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Abstract. The aim of this work is model and simulates a CPV/T system to assess the thermal and electrical efficiencies.
A concentrating solar power system concentrates the solar irradiation radiation on photovoltaic cells. The photovoltaic
cells are placed under a rectangular duct which contains a cooling fluid used to avoid high temperatures in the photo-
voltaic cells and to recover some of the energy in the form of thermal energy. A simple heat transfer dimensionless model
is implemented in the software MatLab to study the CPV/T system for different operating conditions and different cooling
fluids, air, and water. The simulation process allows to define the best configuration of the system and to evaluate its

efficiency.
Keywords: Solar energy, Concentrating Photovoltaic, CPV-T, Heat recovery
1. INTRODUCTION

Nowadays, due to greenhouse gases, rising energy demand and market changes in fuel prices. The use and investment
in renewable energy are essential to combating climate change and to achieve a more sustainable energy matrix. Solar
photovoltaic and concentrated thermal energies, or heliothermic energy, are examples of renewable technologies, as they
produce electricity from solar irradiation, a source of clean and inexhaustible energy (Tiwari ef al., 2009; Aldegheri et al.,
2012).

Photovoltaic systems are becoming cheaper and more diversified and competitive due to the investments made in
recent decades. Concentrating photovoltaic systems (CPV) represent an evolution of traditional photovoltaic systems
because from an optical system solar radiation is concentrated on the photovoltaic cells, increasing the efficiency of the
system (Kurtz, 2009).

On the other hand, the thermal concentrator photovoltaic system (CPV-T) allows the simultaneous generation of
electrical and thermal energy, further increasing the overall efficiency of the system because of the cogeneration, the
result of the heat transfer used to cool the cells photovoltaic systems and/or to obtain thermal energy. In particular,
experimental and theoretical studies were performed to maximize the electrical and thermal efficiencies in this type of
systems (Mittelman et al., 2007; Zahedi, 2011; Cheng Qing, 2012; Abu Bakar et al., 2013). Six numerical models
were developed by Damir and Mladen. (2012) to describe the effects of design, operation parameters, and mass flow in
the technical efficiency of solar collectors. A modeling and design of a CPV-T system for domestic applications was
developed by Renno and Petito (2013, 2015) analyzing the choice of a CPV-T system of focal point, and a dynamical
simulation using finite elements was performed by Renno and Giacomo (2014).

Specifically, in this work, a simplified dimensionless model of a CPV-T system is addressed. The model is simulated in
Matlab with the objective of evaluating the thermal and electrical performances of the photovoltaic concentrator system.
The analyzed system is composed of a rectangular duct through which it flows a cooling fluid, air or water, and by
photovoltaic cells that will receive the concentrated solar energy of the mirrors, thus producing electric energy. The duct
is covered by a thermal insulation to prevent heat loss from the exterior.

The simplified approach is based on a mathematical modeling using dimensionless equations. The CPV-T system is
studied for different operating conditions and different cooling fluids in order to know the best configuration and efficiency.
Section 2 presents a detailed description of the CPV-T system and the values chosen for the main design parameters. The
mathematical model of the system is developed in section 3. In sections 4 and 5 the results and conclusions of the work
are presented.
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2. CPV-T SYSTEM DESCRIPTION

The CPV-T system simulated in this work uses concentrated solar energy to produce electric energy, through photo-
voltaic cells, and thermal energy by the transfer of heat to the refrigerant fluid. The system can be divided fundamentally
into two subsystems: the concentrator and the receiver. In Fig. 1, the configuration of the CPV-T system to be modeled
is presented schematically.

i
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Figure 1. Transversal section of the CPV-T system

The Fresnel linear concentrator is adopted in this work, operating in a similar way to the parabolic mirrors due to the
movement of the linear mirrors in relation to the position of the sun. In this case, the solar radiation is reflected from
the mirrors to the cells in the absorber, increasing the use of solar radiation. The movement of the mirrors for tracking
the sun is an important point to be considered for the purpose of increasing the efficiency of the system. All the mirrors
have distinct angulation and a small error in their angulation can result in less solar radiation available to be converted
into electrical energy. Only the direct solar radiation can be reflected by the mirrors and in this work it is considered an
irradiation of 800W /m?, with optical yield of the mirrors, 7, = 0.94 and with factor concentrator F. = 15.

The receiver is composed of the photovoltaic cells and the cooling system. In this work the performance of the system
using water and air as coolant fluids in the heatsink will be analyzed. In order to achieve good efficiency in the photovoltaic
system, it is fundamental to dissipate the thermal energy of the cells, since the increase of the temperature in them causes
a loss of electrical efficiency.

The photovoltaic cells used are mono-crystalline because of their better efficiencies. According to the manufac-
turer, the cell has an average efficiency n,.5 = 22%, for the environment temperature of T'ref = 25°C' and radiation of
1000W /m?. The electric efficiency of the cell decays with a rate of 3¢ = 0.32%/°C.

The efficiency of the photovoltaic cells, npy is calculated according to the equation (Evans and Florschuetz, 1977):

nev = 77ref(1 - BTEf(TPV - TTEf)) (N

where T’py is the surface temperature of the cell.

In the absorber, the photovoltaic cells are placed under the duct. Therefore, the area of the absorber is equal to
the area occupied by the photovoltaic cells. The chosen cells have dimensions of approximately 125mmx125mm and
thickness 0.165mm. In total, 15 photovoltaic cells are placed in series under the duct and the emissivity of € = 0.85 will
be considered (Acciani et al., 2010), because the cell exchanges heat through the radiation with the external medium.

The duct used is of aluminum and is covered with an insulating material of 50 mm thickness. The thermal conductivity
of the aluminum is k, = 204W /mK, and the insulation, k; = 0.03W /mK . The value of the mass flow inside the tube
was considered to be between 0.01 and 0.05kg/s as used in the literature. The glass is used under the cells to protect
them from the external environment and because of that part of the energy that reaches the receiver is reflected in the glass
back to the atmosphere before reaching the cells. The commercial glass used has the transmissivity equal to 7, = 0.82,
the absorptivity equal to a; = 0.11, the reflectivity equal to p = 0.7 and the thermal conductivity of kg, = 1.4W /mK.

In Tab. are collected all the parameters and characteristics of the material used.

Table 1. Thickness and thermal conductivity values referent to the material used in the system (Boltz, 1973; Fellini, 2007)

Thickness [mm]  Thermal conductivity k [W /m.K]

Glass 5.0 1.4

Photovoltaic cell 0.165 148.0
Aluminum 0.5 204.0
Insulating 10.0 0.028

Wood 10.0 0.3
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Table 2. Emissivity, absorptivity and transmissivity values referent to the material used in the system (de P. Nicolau and
Maluf, 2001)

Emissivity Absorptivity  Transmissivity

Glass 0.90 0.11 0.82
Photovoltaic cell 0.85 0.92 0.00
Aluminum 0.04 - -

Wood 0.90 0.30 0.00

As previously mentioned, this paper deals with the simplified modeling of a CPV-T system. In the case of studying a
more realistic system, it is necessary to consider the existence of a material between the cells and the aluminum duct, as
for example a thermal paste, to avoid the short circuit.

3. MATHEMATICAL MODEL

In this section is presented the mathematical model for a CPV-T system described in the section 2. A energy balance is
realized in the different parts of the system: receiver (glass), fluid and insulator element. The mathematical model consists
of a dimensionless system equations where the unknowns of the system are the temperatures of the elements, photovoltaic
cells and fluid. The dimensionless equations allows to analyze the variable and parameters of the problem more easily.

The Fig.(2) shows the heat exchange on each element of the system. A fraction of the energy received by the system
is converted into electrical energy by the photovoltaic cells and in thermal energy increasing the temperature of the fluid
flowing by the duct. Inside the duct, the radiation and convection heat exchange were contemplated.

Qcmw,w
AAAAAAAAAAAAAAAA

—— Wood

— Insulating material

Tf (z) — Aluminum
[Xs Q(om‘.f | —— Fluid
ANAANNANAANAANNANGAL
| PV cells
Ty (z) T Glass
L2000 A0 A T A A R A T I A A
Onru' e | + Q('nm‘.y
{\‘} sun
Figure 2. Model system to heat transfer
The energy balance on the system is expressed in the Eq.(2) as
chermal = Qcond,g + Qcond,d + Qcmw,f + Qrad,g + Qconv,g (2)

where Qcom,, + and anw represent the convection heat exchange between duct and fluid, and glass and environ-
mental, respectively. The Qcom,w is the heat transfer by convection between the surface of wood and the environment.
The Qrad.,g is the radiation heat exchange between the glass and the environmental. The conduction heat in the glass and
the duct are represented as Q.amdvg and Qcond,d.

Finally, che,,.mal is the energy dissipated by the photovoltaic cells and is expressed as the sum the dissipated energies
on the cells and the glass, Qa. The cell efficiency, npy, varies with the temperature, therefore, along the concentrator
system. The Eq. (1) shows that dependency between efficiency and temperature.

chermal(m) = Qr(l - nPV(x)) + Qa (3)

The energy which incident on the system, Q system» 18 converted in electric and thermal energy, Q. Q, is the solar
radiation that is flows through the glass and @), is the fraction of the energy dissipated in the glass. So that, Q, =

ststem _ QT' X
The Qsystem and @ are defined as showed in the Eq. (4) and Eq. (5)
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ststem = qun,concmemAmapv (Tq + ag) (4)

QT = qun,concmemAng (5)

where N,,, and A,,, are the number and the area of the mirrors and v, is the reflectivity of the mirrors. On the other
hand, 7, and oy are the transmissivity and absorptivity of the glass. The absorptivity of the photovoltaic cells is or,,,, and
the qun,aonc, the direct solar radiation concentrated by the mirrors incident on the glass.

The other energy balance is carried out on the fluid, Eq. (6).

Qfruia(x) = MCpAT (6)

where 77 is the mass flow [kg/s] and Cp the specific heat [J/kg°C].

The flow inside the duct absorb a heat fraction through convection between the flow and duct, Qconu f» cooling the
system and helping to photovoltaic cells keeping the temperature not too high for so as not to impair efficiency. A fraction
of that energy is transmitted to the duct,and,d, and the insulator walls by conduction, Qcond’i, being therefore, dissipated
to the environmental by conduction and convection in the wood wall, Qcond,w and Qcom,w.

Qfluid(x) = Qconmf + Qcond,d + Qcond,i + Qcond,w + Qconv,w (7)

Next, the equations for conduction, convection and radiation are substituted in the balance equations, Eq. (2) and Eq.
(7), and the dimensionless is realized.

. kAAT
Qcond == (8)
Qraa = €0 AT ©)
Qconv = hAAT (10)

In order to obtain the system of equations which model the problem are defined dimensionless variables. The dimen-
sionless temperature, 7" is determinate as

- T
T=_" 11
Too (in

The ratio between the solar radiation, G, and ano was considered being Il,, and the relation between the heat
transfer coefficient as Il

G

sun Y (12)
hconv w

Hconv = : (13)
hconv,f

The heat transfer dimensionless numbers used are the Biot number, Bi, the Nusselt number and the Hottel number,
Hot. The Hottel number was defined as the ratio between the convective and radiative flow by Hottel and Sarofim (1967).

hd
Bi=— 14
= (14)
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Hot = % (15)

The Nusselt number is calculated using empirical correlations found in the literature and it is expressed as

L

N
YT

(16)

In order to compute the heat transfer coefficient, h, the Nusselt numbers are calculated using empirical correlations
found in the literature (McAdams, 1954; Incropera and Dewitt D., 2011). In external convection the heat transfer coeffi-
cient is determinate using the empirical correlation to horizontal flat plate

Nus = 0.27Ra}/* (17)

when the Rayleight number, Ra, is 10° < Ray, < 10'0. Being defined the Rayleigh number as

L 9Br(T - To)L?

R 2 (18)
and for the vertical external surfaces is used the next correlation
2
0,387Ral/s
Nu, = {0,825 + (19)

[1+(%ﬁf)Wu18m7

The external forced convection is used the correlation for horizontal flat plate with transition flow from laminar to
turbulent, as

Nugop = 0.68Re' /2 Pri/? (20)

In real situations, free and forced convections effects are observed. Therefore, the Nusselt number in external convec-
tion is expressed as a combination between Nu in free convection,Nus, and Nu in forced convection, N f,,, as shown in
the Eq. 21

Nué = (Nu§'5 + Nuds )1/3.5

conv or

21

In order to determinate the internal heat transfer coefficient are computed the Nu numbers to free and forced convection
inside the duct. A simplified way to calculate the Nu number in natural convection when the flow is laminar and the Ra
number is between 10 < Ra < 10° and 1 < L/§ < 40 (Incropera and Dewitt D., 2011) is expressed in Eq. 22, being L
and 0 the length and high of the duct, respectively.

Nug = 0,046 Ra'/? (22)

In forced convection in ducts where the flow is laminar and one surface presents a heat flow and the other are insulated
the Nu number can be simplified as a constant like

Nugor = 5.385. (23)

Thus, the Nusselt number is also calculated in a combined manner, as previously shown in the case of external con-
vection.

Nu? = (Nu§'5 + Nu3? )1/3'5

conv or

(24)
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Finally, after the substitutions of conduction, radiation and convection equations in the energy balance equations and
realized the dimensional analyze are obtained the equation which model the system. Therefore,

- 1 Hot ~ - 1+ Bi
4 conv, f

ePVTPV + |:H0tcon1),g (2 + %) + Bld:| TPV - HOtconv,ng —€pv — HOtconv,g ( Blg g) -
HOtconv,
Tf - Haunnm¢mAm [Tg (1 - nPV(x)) - ag] =0, (25)

td
Similarly, the Eq. (26) is obtained,
dTy R , . . R :
o = (2+ Bi; + Biy + Big + Heony) Tpv = Ty — (1 + Bi; + Biy + Big + Icony ) (26)
X
nC,

defining the characteristic length as x = & = 2L, being w the wide of the duct.

conv, fW
In order to compute the electrical, 1 (), thermal, n;(z), and systen efficiencies, 7gystem (), are used the following

equations,

TpoQr
e(z) = —— (27
! (x) ststem
Qfluid(x)
_ (28)
nt(x) ststem (.’E)
nsysteM(x) = Ne(x) +n¢ () (29
4. RESULTS

This section presents the results obtained from using air and water as a coolant fluid in a CPV/T system.

The Newton-Raphson numerical method was used to resolve the equation system calculating the temperature of the
cells, Tpy, and also of the fluid, T, through the iterative process. Using these temperatures, the thermal and electrical
efficiency was computed for different fluids and mass flows. The study was conducted in the city of Brasilia, where the
local temperature T, = 293K, relative humidity is equal to 50%, local wind speed is ue, = 1m/s and direct radiation is
equal to 800W /m?.

The dimensions of the solar system are presented in the Tab. 3

Table 3. Dimensions of the materials used in the CPV-T system

Dimensions [mm] Length Width Thickness

Glass 1500 125 5,0
Photovoltaic Cell 125 125 0,165
Duct 1500 125 1,0
Insulator 1500 125 10,0
Wood 1500 125 10,0

The CPV-T system has 15 mirrors (totaling 0.1875m2) which receive 2250.0W of radiation, but around 6% is dissi-
pated in the mirrors. In the glass, around 7% of the energy is reflected back to the external environment, mainly because
of the angle of incidence of the solar rays in relation to the flat surface of the glass. Thus, the incoming energy is 1967.0J
every second, about 87.42% of the concentrated radiation. The Tab. 4 exhibits the solar energy distribution on the system
in the starting operation, considering the photovoltaic cell efficiency of 22%. That value will decrease with the increase
of the temperature of the photovoltaic cells.

Table 4. Solar energy distribution in the starting operation

qun ststem chermal Qeletrical
Energy [J] 2250,0 19670 1585,4 379,4
Percentage [%] 100 87,42 70,46 16,96
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In order to analyze the consequences that the increase of mass flow causes in the extraction of thermal energy from
the photovoltaic cells, the mass flows (air and water) equal to 0.01 and 0.025 kg / s were used during the simulations.

4.1 Air cooling

The Fig. 4.1 displays the temperature of the fluid and the photovoltaic cells using air as a cooling flow for the mass

flow equal to 0.01 and 0.025 kg/s.
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Figure 3. Temperatures when used air cooling - A Photovoltaic cell temperature and O Fluid temperature

It can be observed the difference of temperatures, between the photovoltaic cells and the fluid, decrease when the
mass flow increases. Thus, the increasing of the flow velocity inside of the duct intensifies the heat transfer between the
fluids and the PV cells due to the increase of the convective constant. Consequently, the PV cell temperature decreases
but held high, around 80°C), so the cell’s electrical efficiency is well below 22% (electrical efficiency for 25°C'), as can be
seen in the Fig. 4.1. Also, it can be observed the values of the thermal, electrical and system efficiency with air-cooling.
It’s noted that the electric efficiency is close to 16%, in both of cases, but when the air mass flow increases its thermal
efficiency goes from 18 to 28% . It occurs due to the removed heat from the cells when the mass flow increases from 0.01

to 0.025kg/s.
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Figure 4. System efficiencies using air cooling - A Electrical efficiency, 0O Thermal efficiency and x System efficiency.

The decrease of the thermal efficiency as shown in Fig. 4(a) and Fig. 4(b) is caused by the saturation of the air in
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absorbing heat from the PV cells, which results in dissipation of heat from the fluid to the walls of the insulation due to
high working temperature.

The Tab. 5 and the Tab. 6 show the outlet temperatures in the system and the flow velocities depending of the mass
flow used and the system efficiencies, respectively.

Table 5. Outlet temperatures in the CPV-T using air cooling

Mass flow [kg/s] u[m/s] Tpy [°C] Ty [°C]
m = 0.01 6.1 90.0 48.9
m =0.025 15.2 81.4 41.6

Table 6. System efficiencies using air cooling

Mass flow [kg/S] u [m/s] TNthermal [%] Neletrical [%] Tsystem [%]
m=0.01 6.1 18.81 15.69 34.50
= 0.025 15.2 28.11 16.24 44 .35

As commentated previously, the thermal efficiency goes from 18.81% to 28.11% after incrementing the mass flow
inside the duct while the variation in the electrical efficiency is not significant. The system efficiency also increases in
case of higher mass flow. However, it is not viable to increase the mass flow to higher values because it will be required a
pump with high power, resulting in a higher price to pump the air.

4.2 Water cooling

As in the previous study for air-cooling, it was also used the mass flows of 0.01 and 0.025 kg/s for water-cooling.

Due to the water has a thermal conductivity greater than the air and a high convection coefficient, the difference of
temperature between the fluid and cells ( Fig. 4.2) is smaller than the same difference in the case of the air mass flow ( Fig.
4.1). Therefore, it is evident that the selection of the coolant fluid is an important parameter. The lower the difference
of temperature between the cells and the fluid, the more thermal energy the fluid absorbs from the photovoltaic cells and
consequently the electrical efficiency increases.
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Figure 5. Temperatures when used water cooling - A Electrical efficiency, 0 Thermal efficiency and x System efficiency.

It is noticed that the temperature of the cells decreases to between 60-70°C' with the use of water as a coolant. As a
consequence, he electric efficiency is close to 17%, in both of cases, and the thermal efficiency to more than 45%. The
combined efficiency of 63.55% is obtained for a mass flow of 0.01kg/s and 63.93% for 0.025kg/s, as exhibited in Fig. (4.
2.
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Figure 6. System efficiencies using water cooling - A Electrical efficiency, O Thermal efficiency and x System efficiency.

The Tab. 7 and the Tab. 8 show the outlet temperatures in the system (higher temperature), the velocities of flow,
and the higher efficiencies. The values of the efficiencies were obtained in the beginning of the duct because the more the
fluid flows inside of the duct, the more thermal energy is absorbed. Consequently the thermal and electrical efficiencies
are higher in the beginning of the duct and the temperatures are higher at the end of the duct.

Table 7. Outlet temperatures in the CPV-T using water cooling

Mass flow [kg/s] u[m/s] Tpy [°C1 Ty [°C]
m =0.01 0.0063 69.9 423
m = 0.025 0.016 62.7 32.5

Table 8. System efficiencies using water cooling

Mass flow [kg/S] u [m/s] TNthermal [%] Neletrical [%] Tsystem [%]
m=0.01 0.0063 46.24 17.34 63.93
m =0.025 0.016 46.93 17.32 63.55

5. CONCLUSIONS

The main conclusion of this study is that when tested in the same conditions, water proves to be more efficient than
air in absorbing heat. When mass flow is equal to 0.01kg/s, water reaches a total efficiency of 63%, compared efficiency
reaching 34% via air-cooling. The increase of mass flow for both fluids increased thermal efficiency because the heat
transfer due to convection between the fluid and the cells is directly proportional to the mass flow. In this study it was also
possible to monitor the temperature of the cells for different fluids and mass flows, and consequently analyze the electrical
efficiency because it is indirectly proportional to the temperature.
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