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Abstract Compared to the photovoltaic (PV) module, which only produces elec-
tricity, the photovoltaic/thermal (PV/T) system presents as a promising technology
capable of simultaneously producing electrical and thermal energy. In addition, this
technology considerably improves the photovoltaic efficiency by cooling the PV cells
sensitive to the increase in temperature. This paper investigates the impact of various
nanofluids on improving the performance of PV/T systems. Three different fluids,
pure water, Al,Os/water, and Cu/water are studied as a coolant to reduce the temper-
ature of the PV panel. The performances of the nanofluid-based PV/T system were
simulated using a numerical model based on the energy balance equation, devel-
oped in MATLAB software. By analyzing the simulation results, it is observed that
the use of Al,Os/water and Cu/water nanofluids improves the results of the PV/T
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system in terms of electrical and thermal efficiency compared to the pure water-
based PV/T system. In particular, dispersing a 2% volume fraction of copper and
alumina nanoparticles in water helps to increase the thermal and electrical efficiency
of the PV/T by 26 and 1.24% for Cu/water and 10.33 and 0.99% for Al,Os/water,
respectively.

Keywords PVT collector - Nanofluids - Electrical - Thermal efficiency

1 Introduction

In recent years, solar energy has been widely used for thermal energy generation
by solar collectors and electrical energy by photovoltaic (PV) panels [1]. A novel
innovative technology has been invented, able to produce simultaneously electrical
and thermal energies in a single unit is known as a hybrid solar system (PV/T) [2,
3]. Due to different criteria and parameters, many types of (PV/T) systems can be
identified. Regarding the cooling fluid, photovoltaic thermal systems (PVT) can be
divided mainly into three types: water-based PVT, air-based PVT, and bi-fluid-based
PV/T using both fluids simultaneously air and water [4]. Recently, a new generation
of cooling fluids known as nanofluids is investigated as well as applied in the PV/T
system. As a result, numerous research works have been conducted in order to predict
the electrical and thermal behavior of this type of PV/T systems adopting nanofluids
for the cooling effect. From literature, it is proved that nanofluids have better thermo-
physical proprieties than basic fluids, which can potentially improve the PV/T system
performances compared to the other systems (PV/T using air or water) [5]. An exper-
imental study is conducted by [6], where the effect of the silica/water nanofluid (1
and 3 wt%) as a coolant on the thermal and electrical efficiencies of a PV/T sheet &
tubes system is studied, based on the first and second thermodynamic laws. As a
result, the electrical and thermal efficiencies were improved by 18.9% and 7.93%,
respectively, by dispersing 3 wt% of SiO, in water. In the work performed by [7], the
impact of applying 0.05% volume concentration of CuO/water nanofluid in a PV/T
collector with and without glazing is investigated experimentally. It is concluded
that under identical conditions, the electrical efficiency using nanofluid is inferior
by 13%, while thermal efficiency is higher by 45% compared to water. In another
study [8], a two-dimensional numerical model to study the effects of using (0.1,
0.2, and 0.4 wt%) of (Al,O3 and Cu) nanoparticles in water and glycol is devel-
oped. According to this study, using a Cu/water with 0.4 wt% as a coolant fluid on
the uncovered PV/T system showed a better performance. Another numerical study
is performed to examine the use of Ag/water and Al,Os/water nanofluids on PVT
sheet & tube performances [9]. In comparison to pure water, they found that a 3%
volume fraction of Ag and Al,O3 nanoparticles enhanced the thermal efficiency by
5.15% and 1.36%, respectively. Furthermore, the electrical efficiency of Ag/water
and Al,Os/water improved by 1.88% and 0.95%, respectively. In order to evaluate
the energy performances of the PV/T system, Al,03, CuO, and SiC nanoparticles
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have been applied in [10] with several volume fractions of 0.5, 1, 2, 3, and 4% in
water. It is depicted that the SiC/water nanofluid is appropriate to improve the PV/T
system production. In the work of [11], the impact of MWCNT/water nanofluid on
PVT system performances was investigated. They found that by dispersing 1% of
MWCNT in water, the electrical and thermal efficiencies were improved by 1.18%
and 5%, respectively. The effectiveness of using nanofluids for the cooling of the
PV cells is also proved through the results of [12]. They analyzed numerically the
utilization of Cu/water end Al,O3/water nanofluid in PVT sheet & tube system. More-
over, by adding 2vol% of Cu/water, the thermal and electrical efficiency reached an
enhancement of 4.1 and 1.9% while, those of Al,Os/water reached up to 2.7% and
1.2%, respectively.

In this work, the impact of dispersing 2% of copper and alumina nanoparticles
in water as cooling fluids on the electrical and thermal efficiency of PVT sheet &
tube system is examined numerically. Furthermore, the results were compared with
those of water-based PVT. This work is organized into three main sections: Sect. 2
presents the mathematical model of nanofluid-based PVT. The results and discussion
are illustrated in Sect. 3. Finally, the conclusion is shown in Sect. 4.

2 Mathematical Models of the Nanofluid-Based PVT
Systems

This work investigates numerically the performance of a PV/T system using three
types of cooling fluids: pure water, Al,Os/water, and Cu/water. Hence, The PV/T
model is developed based on the energy balance established for each layer and the set
of obtained Egs. (1)—(8) is solved by RUNGE-KUTTA 4 (RK4) method in MATLAB
software depending on [13]. The PV/T hybrid system studied in this research consists
mainly of a single glass cover, a photovoltaic module, a Tedlar, a metal sheet absorber,
a set of tubes, a cooling fluid, and an insulation layer for reducing the heat loss with
the ambient. The whole design of the PV/T system and its components is presented
in Fig. 1.

Glass cover

I Bl PV module + Tedlar

Sheet-and-tubes

Insulation

Fig. 1 PV/T “sheet & tubes” system design
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2.1 Energy Balance Equation of the PV/T Systems

In this section, the energy balance for each layer of the PV/T system is established
as shown in Table 1. Moreover, the set of obtained equations is written consid-
ering the different heat exchange by conduction, convection, and radiation and the
effect of external excitation, e.g., solar radiation (see Fig. 2), ambient temperature.
Furthermore, to simplify the calculation, the following assumptions are taken into
account:

e The heat flux is only in one direction, from the top to the bottom of the PV/T
system,

e The heat loss at the edges of the PV/T system is neglected;

e The material properties of each component are constant;

e The water and nanofluid mass flow rates in tubes are uniform.

2.2 Thermo-Physical Properties of Cooling Fluids

In this section, the common expressions adopted to determine the main key thermo-
physical properties of cooling fluids influencing the PV/T system behavior are
presented in Table 2.

3 Results and Discussion

3.1 Simulation Input Parameters

3.1.1 Effect of Volume Fraction on the PVT Performances

In this study, the thermal conductivity and heat capacity are analyzed in function of
volume fraction in order to evaluate the impact of different nanofluids on the electrical
and thermal behaviors of the PV/T system. Figure 3a and b show respectively the
variations of the specific heat capacity Cp,t/Cppr and of the thermal conductivity
At/ Mot as a function of the volume fraction of Cu/water and Al,O3/water.

From Fig. 3a, it can be seen that the thermal conductivity of the two studied
nanofluids varies linearly with the volume fraction and exhibits almost the same rate
of variation. When the volume fraction varies from 0 to 2%, the thermal conductivity
for Cu/water reaches 8.3%, while for Al,Oz/water does not exceed 7.9%. So as a
result, the thermal conductivity of the nanofluid increases as the nanoparticle volume
fraction increases, which leads to a better cooling capacity. It is worth noting that
adding nanoparticles to the base fluid in the tube enhances thermal conductivity and
thickens the boundary layer along the tube’s surfaces [9].
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Fig. 2 Hourly variation of solar radiation and ambient temperature
Table 2 Thermo-physical properties of cooling fluids
Nanofluid
Density (Kg/m®) [14] Puf = Pop + GPbf 9)
Heat capacity (J/Kg.K) Cpnf = Cpp + (1 — P)epor (10)
[14, 15] o =D an
poE= T o
Thermal conductivity knt = M . (12)
np-+2kpe+2 (kor—knp )
(W/m.K) [16]
Dynamic viscosity (Pa.s) ¢ < 0.05, pnr = (1 +2.5)p¢ (13) (14)
[1] 0.05<¢ <0.1,
0.05 < ¢ < 0.1, pns = (1 +2.5+6.5) ot
Nanofluid Nusselt number | Cu/Water [17]: (15)
[17, 18] Nuyr = (16)
0.0059(1 + 7.6280-6886pel001 ) R0 I238 pr0.
AlL,O3 [18]:
Nupr = 0.085 Re’71 P
Pure water
Dynamic viscosity (Pa.s) | pf = 2.70110719T2 — 1.84910~7T + 3.19910~> | (17)
[19,20]
4.4+(0.00398 (RevarerPruacer 22 ) ) Hee
Nusselt number [19, 20] Nuwater = — e (18)
1+(0<01 14(RewaterPrwaler % ))

Regarding the specific heat, it is clear from Fig. 3b that increasing the nanoparti-
cles volume fraction from O to 4% produces a significant decrease of both nanofluids
specific heat capacities; this is due to the low specific heat values of the nanopar-
ticles heat capacity. At 2% of volume fraction, the specific heat capacity Cp,e/Cppt
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Fig. 3 a Thermal conductivity, b heat capacity of nanofluid studied

decreased to 0.92% for the Al,Oz/water nanofluid and 0.84% for the Cu/water
nanofluid. As known, the specific heat is defined as the amount of energy required to
raise the temperature of a unit mass of a substance by one degree Kelvin. It is evident
from the definition and at the same condition that any substance with lower specific
heat must provide a higher temperature according to other fluids [21].

3.1.2 Effect of Mass Flow Rate on the PVT Performances

Figure 4a and b display the effect of the fluid mass flow rate on the electrical and
thermal performance of the PV/T system using Cu/water, Al,Oz/water, and pure
water. It is observed that the electrical efficiency increases slightly as the mass flow
rate rises, while thermal efficiencies increase rapidly with the mass flow rate rises
until a maximum value of 62.5, 55, and 50% for Cu/water, Al,Os/water, and pure
water, respectively, noted at a mass flow rate of 0.04 kg/s. After that, a slow increase
of the efficiencies is observed by increasing the mass flow rate. In what follows, the
mass flow rate value is taken as 0.04 kg/s.
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Fig. 4 Variation of a electrical efficiency, b thermal efficiency versus mass flow rate using pure
water, Al,O3/water, and Cu/water nanofluids
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3.2 PV/T System Performances

3.2.1 Electrical Performance

The electrical performances are calculated using the equations presented in [19].
The effect of the dispersing 2% of copper (Cu) and alumina (Al,O3) nanoparticles
in pure water on the electrical performance of the PVT module is shown in Fig. 5. In
particular, the variations of PV cell temperature (a), electrical efficiency (b), and elec-
trical power (c), for three fluids: pure water, Cu/water, and Al,O3/water are depicted.
According to Fig. 5a, at 13:00, the PV temperature of the PV/T panel reached the
values of 54.2 °C, 54.67 °C, and 56.57 °C for Cu/water nanofluid, Al,Os/water
nanofluid, and the pure water, respectively. According to this figure, it was noticed
that the use of nanofluids leads to the decrease of the PV cell temperature by 4% in
the case of Cu/water, and 3.3% in the case of Al,Os/water when compared with the
pure water.

The PV panel temperature using Cu/water is the lowest. Moreover, Cu/water has a
higher heat transfer coefficient than Al, O3/water. As aresult, dispersing nanoparticles
in the base fluid helps to increase the thermal conductivity of the substances that in
turn enforce the heat transfer between the PVT collector layers. A diminution in
PV temperature led to improve the PV electrical efficiency as proved in Fig. 5b.
As observed, the electrical efficiencies are inversely proportional to the PV cell
temperatures. As the PV temperature of the PV/T system increases, the electrical
efficiency gain decreases and reaches a minimum value at 13:00 of about 10.42%
and 10.39%, respectively, for Cu/water, Al,Os/water nanofluids, and 10.29% for
pure water. Higher electrical efficiency is demonstrated by both nanofluids cases.

As shown in Fig. 6, the use of nanofluids slightly improves the electrical produc-
tions of the PV/T system, by about 1% at 13:00 the maximum electrical power of the
PV/T reached 115.95 W, 115.66 W, and 114.53 W for Cu/water, Al,Oz/water, and
pure water, respectively. From an electrical viewpoint, the use of Cu/water nanofluids,
which has the higher thermal conductivity in comparison with the other investi-
gated cooling fluid, increases the heat transfer exchange in the PV/T system, and
consequently, improving the system’s electrical output.
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Fig. 5 Evolutions of PV temperature a electrical efficiency, b of PV/T systems
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3.2.2 Thermal Performance

In this section, the impact of nanofluids on the thermal performances has been exam-
ined in which are calculated utilized the formula reported in [22]. Figure 7a presents
the variation of the outlet temperature of the PVT system for the three working fluids:
pure water, Cu/water, and Al,Os/water nanofluids.

At 13:00, it was noted that the working fluid outlet temperature reaches the
higher value, (59.7 °C), for Cu/water nanofluid compared to the other working fluids,
Al,Os/water (57.5 °C) and pure water (55.7 °C). A difference of 3.9 °C was recorded
between Cu/water and pure water. This conclusion is in good agreement with the
fact that the specific heat of the nanofluid Cu/water decreases by 15% for the volume
fraction of 2% nanoparticles. Figure 6b depicts the thermal efficiency of the PV/T
system for the three studied cooling fluids. Cu/water and Al,Os/water nanofluids
significantly improve the thermal efficiency of the PV/T system. The thermal effi-
ciency reaches its maximum value of 63.9 and 55.7% for Cu/water and Al,O3/water,
respectively, against 49.58% in the case of pure water. As a result, an enhancement
of 26.9 and 10.3%, was obtained by adding copper and alumina in the base fluid
(water), respectively.
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Fig. 7 Evolutions of fluid outlet temperature (a) thermal efficiency (b) of PV/T systems
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The daily thermal power PV/T for the investigated fluids is illustrated in Fig. 8.

At 13:00, the thermal power reaches its maximum value of 737.01 W, 640.59 W,
and 580.61 W for Cu/water, Al,Os/water, and pure water, respectively. The use of
nanofluids allows to enhance the thermal performance of PV/T collector. Indeed, an
increase in thermal power of 26.9% for Cu/water and 10.3% for Al,Oz/water was
recorded. These results were noted against the use of pure water.

4 Conclusion

In this work, a numerical study of the PV/T system using different cooling fluids, e.g.,
Cu/water, Al,Os/water, and pure water was carried out. According to the simulation
results obtained, the following conclusions can be observed:

Compared to pure water, Cu/water and Al,Os/water nanofluids provide better
performance for the PVT system;

Using Cu/water and Al,Os/water nanofluid as cooling fluids with a mass flowrate
of 0.04 kg/s leads to reducing the PV temperature by 2.36 °C and 1.89 °C,
respectively;

The improvement of Cu/water and Al,Os/water nanofluids-based PV/T with 2%
of nanoparticles reached by 1.24% and by nearly 0.99% at 13:00, respectively;
The maximum electrical power produced by the PVT collector occurred at 13:00 is
115.95, 115.66, and 114.53 W for Cu/water, Al,O3/water, and water, respectively;
The nanofluid increases the thermal efficiency of the PV/T system by 26% for
Cu/water and by 10.33% for Al,Os/water;

The thermal performance of the Cu/water nanofluid-based PVT system was found
to be the highest compared to the Al,Os/water nanofluid-based PVT and the pure
water-based PV/T, which are 737.01 W, 640.59 W, and 580.61 W, respectively.
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