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ABSTRACT

In this paper, the performance evaluation of a concentrating photovoltaic thermal (CPVT)
collector is carried out. By writing energy, balance for the various components of CPVT
collector, a set of nonlinear equations is obtained to calculate the temperature of different
parts of the system. The electrical parameters of the CPVT collector are calculated by the
four-parameter model of current-voltage. The simulation results of the present study are
in good accordance with the previous studies data. The results show that with the fluid
velocity increase from 0.08 to 0.43 m/s, the electrical efficiency and thermal efficiency
increase by 1.05% and 2.2%, respectively. The thermal efficiency is enhanced by 9.4%
as the receiver width is increased from 0.06 to 0.2 m. With the increase of diameter pipe
from 0.017 to 0.06 m an increase of 2.75% and 3.9% is observed in the thermal and
electrical efficiencies, respectively. The thermal efficiency has an ascending/descending
trend with the increase of collector length. The increase of fluid inlet temperature from
273.15 to 363.15 K reduces the thermal and electrical efficiencies by 7.3% and 4.05%,
respectively. The increase of the incident beam radiation from 300 to 1000 W/m?
enhances the electrical efficiency by 4%, while the thermal efficiency has an
ascending/descending trend. The ambient temperature increase causes an increase of
5.1% in thermal efficiency. The effect of receiver width and ambient temperature on
electrical efficiency is negligible.

Keywords: Concentrating photovoltaic thermal (CPVT) collector; numerical modelling;
thermal efficiency; electrical efficiency.

NOMENCLATURE
a ideality factor Subscripts
A area (m?) a ambient
Cr El)ud specific heat capacity (J/kg ap aperture
Cpwt  concentration ratio b beam
D fluid channel diameter (m) back back surface
f Darcy friction coefficient C channel
G radiation (W/m?) conc concentrator

h convective heat transfer
V- coefficient (W/m? K)
he fluid heat transfer coefficient
(W/m? K)

el electrical

en energy
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I circuit current (A) f fluid

I current light (A) hex lateral area of the fluid channel

L length (m) in inlet

m mass flow rate (kg/s) Lpwt,i ith PVT Length

N Number of cells mp maximum power point

p Pressure (Pa) net net

P Power (W) ocC open-circuit

, Area specific thermal resistance ont ontical
(M2 K/W) P P

Rs Series resistance () out outlet

Re Reynolds Number gtrueg;nt present study

T Temperature (K) pump pump

\ Circuit voltage (V) pv photovoltaic

Vs Fluid velocity (m/s) pvt photovoltaic/thermal collector

Ve Average velocity of fluid (m/s)  rec receiver

Wa Wind velocity (m/s) ref reference

Greek symbols sc short-circuit

o absorptivity coefficient, current sim oresent study simulated
temperature coefficient (mA/°C) y
temperature coefficient of ok sk

s voltage (V/°C) y y

g emissivity sub substrate

&h heat exchanger effectiveness th thermal

g ?ee\r?)' conductor band gap energy top top surface of receiver
efficiency

n

p density (kg/m?®), refelectivity
Stephan-Boltzmann constant

T (Wim2K%

INTRODUCTION

Renewable energies in the coming years will replace fossil fuels for clean and renewable
nature. Solar energy is one of the most important renewable energy sources. Major
applications of solar energy can be categorised into two categories: solar thermal
collector, which converts solar energy into thermal energy, and photovoltaic (PV)
module, which converts solar energy into electrical energy. Usually, the application of
solar collector ad PV module is separate. In the solar collector, an external electrical
source is needed to circulate the agent fluid through the collector system.

On the other hand, in the PV module, the module electrical efficiency decreases
sharply as the temperature of the PV module increases. Therefore, in order to obtain
higher electrical efficiency, the PV module should be cooled. In order to eliminate an
external electrical source and to cool the PV module, the PV module is integrated with
the solar thermal collector. Such a system is called a photovoltaic thermal (PVT)
collector. The PVT collector produces thermal and electrical energy simultaneously.
Although the initial idea of PVT collectors was developed about 45 years ago, this product
is still not economically feasible, and many researchers are investigating new designs [1].
One of the schemes under consideration is the concentrating photovoltaic thermal
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collector (CPVT), which is formed by placing PVT collectors in the focal point of some
reflectors to increase the solar flux on the PV module. Due to the use of a smaller number
of PV cells per unit area, the cost of this system is considerably less than that of the flat
plate PVT collector. Given their capacity for generating more heat and power than PVTs,
CPVTs have become very popular for both domestic and industrial applications.

Sharaf and Orhan [2, 3] provided a comprehensive review of the scientific basis
and technologies used in CPVT systems in two parts. The first part [2] includes the
specifications and considerations of the CPVTs design to review the principles and
technologies behind the CPVTs. The second part [3] reviews the published articles,
applications and the performance evaluation of CPVTs. Considering the importance of
CPVTs and their new technology, Azarian et al. [4] have conducted a comprehensive
thematic review on CPVTs. In their article, the thermal and electrical performance was
described analytically, numerically and experimentally through explaining the details of
the systems and how the CPVTs are evaluated. In the conclusion of their study, they
argued that CPVTs have a high potential to compete with pre-existing commercial
systems in the near future.

In references of [2-4], a literature survey about CPVTs from a variety of
perspectives have been presented. However, few theoretical or experimental studies have
addressed the performance of CPVT systems in comparison with conventional solar
systems. Bernardo et al. constructed and studied the performance of a parabolic trough
PVT collector, experimentally. Their CPVT system consists of a linear parabolic
concentrator and a single-axis collector with a triangular cross-section that is installed at
the focal point of the concentrator. The concentrator aperture area is covered with a glass
cover. The two sides of the surface of the receiver that face the parabolic concentrator are
covered by PV cells. However, it should be noted that the width of the module is less than
the width of the triangular receiver, so the receiver absorbs solar radiation from the
concentrator, as well. Its upper (top) surface also directly absorbs the solar radiation.
Inside the triangular receiver, a channel with a circular cross-section is located through
which the agent fluid flows. Calise and Vanoli [6] conducted a thermal analysis on the
CPVT of Bernardo et al. [5] by applying two changes; they removed the glass cover from
the aperture area and used triple junction cells instead of monocrystalline silicon cells.
They concluded that system performance is very good even when the fluid temperature
is high. The schematic view of CPVT system and its receiver are shown in Figures 1 and
2, respectively.

Receiver

Concentrator

Figure 1. The schematic view of CPVT system in the present study
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Figure 2. The schematic view of the receiver in the present study.

Calise et al. [7] have also modelled the CPVT system by the finite volume
technique. Their model was able to calculate the temperature of the system at different
points along the system axis. Also, they calculated irreversibility rates and the exergy
efficiency of the CPVT system. Mohsenzadeh et al. [8] constructed a system similar to
that of Bernardo et al. [5] and Calise and Vanoli [6]. In order to generate more electricity
than the heat from solar cells, they used thermoelectric modules in a triangular receiver,
between the coolant channel and the PV cells. Their measurements showed that the
average daily electrical efficiency and thermal efficiencies are 4.83% and 46.16%,
respectively. Sharaf and Orhan [9] designed and analysed a densely packed CPVT
collector. Their design includes parabolic dish concentrators, multi-junction photovoltaic
cells, segmented thermoelectric generator couples with interconnectors, and finned mini
channel heat extractors. They investigated the configuration of series and parallel of
receiver for the proposed CPVT collector. Their results showed that the parallel
configuration provides both a meaningful electrical output as well as relatively high-
quality thermal output. Thus, it is suitable for applications with high temperature as well
as electricity. Karathanassis et al. [10] developed a dynamic, theoretical model suitable
for the prediction of the long-term performance of a CPVT system. Their model was able
to predict the daily performance of CPVT system for different values of the cooling fluid
flow rate and temperature under various environmental conditions. Also, they calculated
the exergy efficiency of the CPVT system. They concluded that the exergy efficiency is
a direct function of the electrical efficiency and the optical quality of the parabolic dish.
Their results showed that an increase of 12-24% could be seen in the exergy efficiency
for the electrical efficiency of 25% and the optical quality of 75%.

In order to calculate the electrical efficiency of the photovoltaic module, an
empirical equation is used in the previous studies [1-10]. This empirical equation has
some deficiencies. It cannot be used if the geometry of the CPVT system changes. On the
other hand, it does not include the details of changes in electrical parameters such as open-
circuit voltage, short-circuit current, voltage and current at the maximum power point,
and other electrical parameters. It also has a significance error in low solar radiation
intensity. In low solar radiation intensity, the electrical efficiency should be tend to a low
value. However, the empirical equation gives the electrical efficiency equivalent to the
electrical efficiency of the reference conditions. In this paper, a numerical approach is
employed to carry out a comprehensive energy analysis for the CPVT system provided
by Calise and Vanoli [6]. Because there is an electrical efficiency in the energy balance
equations, the thermal analysis depends on the electrical analysis. In this study, a
comprehensive electrical analysis is performed based on a four-parameter electrical
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model of current-voltage. Therefore, by correcting the electrical model and taking into
account the fluid pressure loss and the pump power consumption, the thermal and
electrical efficiencies are calculated.

METHODS AND MATERIALS

In order to obtain the governing equations of the thermal modelling of the CPVT system,
the energy balance is developed on the various components of the CPVT system of Calise
and Vanoli [6]. The assumptions of the thermal modelling are as follows [6]:
i.  The processes are quasi-steady.
ii.  The Kkinetic and gravitational terms in the energy balance may be ignored.
iii.  The solar radiation is focused evenly along the module surface.
iv.  Water is the coolant agent fluid.
v.  The flow in the channel is fully developed.
vi.  The temperature gradient along with the thickness of the photovoltaic module and
in the metal substrate can be ignored.
vii.  The photovoltaic modules, absorber, and concentrators are diffuse-gray surfaces.
The temperature gradient in the photovoltaic module is negligible due to its low
thickness, and in the metal substrate due to its high conductivity. Therefore, the
temperature is uniform in the photovoltaic module and the metal substrate.
Five control volumes are used to obtain the temperature of the different components of
the CPVT system. The first energy balance is written for a control volume that includes
the entire triangular receiver [6]:

Apvt Gb vat+At0p Gtop Otop =1th (Tf,out'

4
Tf,in ) +Apvt Gb vatnoptan+Apthb vatnopt pth+Atop thop (Ttop - (1)
Tgky) +Apvt c58pvt (Tgvt 'Tgonc ) +Apvt hconv,pvt (Tpvt'Ta) +Atop hconv,top (Ttop 'Ta)

where Tpvt1 Ttop’ Tconc’ Tf,outv Tf,inv Tsky’ Ta’ Apvt’ Atop’ Aap’ Ih, O('top’ 8top’ 8pvtv ppvt’ ﬂopt, G,

heonv pvis Deonv.top @Nd Cy are the PVT surface temperature, top surface temperature of the
receiver (absorber), concentrator surface temperature, fluid outlet temperature, fluid inlet
temperature, the sky temperature, ambient temperature, the area of PV cells, the top
surface area of receiver, the aperture area, mass flow rate of water, absorptivity of top
surface, emissivity of top surface, emissivity of PV cells, reflectivity of PV cells, optical
efficiency of concentrator, the Stephan-Boltzmann constant, convective heat transfer
coefficient from PV cells to ambient, convective heat transfer coefficient from top surface
to ambient and specific heat capacity of water, respectively. Also, the parameter of
Covi= Apyvi/ Ay is concentrating factor a of CPVT system. In general, PV cells absorb only
the beam incident radiation (G,). On the other hand, the top surface of receiver absorbs
both beam and diffuse radiation (Gy,,) [6].

The second control volume includes the metallic substrate and the fluid channel.
In this study, the related control volume can be considered as a heat exchanger. This
assumption is acceptable due to the high thermal conductivity of the metallic substrate
[6]. The energy balance for the second control volume of the heat exchanger is as follows

[6]:

MCe( Tt ou-Trin)=EnMCH Toup-Trin) 2
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where Ty, is the substrate temperature. Also, the parameter of ¢, is the effectiveness of
heat exchanger [11].

g=1-e NV (3)

The well-known NTU number can be calculated as follows [11]:
_ h-f +rsub (4)

where rg,p, Apex and hy are the thermal resistance of the metallic substrate, heat
exchanger area and the fluid heat transfer coefficient, respectively. The third control
volume includes the PVT layer and the metallic substrate. The energy balance for this
control volume as follows [6]:

T,-T Typ-T
pvt™tsub . sub~ + top
Apvt == :mcf(Tﬂout'Tﬂin)+Atop — = (5)
Tpvt,sub Tiop

where rpyesup and o, are the thermal resistance of the PVT layer and the thermal
resistance of both the metallic substrate and top absorber surface, respectively. The fourth
energy balance equation is considered with respect to the control volume that includes
the top surface of the metallic substrate and the top surface of the triangular receiver [6]:

Tsub 'Ttop

— 4 4
Atop +Atop Gtop _Atop Gtop ptop +Atop c78‘(0p (Ttop 'Tsky) +Atop hconv,top

Tiop (6)
(Tiop-Ta)

The fifth energy balance equation is written for the control volume that only
includes the parabolic concentrator. In this case, the left side of the energy balance
involves the radiation heat transfer between the concentrator and the photovoltaic module
as well as the radiation absorbed by the internal surface of the concentrator [6]:

Apvtcgpvt(Tgvt'Tzronc)—‘_GtopAconcaconc:Aconccaconc,back(Tgonc' (7)
Tgky)+Aconchconv,conc,front (Tconc 'Ta) +Aconchconv,conc,back (Tconc'Ta)
where Aconc’ Oconcs 8conc,back1 hconv,conc,front and hconv,conc,back are the concentrator area,
absorptivity of concentrator, emissivity of back surface of concentrator, convective heat
transfer coefficient from front surface of concentrator to ambient and convective heat
transfer coefficient from back surface of concentrator to ambient, respectively.

Eq. (1), (2), (5), (6) and (7) represent a system of nonlinear equations with five
unknown temperatures of Ty, Tpvt, Teoner Tsun @nd Toy. Due to the presence of the
electrical efficiency of the photovoltaic module (npv) in Eqg. (1), the solution of the

mentioned equations is dependent to the calculation of N,y In the previous studies [6, 7,

12, 13], the electrical efficiency of the photovoltaic module has been calculated using the
following empirical equation:
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1,,=0.298+0.0142 In(Cy;) +[-0.000715+0.0000697 In(Cpyi) | (Tpvi-298) ®)

This equation has a significance error in low solar radiation intensity. In low solar
radiation intensity, electrical efficiency should be tend to a low value. However, the
empirical equation gives the electrical efficiency equivalent with the electrical efficiency
of the reference conditions (T ;=293 K, Gy, ,./=1000 W/m?).

In this study, a comprehensive electrical analysis is performed based on a four-
parameter electrical model of current-voltage. This electrical model as follows [14]:

LT
V=aln ( ) IR, )

where I and V represent the current and voltage of the photovoltaic module. Also, the
parameters of a, I, I, and R are ideality factor, light current, diode reverse saturation
current and series resistance, respectively. These parameters are calculated from the
following equations [14, 15].

a= 2Vmp,ref 'Voc,ref < Tpvt >
Imp,ref +1n ( 1- Imp,ref) Tpvt,ref (10)
Isc,ref'Imp,ref sc,ref
Gy
IL: (@) [Isc,ref+(7~(Tpvt'Tpvt,ref)] (1 1)
3
() ool (s om0
° Tpv‘[,ref a Tpvt,ref st anvt,ref (1 2)
T I
pvt mp,ref
a (Tpvt ref) In ( I Ly ref ) 'Vmp,ref+Voc,ref
RS:Rs,ref: Imp ref (13)
Gy
Isc: (@) [Isc,ref+a(Tpvt'Tpvt,ref )] ( 1 4)
Voczvoc,ref+B (Tpvt'Tpvt,ref) +Rs (Isc,ref'Isc) (15)

where Vo, Isc, Vocrets Vmp,refs Iscrets Imprefs € Nc, aand B are open-circuit voltage at
actual operating conditions, short-circuit current at actual operating conditions, open-
circuit voltage at reference conditions, maximum power point voltage at reference
conditions, short-circuit current at reference conditions, maximum power point current at
reference conditions, semiconductor band gap energy, solar cells number in series, current
temperature coefficient and voltage temperature coefficient, respectively. The value of
maximum power point current at actual operating conditions (Gb, Tpvt) is obtained from
the solution of the following implicit equation [14, 15]:
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I +1,-1 al
1 ). — 21 R.=0
: n( IO > IL_'—IO-Imp e (16)

Substituting the value of I, into Eg. (9), the value of maximum power point
voltage (Vmp) is obtained. Finally, the electrical efficiency of photovoltaic module can
be calculated as follows [14, 15]:

o = molup an
v GbcpvtnoptApv
The values of the electrical parameters of photovoltaic module are given in Table 1.
Table 1. Electrical parameters of photovoltaic cells [16]
Parameter Value
Short circuit current lscref =4 A
Open circuit voltage Voc,ref = 0.65 V
Series resistance Rsref = 0.008 )
Absorptivity of PV cells apvt = 0.9
Emissivity of PV cells gpvt = 0.2
Semiconductor band gap energy e=1.7%-19 JK
Current temperature coefficient a =2.06e-3 A/°C
Voltage temperature B =-0.077 V/°C
The output electrical power of the photovoltaic module can be obtained as follows:
Poi=Vinplmnp (18)

Some of the electrical power generated by the photovoltaic module is used to
circulate the agent flow by a pump. The consumed electrical power of the pump can be
calculated by the following equation [17]:

mA
Poump= d (19)
Pump

In this equation, the parameter of n,,m;, is the pump efficiency. According to Gupta and
Kaushik [17], its value is 0.85. Also, Ap is the fluid pressure loss [18].

2
LV
Ap=fpe 5> (20)

Here, the parameters of f, V, p¢, L and D represent the Darcy coefficient of friction,
the average velocity of the fluid in the pipe, water density, pipe length and pipe diameter.
In this study, the flow pipe is considered smooth [18]. Hydraulically smooth means that
the roughness on the wall of the pipe is less the thickness of the laminar sub layer of the
turbulent flow. A hydraulically smooth pipe has excellent hydraulic properties that allow

6489



Valizadeh et al. / International Journal of Automotive and Mechanical Engineering 16(2) 2019 6482-
6501

fluids to be flow with a minimum head loss. In the laminar flow, the coefficient of friction
is calculated using the Poiseuille equation as follows [18].

64
f=—, Rer<2300, Laminar flow (21)
Ref

In the turbulent flow, the coefficient of friction is calculated using the Blasius equation
as follows [18].

£=0.3164 Rer*, Rep>2300, Turbulent flow (22)

The net electrical power of the CPVT system is the subtract of consumed electrical power
from the electrical power generated by the photovoltaic module as follows.

Pel,net:Pel 'Ppump :Vmp Imp 'Ppump (23)

The overall performance of the CPVT system is evaluated using the thermal and electrical
efficiencies based on the beam radiation and the collector aperture area [6]:

_ me(Tf,out'Tf,in)

i GpAgp (24)
Vol -P
T]el Gb Aap (25)

VALIDATION

Eqg. (1) and (2) and Eq. (5)-(7) consist a set of nonlinear algebraic equations for the
unknown temperatures of Top, Tpves Teones Tsub @Nd Toye. This set of equation has been

solved by the Newton-Raphson method in MATLAB. The related algorithm as follows
Multiple nonlinear equations are:

fi({xj})ZO, 1<i,j<n, where {Xj}:(Xl,Xz,. Xy )=X (26)
Write a Taylor expansion in several variables.

n af‘l
fi(Xk”):fi(Xk)JrE&‘ () @7

=X

The Jacobian matrix is defined as:

(28)

Xk

and the Newton-Raphson method is
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Z 1 (X1 x)=-f; (X¥) (29)
i=1

Calise and Vanoli analysed the CPVT using TRNSYS [6]. The result for the system
temperatures is shown in Fig. 5. To investigate the validity of the research, the numerical
simulation of the present study is compared with the numerical analysis done by Calise
and Vanoli. The design parameters and boundary conditions of the CPVT during
validation process are described in Table 2 and Table 3, respectively. The parameter of
Lpwt is variable in validation analysis.

Table 2. Design parameters of CPVT system [6].

Parameter Value
Axial length Lpvi =10 m
Aperture width Lap=12m
Receiver width Lrec =0.06 m
Fluid channel diameter Dc=0.03m
Fluid specific heat capacity Cs=4187.7 J/Ikg K
Fluid mass flow rate m¢ = 0.15 kg/s
Top surface absorptivity atop = 0.9
Top surface emissivity &wop = 0.2
Reflectivity of PV cells ppvt = 0.03
Emissivity of PV cells gpvt = 0.2
Absorptivity of concentrator aconc = 0.03
Emissivity of back surface of concentrator €conc,back = 0.3

Table 3. Boundary conditions of CPVT system [6].

Variable Independent variable value
Inlet fluid temperature Trin=70°C

Sky temperature Teky =25°C
Ambient temperature Ta=25°C
Ambient pressure Pa =101 kPa

Wind velocity Wa=5m/s

Beam radiation Gp = 800 W/m?
Total radiation Giop = 1000 W/m?

As shown in Figure 3, with increased length, all of the temperatures increase.
Also, at any given length, the order of the magnitude of the temperatures is the same.
Figure 3 shows that the simulation results of this study are consistent with the data of
Calise and Vanoli [6]. These results indicate the accuracy of the numerical solution
conducted in the present study. The error values given in Table 4 were calculated by
means of Eq. (30). In this equation, n is the number of points of comparison for each
temperature.
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Figure 3. Comparison between the numerical results obtained in the present study and
that of Calise and Vanoli [6].
Error=— Z

Table 4. The error values in comparison between the numerical solution results obtained
in the present study and that of Calise and Vanoli [6].

31m Lpvti ™ ref [6],vat’i

x100 (30)

ref [6].Lpvt,i

Temperature Error
Top surface temperature of the receiver (Tiop) 1.22%
Photovoltaic module temperature (Tpw) 1.14%
Metallic substrate temperature (Tsub) 1.49%
The fluid temperature at the outlet (Tout) 1.90%

PARAMETRIC STUDIES

In this section, a parametric study was conducted to analyse the thermal and electrical
performance of the CPVT system by changing some design, operational and
environmental parameters. The values of the electrical parameters for photovoltaic cells
are given in Table 1. Also, these studies were carried out for the parameters presented in
Table 2 and Table 3.

Fluid Velocity Effect

According to Figure 4, with the increase of fluid velocity, the fluid stay time in the flow
pipe decreases. Therefore, heat transfer to fluid reduces and as a result, the fluid outlet
temperature and other system temperatures are reduced. On the other hand, rising fluid
velocity means the increase of the mass flow rate. Therefore, the useful heat gain and the
thermal efficiency increases with the increase of mass flow rate (Figure 5). The
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temperature of the photovoltaic module decreases with increasing the fluid velocity. As
a result, the cooling of the photovoltaic module increases the electrical power and
electrical efficiency (Figure 5). Besides, with the increase of fluid velocity from 0.08 to
0.43 m/s, the electrical efficiency and thermal efficiency increase by 1.05% and 2.2%,
respectively.

100 T T T T T T T

95

90 |

85

80

.l- (0(;)
1 (°C)

5T

701

65

60 1 1 1 1 1 1 1 _‘I”
0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 045

v c (m/s)

Figure 4. Temperature changes according to the fluid velocity variations.
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Figure 5. Thermal efficiency and electrical efficiency according to the fluid velocity
variations.

Effect of Fluid Channel Diameter

According to Figure 6, with the increase in the fluid channel diameter, the CPVT system
temperatures decrease. The increase of channel diameter causes the increase of the cross-
section of the pipe and the mass flow rate. Therefore, the fluid outlet temperature
decreases. On the other hand, the increase of mass flow rate due to the increase of the
channel diameter increases the thermal efficiency and the electrical efficiency. Increasing
the channel diameter at a constant velocity means increasing the heat conduction surface
from the substrate to the agent fluid. Therefore, the useful heat gain and the thermal
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efficiency increases with the increase of channel diameter (Figure 7). The temperature of
the photovoltaic module decreases with increasing the channel diameter. As a result, the
cooling of the photovoltaic module increases the electrical power and electrical efficiency
(Figure 7). In addition, with the increase of fluid channel diameter from about 0.017 to
0.06 m, the thermal efficiency and electrical efficiency increase by 2.75% and 3.9%,
respectively.

110

T¢°C)

TO 1 1 1 1 1 1 1 1 _'|J
0.02 0.025 0.03 0035 004 0045 005 0055 0.06
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Figure 6. Temperature changes with respect to the diameter of the fluid channel.
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Figure 7. Thermal efficiency and electrical efficiency according to the variations of the
fluid channel diameter.

Effect of Axial Length of the CPVT

The effect of axial length of CPVT system on the CPVT system temperatures and the
thermal and electrical efficiencies are shown in Figure 8 and 9, respectively. According
to Figure 8, with the increase of axial length, the CPVT system temperatures increases.
The original axial length of CPVT system of Calise and Vanoli [6] is 3 m. However, for
solar power plant applications, the axial length of CPVT system should be longer. By
connecting solar CPVT collectors in series, long lengths can be achieved. The fluid outlet
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temperature of 100 °C, which is suitable for the application of solar power plant, occurs
in the lengths of up to 30 m. Although more photovoltaic cells can be used by increasing
the length of CPVT system, it can increase the temperature photovoltaic module and the
pressure drop. Therefore, the electrical efficiency of CPVT system in the considered
range is reduced by 4.4% (Figure 9).
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Figure 8. Temperature variations with respect to the axial length.
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Figure 9. Thermal efficiency and electrical efficiency according to the variations of the
axial length

According to Figure 9, with an increase of the axial length of CPVT system to
about 30 m, the thermal efficiency increases to about 62.5%. After that, it is reduced to
about 60%. The CPVT length of 30 m can be considered as an optimum length for CPVT
system. The increase of axial length of CPVT system after the optimum length of 30 m
increases the collector aperture area so that the heat loss by convection and radiation
increases. Therefore, a reduction of 2.4% in thermal efficiency is seen (Figure 9).
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Effect of Fluid Inlet Temperature

According to Figure 10, with the increase of the fluid inlet temperature, the CPVT system
temperatures increases. Increasing the temperature of the fluid inlet temperature increases
the fluid specific heat capacity while reducing its density by increasing the temperature
of the fluid inlet temperature, the PV module temperature increases. Therefore, electrical
efficiency decreases by about 4.05% (Figure 11). On the other hand, although the
temperature, and consequently the specific heat capacity, of the outlet fluid increase, the
increase in the temperature of the inlet fluid is greater than that of the outlet fluid.
Therefore, the useful heat gain by CPVT collector will decrease and lead to a reduction
of 7.3% in the thermal efficiency (Figure 11).
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Figure 10. Temperature variations with respect to the fluid inlet temperature.
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Figure 11. Thermal efficiency and electrical efficiency according to the variations of the
fluid inlet temperature.
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Effect of Triangular Receiver Width

According to Figure 12, with the increase of the width of the receiver, the various
temperatures of CPVT system increase. The increase of the width of the receiver causes
the increase of absorber surface of the receiver. Therefore, the various temperatures of
CPVT system increase. Figure 13 shows that increasing the width of the receiver from
0.06 to 0.2 m enhances the thermal efficiency by 9.4%. However, its impact on electrical
efficiency is negligible. The absorber area, the fluid outlet temperature, and consequently
the useful heat gain are increased by increasing the width of the receiver. Therefore,
thermal efficiency will increase (Figure 13).
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Figure 12. Temperature variations with respect to the width of the receiver.
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Figure 13. Thermal efficiency and electrical efficiency according to the variations of the
width of receiver.

Effect of Solar Radiation

The effect of solar radiation intensity on the temperatures of CPVT system is shown in
Figure 14. According to Figure 14, The CPVT system performance is sensitive to changes
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in solar radiation intensity. Increasing the solar radiation intensity increases the
temperatures of the photovoltaic module and the outlet fluid. With the increase of the
solar radiation intensity from 300 W/m? to 750 W/m?, the useful heat gain of CPVT
system increases. It should be mentioned that the increase in the useful heat gain is more
than the increase in the absorbed solar radiation by the CPVT system. Therefore, the
thermal efficiency will increase by about 3.75% (Figure 15).

On the other hand, as the electrical circuit current increases with increasing solar
radiation intensity, the photovoltaic module generates more electrical power. Here, the
increase in the output electrical power of the photovoltaic module is more than the
increase in the absorbed solar radiation by the CPVT system. Therefore, electrical
efficiency increases by 4% (Figure 15).
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Figure 14. Temperature variations with respect to solar radiation
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Figure 15. Thermal efficiency and electrical efficiency according to the variations of
solar radiation intensity.

A comparison between the electrical efficiency of the present study and the
electrical efficiency of Calise and Vanoli [6] has been carried out in Figure 16. According
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to this figure, the electrical efficiency of Calise and Vanoli [6] has a large error in low
solar radiation intensity. For this condition, the electrical efficiency should be tend to a
low value. However, it tends to the electrical efficiency of the reference conditions.
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Figure 16. Comparison between the electrical efficiency of the present study and the
electrical efficiency of Calise and Vanoli [6].

Effect of Ambient Temperature

Figure 17 shows the effect of ambient temperature on the various temperatures of the
CPVT system. According to this figure, increasing the ambient temperature increases the
photovoltaic module temperature and the fluid outlet temperature, in particular, the
concentrator temperature. However, the increase in photovoltaic module temperature is
less than 1 °C. Therefore, electrical efficiency variations is negligible (Figure 18). On the
other hand, the increase of fluid outlet temperature due to the increase of ambient
temperature causes the increase of the useful heat gain of CPVT system. Therefore, the
thermal efficiency increases by 5.1% (Figure 18).
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Figure 17. Temperature variations with respect to the ambient temperature.
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Figure 18. Thermal efficiency and electrical efficiency according to the variations of the
ambient temperature.

CONCLUSION

This study presented the numerical modelling of a concentrating photovoltaic thermal
collector (CPVT) collector. In order to obtain the governing equations, the energy balance
was written for the various component of the CPVT system. The four-parameter model
was used to calculate the electrical efficiency of the photovoltaic module. The results
showed that with the increase of fluid velocity from 0.08 to 0.43 m/s, the electrical
efficiency and thermal efficiency was increased by 1.05% and 2.2%, respectively. The
change in the receiver width, which implies a change in the absorber area, was resulted
in a 9.4% increase in the thermal efficiency; while its impact on electrical efficiency was
negligible. Increasing the fluid inlet temperature from 273.15 to 363.15 K reduced the
thermal efficiency and electrical efficiency by 7.3% and 4.05%, respectively. As the
collector length increased from 3 to 90 m the electrical efficiency was reduced by 4.4%
but the thermal efficiency had an ascending/descending trend. With the increase of pipe
diameter from 0.017 to 0.06 m, the thermal efficiency and electrical efficiency was
increased by 2.75% and 3.9%, respectively. Although the variation of ambient
temperature from 278.15 to 323.15 K was increased the thermal efficiency by 5.1%, its
effect on the electrical efficiency was negligible. With increasing solar radiation intensity
from 300 to 1000 W/m? the thermal efficiency was changed in an ascending/descending
trend and the electrical efficiency was increased by 4%.
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