value 

Density (kg • m− 3) 10,500 
Thermal conductivity (W • m− 1 • K− 1) 429 
Heat capacity (J • kg− 1

• K− 1) 235  

Fig. 2. Solar radiation distribution over the PV module.  
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boundary condition, the glass cover will be able to lose its heat to the 
surronding through both mechanisms of radiation and convection. The 
imposed boundary conditions on the systems are summarized in Table 5. 

To obtain the amount of convection heat transfer coefficient on the 
glass cover surface, the equation of Mullick and Nanda is used [32]. 
Based on this equation, the coefficient of convection heat transferover a 
circular tube depends on the wind speed and the diameter of the tube 
[32]: 

hw = V0.58
w d− 0.42

g (23) 

Additionally, to calculate the amount of the tube heat loss to the 
surronding by radiation mechanism, the amount of sky temperature 
should be determined. The sky temperature is dependent on the ambient 
temperature and can be expressed as [33]: 

Tsky = 0.0522T1.5
amb (24) 

By calculating the sky temperature, the amount of heat transfer to 

the environment is determined by using Stefan Boltzmann’s law. It is 
noteworthy to mention that in the parametric analysis of the systems, 
only one parameter is variable, and all other operating factors of the 
systems are as same as the base case conditions, which are provided in 
Table 6. 

2.5. Thermodynamic analysis 

The thermodynamic analysis of the PTC/PV system based on the first 
law of thermodynamics is discussed in this section. By assuming the 
system to be a control volume, the balance of energy for the system can 
be presented as [9]: 

Ėsun = Ėel + Ėth + Ėloss (25) 

here, Ėth, and Ėloss are the output thermal energy and the system heat 
loss, respectively. The thermal output of the system can be obtained as 
[15]: 

Ėth = ṁ
(
hmass,out − hmass,in

)
(26) 

In this equation, hmass,in and hmass,out refer to the enthalpy of working 
fluid and the inlet and outlet of the receiver tube, respectively, and ṁ 
donates the fluid mass flow rate in the channel. Furthermore, the input 
solar energy amount can be determined as: 

Ėsun = 2
∫ 90

− 90
Ġsun,con(θ)dθ • αcell • τglass (27) 

As mentioned above, the amount of input solar radiation is depen
dent on the integral of the concentrated solar radiation over the receiver 
tube surface, the absorption coefficient of the PV cell (αcell) and the the 
glass cover transmissivity (τglass). Also, the thermal loss of the PTC/PV 
system can be calculated as [34]: 

Ėloss = Ėconv,glass + Ėrad,glass (28)  

Ėconv,glass = hw • A •
(
Tglass − Tsky

)
(29)  

Ėrad,glass = σ • ε • A •
(
Tglass

4 − Tsky
4) (30) 

where, Ėconv,glass and Ėrad,glass refer to the heat loss of the PTC/PV sys
tem through convection and radiation, respectively. In these equations, 
σ is the constant of Stefan-Boltzmann, ε is the glass cover emissivity, and 
Tglass donates temperature of the glass envelope. The heat transfer 
mechanisms in the PTC/PV system are illustrated in Fig. 3. 

According to the presented equations, the amount of thermal effi
ciency of the PTC/PV system can be presented as: 

ηth =
Ėth

Ėsun
=

ṁ•(hmass,out − hmass,in)

2
∫ 90
− 90 Ġsun,con(θ)dθ • αcell • τglass

(31) 

Besides, the PV module electrical efficiency is highly dependent on 
its temperature [35]. In fact, an increment in the PV cell temperature, 
reduces its electrical efficiency [36]. An empirical equation is used to 
obtain the PV module’s electrical efficiency. In this equation, the PV 
module electrical efficiency based on its temperature (Tcell) and standard 
electrical efficiency (ηr), which written in the following [37]: 

ηel =
Ẇel

Ėsun
= ηr • [1 − 0.0045 • (Tcell − 298.15) ] (32) 

In this equation, the standard electrical efficiency of the silicon PV 
module is taken to be 15% [36]. Finally, the overall efficiency of the 
PTC/PV system can be calculated as follows: 

ηov = ηel + ηth (33) 

Furthermore, the amount of entropy generation over the absorber 
tube can be obtained by [38]: 

Table 5 
Boundary conditions employed in the simulation.  

Parts Condition 

Glass cover Wall with mixed heat transfer 
Inlet Mass flow inlet 
outlet Pressure outlet 
PV cells Heat generation 
Contacts of the surfaces Interface  

Table 6 
Base case conditions.  

Parameter Vale 

Solar radiation 1000 W • m− 2 

Mass flow rate 0.3 kg • s− 1 

Inlet temperature 30 ℃ 
Concentration ratio 100 
Wind speed 1 m • s− 1 

Rotational speed 0.5 rad • s− 1  

Fig. 3. Heat transfer mechanisms in the PTC/PV system.  
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Fig. 4. The outlet temperature of the working fluid versus the number of cells.  

Fig. 5. The mesh distribution over the PTC/PV system.  

Fig. 6. (a) Solar radiation distribution over the surface of the absorber of the PTC/PV system in the present study and Mwesigye and Meyer [21], (b) thermal 
efficiency of the PTC system versus inlet temperature in the present study and Mwesigye and Meyer [21] 

Table 7 
Specifications of the SEGS LS-2 PTCs [43].  

System component Dimension (mm) 

Size of reflector 7.8 × 5 
Focal length 1.84 
Radios of the glass cover 0.0575 
Radios of absorber 0.0350 
Thickness of absorber 0.002  

Table 8 
The details of the optimization method.  

Parameter Level 1 Level 2 Level 3 Level 4 

Thickness of the glass cover (mm) 2 3 4 6 
Thickness of the air gap (mm) 5 10 20 40 
PV cell efficiency (%) 15 17 19 21 
Mass fraction of the Cu/Water nanofluid 

(%) 
0 2 4 6  
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Ṡgen =
q̇

πλTbalk
2Nu

+
32ṁ3cf

π2ρ2TbulkD5 (34) 

where [34], 

Nu =
hD
k

(35)  

h =
q̈

Tw − Tbulk
(36)  

Tbulk =
Tin − Tout

2
(37)  

cf =
( − dp/dx)

ρD/2G2 (38)  

G =
4ṁ
πD2 (39) 

In the above equations, D and q̇ represents the diameter of the fluid 
channel and heat transfer rate per length, respectively. 

3. Taguchi method 

Taguchi method is one of the practical models that can be used for 
the optimization of engineering systems. This method makes it possible 
to determine the best operating conditions of a system with a limited 

number of tests or simulations. Using the Taguchi method not only re
duces the effects of uncontrollable factors but also decreases the amount 
of time and money costs [39,40]. In this method, the number of factors 
and their level should be determined at the first step. In this study, the 
considered parameters are (A) thickness of the glass cover, (B) thickness 
of the air gap, (C) PV cell efficiency, and (D) mass fraction of the Cu 
nanoparticles. Next, the list of required tests is obtained from the soft
ware (Minitab 19). Afterward, by performing the proposed simulations, 
the overall system efficiency (objectives parameter) should enter again 
into the software. Finally, the amount of effect of variation of each 
parameter on the output results (overall efficiency) and the best oper
ating condition of the system will be determined. 

In this method, the number of needed minimum simulations (NE) is 
dependent on various parameters, including the number of parameters 
(NP) and the number of levels of each parameter (NL), which can be 
obtained as following [41]: 

NE = 1+NP(NL − 1) (40) 

Also, the amount of S/N ratio that determines the amount of effect of 
each parameter on the output results can be obtained using Eq. (37) [42] 
in which n donates the number of repetition and yi is the result of each 
test. 

S
N

= − 10log

(
1
n
∑n

i=1

1
y2

i

)

(41)  

4. Mesh independency and validation 

This section discusses the independence of the output numerical 
results from the number of cells and the validity of the results. In order to 
achieve mesh independency, the geometry of the PTC/PV system was 
meshed with 250, 500, 1000, 1500, and 2000 thousand cells and 
simulated under the solar radiation concentration ratio of 100 and inlet 
flow temperature of 30 ◦C. Also, the thickness of the glass cover and air 
gap is considered to be 2 mm and 5 mm, respectively. Fig. 4 presents the 
amount of operating fluid outlet temperature versus the number of cells. 

As depicted in Fig. 4, by increasing the cell number, the operating 
fluid outlet temperature rises. Due to the high-temperature gradient in 
the air gap and fluid change, larger cells cannot accurately predict the 
temperature distribution over the system.Thus, a dense mesh for the 
PTC/PV system is necessary. According to the output results, the number 
of 1500 thousand cells for the meshing of the PCT/PV system is suitable. 
It should be noted that for the meshing of other PTC/PV systems with 
different component sizes, the same mesh density (not cell number) is 
applied. 

The distribution of mesh over the PTC/PV system is depicted in 
Fig. 5. As demonstrated in this figure, the system has meshed with 

Table 9 
The orthogonal array for the optimization of the PTC/PV system by the Taguchi method.  

Test A B C D Thermal efficiency (%) Electrical efficiency (%) Overall efficiency (%) TBulk(K) h(W/m2K) Nu S’
gen(W/mK)

1 1 1 1 1  57.23  10.18  67.40  326.76  492.36  302.99  33.73 
2 1 2 2 2  56.43  12.35  68.77  326.84  656.61  293.46  34.81 
3 1 3 3 3  55.65  14.43  70.08  326.93  855.87  298.99  34.15 
4 1 4 4 4  54.36  16.38  70.74  326.81  1044.27  296.25  34.49 
5 2 1 2 3  55.46  12.57  68.03  326.85  724.06  252.95  40.38 
6 2 2 1 4  57.04  11.35  68.38  327.97  869.44  246.65  41.13 
7 2 3 4 1  55.02  14.87  69.90  325.85  568.47  349.83  29.38 
8 2 4 3 2  54.90  14.21  69.11  326.20  753.39  336.71  30.46 
9 3 1 3 4  55.91  14.22  70.13  327.48  793.61  225.14  45.19 
10 3 2 4 3  55.14  15.81  70.96  326.71  802.05  280.19  36.49 
11 3 3 1 2  56.77  11.02  67.79  326.99  702.15  313.81  32.52 
12 3 4 2 1  55.83  12.06  67.90  326.18  577.72  355.52  28.85 
13 4 1 4 2  55.45  15.14  70.59  326.43  625.30  279.46  36.64 
14 4 2 3 1  55.77  13.25  69.03  326.16  538.31  331.27  30.96 
15 4 3 2 4  56.25  13.03  69.29  327.63  944.10  267.83  37.96 
16 4 4 1 3  56.48  11.41  67.89  327.28  876.30  306.13  33.28  

Fig. 7. The amount of signal to noise (S/N) ratios for the studied parameters.  
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hexahedron cells, and some thin layers of cells are generated in the fluid 
channel near the wall of the PV module. These thin layers are generated 
due to the high velocity and temperature gradient in this area. 

Besides, to present reliable results, comparing the outputs of the 
current work with the results of the other research should be carried out. 
For the validation of the results, the properties, size of the components, 
and working conditions of the system are assumed to be as same as the 
reference study. In Fig. 6(a), the amount of solar radiation concentration 
over the surface of the PTC/PV system in the present study and the study 
of Mwesigye and Meyer [21] is depicted. According to this figure, the 
minimum, maximum, and average error between the two studies is 
approximately 0.8%, 4.03%, and 2.43%, respectively. 

Furthermore, the amount of thermal efficiency of the simulated PTC 
(SEGS LS-2) in terms of the operating fluid inlet temperature for the 
current work and the study of Mwesigye and Meyer [21] is presented in 
Fig. 6(b). Based on the numerical simulations, the minimum, maximum, 
and average error between the present study and the study of Mwesigye 
and Meyer [21] is approximately 0.27%, 2.94%, and 1.65%, respec
tively. The specifications of the SEGS LS-2 PTC system are presented in 
Table 7. According to the results, there is a good agreement between the 
current study and the study of Mwesigye and Meyer [21], which can 
show the accuracy and reliability of the outputs of the present study. 

5. Results and discussions 

The simulation results of the PTC/PV system, OPTC/PV system with 
rotational absorber, and OPTC/PV system with both rotational absorber 
and copper metal foam are presented in this section. In this order, 
initially, the optimization of the PTC/PV system is performed using the 
Taguchi method. Afterward, the optimized system is simulated, and the 
effect of using a rotational absorber and copper foam on the thermal, 
electrical, and overall performance of the OPTC/PV system are assessed. 

5.1. Optimization 

As previously mentioned, for the optimization of the PTC/PV system, 
the Taguchi method is used. The considered parameters for the opti
mization are (A) the glass cover thickness, (B) the air gap thickness, (C) 
PV cell efficiency, and (D) mass fraction of the Cu nanoparticles. Also, it 
is considered that each parameter contains 4 different levels, which are 
presented in Table 8. Thus, due to the presence of 4 different parameters 
in the optimization, each of them contains 4 levels, there is needed to 
perform at least 13 simulations to determine the optimized system (Eq. 
(40)). However, the number of tests without using an optimization 
method is (44 = 256). 

The number of simulations of the orthogonal array should be equal to 

Fig. 8. The temperature distribution of the fluid channel at the different cross-sections in the (a) OPTC/PV system, (b) OPTC/PV system with rotational absorber, and 
(c) OPTC/PV system with both rotational absorber and copper foam. 

G. Yan et al.                                                                                                                                                                                                                                     



Applied Thermal Engineering 223 (2023) 119999

10

higher than the minimum number of tests (13 tests). In order to obtain 
the orthogonal array for system optimization, the Minitab 19 software is 
employed. The number of proposed tests for the optimization of the 
software is 25, which is higher than the minimum number of tests (25 >
13). Therefore, the proposed orthogonal array is suitable for optimiza
tion. In Table 9, the performed tests for the optimization of the PTC/PV 
system and their results are presented. Also, the amount of signal to 
noise (S/N) ratios for the studied parameters of the PTC/PV system is 
presented in Fig. 7. 

In the Taguchi method, there are three ways to treat the amount of S/ 
N ratio, including “the higher the better”, “the lower the better”, and 
“the nominal is better”. In this study, the objective parameter is overall 
efficiency; thus, the approach of “the higher the better” is chosen for 
optimizing the PTC/PV system. According to the selected approach, 
each parameter with the highest ratio of S/N is the best option for the 
system. As illustrated in Fig. 6, the highest amount of S/N ratio for the 
glass cover thickness, thickness of the air gap, PV cell efficiency, and 
nanoparticles mass fraction is 36.81 (Level 1), 36.82 (Level 2), 36.97 

(Level 4), and 36.86 (Level 4), respectively. As a result, by simulation of 
the system and calculation of the overall efficiency (objectives param
eter) of it, it is revealed that the PTC/PV system with the glass cover 
thickness of 2 mm, air gap thickness of 10 mm, PV cell efficiency of 21%, 
and nanoparticles mass fraction of 6% has the best possible perfor
mance. Besides, it is found that the variation of the PV cell efficiency and 
thickness of the glass cover has the highest and lowest influence on the 
functionality of the system, respectively. 

5.2. The comparison between the cases 

In this section, the effect of using a rotational absorber and installing 
copper foam inside the fluid channel on both the electrical and thermal 
performances of the OPTC/PV system are investigated. In this order, the 
output results of the OPTC/PV system, the OPTC/PV system with rota
tional absorber tube, and the OPTC/PV system with both copper foam 
and rotational absorber, are investigated and compared. It should be 
noted that these systems are simulated under the same working 

Fig. 9. The temperature distribution at the outlet of the receiver tube in the (a) OPTC/PV system, (b) OPTC/PV system with rotational absorber, and (c) OPTC/PV 
system with both rotational absorber and copper foam. 
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condition that the optimization process performed. 
In Fig. 8, the operating fluid distribution of temperature at different 

cross-sections of the fluid channel of the systems are illustrated. These 
cross-sections are located at the distance of 0.25 m, 2.50 m, and 4.27 m 
from the inlet of the receiver tube. As indicated in Fig. 8(a), in the lower 
section of the outlet of the channel, the temperature of the fluid has its 

maximum value as a result of greater solar radiation intensity in this 
area (Fig. 2). However, by rotation of the absorber layer with the speed 
of ω = 0.5rad/s the distribution of the temperature near this layer gets 
more uniform (Fig. 8(b)). In the OPTC/PV system with a rotational 
absorber, the lower section of the tube that receives the greatest amount 
of solar radiation intensity changes by advance of time. Thus, the 
absorber can transfer a greater amount of energy to the fluid compared 
to the OPTC/PV system with a fixed absorber. 

Additionally, in Fig. 8(c), it is obvious that the installation of copper 
foam in the fluid channel enhances the outlet temperature of the 
working fluid. Actually, adding copper foam to the fluid channel ele
vates the amount of heat conduction in the channel; thus, a greater 
amount of thermal energy transfers from the absorber layer to the 
operating fluid. However, the installation of foam to the OPTC/PV sys
tem with a rotational absorber declines the temperature of operating 
fluid in the upper section of the channel due to the resistance of the 
copper foam against the appearing secondary flow in the channel. 

The distribution of temperature at the channel outlet for all systems 
are demonstrated in Fig. 9. As depicted in this figure, the maximum 
temperature belongs to the absorber layer where the solar radiation 
absorbs. According to the numerical simulations, the highest and lowest 
temperature at the receiver tube outlet belongs to the OPTC/PV system 
with rotational absorber and OPTC/PV system with both rotational 
absorber and cooper foam, respectively. In fact, in the OPTC/PV system 
with the rotational tube, a larger area of the tube is affected by the 
intense solar radiation concentration, while in the OPTC/PV system with 
a fixed absorber, a certain area is affected by the high solar radiation 
intensity, continuously. Additionally, in the OPTC/PV system with both 

Fig. 10. The temperature distribution in the various layers of the system at the 
outlet of the receiver tube. 

Fig. 11. The temperature distribution of the absorber layer in the (a) OPTC/PV system, (b) OPTC/PV system with rotational absorber, and (c) OPTC/PV system with 
both rotational absorber and copper foam. 
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Fig. 12. (a) Temperature, (b) Nusselt number, and (c) entropy generation over the boundary of the fluid and absorber layer at the outlet of the receiver tube versus 
the receiver’s angle in the different systems. 
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rotational absorber and cooper foam, due to the high thermal energy 
transfer from the absorber tube to the operating fluid, the temperature of 
the absorber layer does not increase considerably. 

Besides, in Fig. 10, the temperature of the various layers of the sys
tems on the symmetry line at the outlet of the receiver tube are depicted. 
As shown in this figure, the temperature of the operating fluid in the 

OPTC/PV system with both rotational tube and copper foam is more 
uniform in comparison to the other systems. As evident in this figure, the 
highest temperature in the system belongs to the absorber layer, where 
solar radiation absorbs. Also, the surface of the systems has the lowest 
temperature resulting from the heat transfer from the receiver to the 
surrounding ambient by both convection and conduction mechanisms. 

In fact, in the OPTC/PV system with both rotational tube and copper 
foam, the temperature of the fluid declined from 104 ◦C in the lower 
section of the tube to 67 ◦C in the upper section of it. In contrast, the 
difference in temperature between the lower and upper section of the 
tube for the OPTC/PV system and OPTC/PV system with the rotational 
absorber is 51 ◦C and 52 ◦C, respectively. Besides, the temperature of the 
air media and glass layer has its maximum value in the OPTC/PV system, 
which shows the high loss of energy from the receiver tube to the 
ambient in this system. 

Furthermore, the temperature distribution over the absorber layer of 
the systems is shown in Fig. 11. As mentioned earlier (section 2.5), 
increasing the PV cells temperature declines the output electrical power 
of the PV modules. Thus, a reduction in the temperature of the absorber 
layer causes more production of electrical energy by the system. 

Additionally, the temperature, Nusselt number, and entropy gener
ation on the boundary between the fluid and absorber layer at the 
receiver tube outlet versus the receiver’s angle are demonstrated in 
Fig. 12(a), (b), and (c), respectively. As depicted in this figure, the 
temperature variation in the OPTC/PV system is much greater than in 
the other simulated systems. Actually, in the OPTC/PV system with a 
rotational absorber and OPTC/PV system with both a rotational 
absorber and copper foam, the amount of temperature in a vast area of 
the system is constant. This phenomenon is due to the rotational 

Fig. 13. The electrical, thermal, and overall electrical efficiency of the systems.  

Fig. 14. The energy balance in the studied systems.  
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movement of the absorber and variations in the distribution of solar 
radiation over the absorber layer. Moreover, based on the distribution of 
the Nusselt number in different systems, by installing the copper foam 
and moving the absorber layer rotationally, the amount of Nusselt 
number in the system increases. However, the amount of Nusselt num
ber in the OPTC/PV system with rotational absorber is lower than in the 
OPTC/PV system. Furthermore, based on the value of entropy genera
tion in different systems, the rate of entropy generation in the OPTC/PV 
and OPTC/PV systems with rotational absorbers is almost the same. 
While installing copper foam in the fluid channel of the OPTC/PV system 
with a rotational absorber declines the entropy generation rate 
considerably. 

Also, the electrical, thermal, and overall efficiencies of the systems 
are presented in Fig. 13. Based on the results obtained by simulations, 
the electrical efficiency of the OPTC/PV system, the OPTC/PV system 
with rotational absorber, and the OPTC/PV system with both rotational 
absorber and copper foam is 16.00%, 14.95%, and 18.04%, respectively. 
Additionally, the thermal efficiency of these systems is 55.14%, 67.59%, 
and 67.05%, respectively. 

Although the temperature of the operating fluid in the OPTC/PV 
system with both rotational absorber and copper foam near the absorber 
layer is much higher than in other systems, the working temperature in 
the upper section of the tube is too low due to the absence of the sec
ondary flow in the tube. Thus, the thermal efficiency of this system is 
lower than the OPTC/PV system with a rotational absorber overall. 
However, due to the PV module high electrical efficiency in the OPTC/ 
PV system with both rotational absorber and copper foam, the overall 
efficiency of this system is higher than other systems. The overall effi
ciency of the OPTC/PV system, the OPTC/PV system with rotational 
absorber, and the OPTC/PV system with both rotational absorber and 
copper foam is 71.14%, 82.55%, and 85.09%, respectively. Moreover, 
the energy balance of all systems are depicted in Fig. 14. 

As presented in Fig. 13, the amount of energy loss for the OPTC/PV 
system, OPTC/PV system with rotational absorber, and OPTC/PV sys
tem with both rotational absorber and copper foam is 29%, 17%, and 
15%, respectively. According to the numerical simulations, the OPTC/ 
PV system with rotational absorber and copper foam performs best 
among the studied cases. 

6. Conclusion 

Present study investigates the electrical, thermal, and overall per
formance of a PTC system integrated with a PV module (PTC/PV). In 
order to present an efficient hybrid system, the Taguchi method is 
implemented, and the influence of various parameters, including the air 
gap thickness, the thickness of the glass cover, the amount of nanofluid 
mass fraction, and the PV cell efficiency, on the performance of the 
system are evaluated. Also, for further enhancement of the performance 
of the PTC/PV system, the effect of rotating the receiver tube and 
installing metal foam inside the fluid channel on the outputs are 
investigated. Additionally, for better understanding of the performance 
of the systems, the temperature, Nusselt number, and entropy genera
tion distribution at the cross sections of the systems are provided. 

The most substantial findings of this paper can be presented as:  

• The amount of variation in the S/N ratio of air gap thickness, glass 
thickness, nanoparticles mass fraction, and PV cell efficiency are 
0.05, 0.05, 0.34, and 0.14, respectively. Therefore, the nanoparticles 
mass fraction is the most influential parameter on the functionality of 
the PTC/PV system.  

• The PTC/PV system with the glass cover thickness of 2 mm, air gap 
thickness of 10 mm, PV cell efficiency of 21%, and nanoparticles 
mass fraction of 6% has the highest overall efficiency with a value of 
71.14%.  

• The overall efficiency of the OPTC/PV system, the OPTC/PV system 
with rotational absorber, and the OPTC/PV system with both 

rotational absorber and copper foam accounted to be 71.14%, 
82.55%, and 85.09%, respectively.  

• Although rotating the receiver tube enhances the system’s overall 
performance, it reduces the thermal performance of the electrical 
efficiency of the system from 16.0% to 14.9%.  

• Adding metal foam to the rotating receiver tube increases the system 
electrical efficiency from 14.9% to 18.0%, while it declines the sys
tem thermal performance by around 0.5%. 

Currently, many solar power plants consist of the typical PTC sys
tems; however, this type of solar power system provides only thermal 
energy. Also, the generated thermal power by the typical PTC system is 
not high enough. 

The outputs of this investigation show that equipping the PTC system 
with a PV module, rotating receiver tube, and installing metal foam 
inside the fluid channel can remarkably improve the overall perfor
mance of this solar energy system. Therefore, this type of hybrid unit can 
be a proper alternative to the typical PTC systems in solar fields due to its 
higher performance. Also, this system can be installed in climates and 
locations even with low solar radiation intensity due to its capability to 
concentrate solar radiation on a receiver tube 

Even though this study could take a significant step toward revealing 
the potential of using the PTC system, there are still some gaps that other 
researchers can fill. The recommended topics that can be studied in 
some other papers can be presented as follows:  

• Analysis of the PTC/PV system from economic view point.  
• Evaluating influence of using metal foam with different materials on 

the performance of the system from energy, exergy, and economic 
viewpoints. 

• Scrutinizing the influence of nanoparticles material on the perfor
mance of the system and determining the optimum nanoparticle 
type.  

• Experimental investigation of the effect of foam installation on the 
PTC system thermal performance.  

• Evaluating the effect of rotating the absorber tube and filling the 
fluid channel with the metal foam with various porosities on the 
pressure drop of the receiver tube and energy consumption of the 
circulating pump. 
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