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Abstract
This work presents an experimental investigation on the use of CNT/Al

2
O

3
 hybrid nanoparticles in a Photovoltaic/ Thermal 

(PV/T) system to enhance the photovoltaic electrical efficiency by reducing the temperature of PV cell. An experimental com-
parison on thermal and electrical efficiency of PV panel with and without cooling is experimentally analyzed. Furthermore, 
instead of using a serpentine tube collector, a spiral tube collector is used to enhance the rate of heat transfer from the photo-
voltaic panel. From the experimental results it is found that the enhancement is observed in the average electrical efficiency 
with water and nanofluid in the spiral tube collector and found as 7.15 and 8.2% respectively, whereas, the standalone photo 
voltaic panel it is found as 6.2%. The efficient removal of heat from the collector increased the power production by 11.7 and 
21.4% using water and hybrid nanofluid in the PV/T system respectively, while compared to standalone PV system. Similarly, 
the overall PV/T efficiency using hybrid nanofluids in the spiral tube collector enhances by 27.3% than using water medium. 

Keywords PV/T · Electrical · Thermal · Enhancement

Abbreviations
PV/T   Photovoltaic/thermal
Cp   Specific heat capacity (kJ/kg K)
Tout   Exit temperature ( oC)
Tin  Inlet temperature ( oC)
m f   Mass flow rate (kg/s)
V  Voltage (Volt)
I  Current (Ampere)
I(t)  Solar intensity (W/m2)

Ac  Collector area (m2)
Qu  Useful energy (Watts)

Introduction

Nanoparticles in fluids are attracted by various thermal 
application due to its higher thermal conductivity and 
increased specific surface area with the volume of fluid as 
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compared to base fluids. The commonly used fluid medium 
in thermal applications are water, deionized water, thermal 
oil, ethylene glycol mixture. Thermal applications include 
heat exchangers, heat pipes, solar collectors, automobile 
radiators, distillation units etc. Nanofluids appears to be 
a better solution in improving the thermal performance of 
thermal applications. Even though several nanoparticles are 
widely used in thermal equipment’s, its stability and life 
cycle assessment is still debatable. Literature’s are mainly 
focused on enhancing the thermal and electrical efficiency 
of PV/T system using experimental and numerical approach 
by various researchers. Either an external cooling or inter-
nal cooling using natural and forced circulation methods are 
developed to enhance the performance of photovoltaic panel 
(Hasan and Sumathy (2010), Charalambous et al. (2007), 
Zhang et al. (2012), Moradi et al. (2013), Good (2016), Yang 
et al. (2019), Chowdhury et al. (2019)).

Experimental investigation on PV/T system using SiO2

particle in a weight concentration of 1 and 3 % to improve 
electrical and thermal efficiency was carried out by Sard-
arabadi et al. (2014). Results showed that SiO2 nanoparti-
cle enhanced thermal efficiency of PV/T collector 12.8% 
of total efficiency by 7.9% using 3% SiO2 nanoparticles. 
Hussien et al. (2015) used Al2O3 nanoparticle with a mini-
mum concentration of 0.5% under forced circulation mode 
in PV/T system in an indoor environment. Results showed 
that the panel temperature using nanofluid was lower while 
compared to water. With a possible decrease in the panel 
temperature, the electrical and thermal efficiency increased 
to 12–34%, respectively.

Indoor experiments on a PV/T system using Ferric oxide 
nanoparticle was carried out by Ghadiri et al. (2015a) using 
water as base fluid. By limiting the concentration of nan-
oparticle to 3%. A magnetic field of 50 Hz was applied. 
Numerical and experimental investigations on a PV/T col-
lector using Multi-Walled Carbon Nano Tubes (MWCNT) 
was carried out by Fayaz et al. (2018). The numerical results 
are validated over in an Indoor experimental environment. 
Indoor experiments was conducted in a solar simulator 
under a constant heat flux of 1000w/m2 and a flow rate of 
up to 120 l/h. Results showed that the temperature of the 
PV panel is reduced by 0.72 o C with an increased rate of 
flow by the nanofluids. Also, it was found that there was a 
thermal energy storage enhancement using nanoparticles in 
the concentration of 0.75% with base fluid.

Cooling of PV panels using Metal oxide nanoparticles 
(Al2O3 , TiO2 ) was experimentally investigated by Ebaid 
et al. (2018). The flow rates of fluid and the nanoparticle 
concentration with fluid were limited to 5 l/min and 0.1%, 
respectively. They concluded that TiO2 nanofluids are more 
superior to the improvement of thermal efficiency and elec-
trical efficiency due to higher thermal conductivity and 
lower density. Energy and exergy analysis using silver/water 

nanofluids on PV/T system was experimentally studied by 
Aberoumand et al. (2018). Their study showed that the 
energy and exergy significantly improved using nanofluids 
on comparing the PV/T system over stand-alone PV system. 
The exergy improved by 50% using nanofluids. Based on 
the environmental benefit and savings over exergy on direct 
utilization of nanoparticles in solar PV/T absorption system, 
a theoretical model was developed by Hassani et al. (2016). 
They concluded that the annual exergy estimated using 
nanofluids was 1.3 MWh/m2 as low-grade energy source. 
Similarly, the annual CO2equivalence/m2 was reduced by 
up to 448 kg. It was also concluded that using a small area 
based on PV/T system produces more energy compared to 
stand-alone PV system.

Jia et al. (2020) used the numerical and experimental 
approach on a solar PV/T collector using Al2O3and TiO2 
metal oxide-based nanoparticles in water fluid. A detailed 
parametric study on various operating conditions such as 
flow rate, particle diameter, the concentration of nanopar-
ticles, and tube diameter on electrical efficiency, thermal 
power, and PV panel temperature were studied. It was 
concluded that Alumina water nanofluids exhibited supe-
rior thermal behavior compared to Titanium Oxide/water 
nanofluids. Higher particle loading increased thermal and 
electrical performance. Similarly, the thermal and electri-
cal performance improved with decreased tube diameters. 
The results of PV panel temperature and power output (ther-
mal) showed that the rate of heat extraction from the panel 
and heat gained by the nanofluids in the PV/T system was 
improved by 17.1% on higher flow rates (m f=0.03 kg/s). 
The utilization of low concentration MWCNT nanoparticles 
in PV/T solar collector was experimentally investigated by 
Abdallah et al. (2019). The experimental results revealed 
that on higher particle loading, the average temperature of 
the panel was reduced up to 10.3% and an improvement of 
about 61.2% in the overall system efficiency.

Rahmanian and Hamzavi (2020) carried out experiments 
on PV/T system using CNT/water nanofluids using three 
different PV/T configurations to study the effect of pumping 
power. The volume concentration of CNT nanoparticle in the 
fluid was limited to 0.1%, while the flow rate of nanofluid 
was varied from 25 to 440 L/hr. Their experiments revealed 
that the optimal mass flow rate of nanofluid in the thermal 
collector was 100 L/h, and after that, the performances (elec-
trical and thermal) decreases. Also, it was concluded that the 
non-continuous operation of the pump reduced the power 
consumption to 50%. The optimization of various operating 
parameters that influence the performance of PV/T collector 
using the Taguchi method was carried out by Hosseinzadeh 
et al. (2018). It was concluded that the fluid inlet tempera-
ture has more considerable influence over efficiency and 
is influenced by other operating parameters. Even though 
the titanium oxide nanoparticles possesses higher thermal 
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conductivity, aluminium oxide nanoparticles are used in the 
present study while the Al2O3 nanoparticles are hydropho-
bic whereas, the TiO2 nanoparticles were hydrophilic which 
makes the synthesis of hybrid CNT/TiO2 nanoparticle. Also, 
Al2O3 nanoparticles eventually mix with the CNT nanoparti-
cle which improves the thermal conductivity even with lower 
sonication time (Devarajan et al. (2018)).

From the extensive literature, it is found that the use of 
CNT nanoparticle was limited to less than 1% s there is 
a greater possibility of increased pumping power. In this 
study, a similar low density, higher thermal conductivity 
metal oxide nanoparticle combined with CNT nanoparticle 
in the binary ratio of 50:50, and its impact on PV/T collec-
tor is experimentally analyzed. In the present experimental 
investigation, the effect of hybrid nanofluids (CNT/Al2O3 ) 
on electrical performance, thermal performance, overall 
thermal and electrical efficiency, power produced from the 
PV integrated thermal system is experimentally analyzed. 
Furthermore, a comparative analysis of the PV/T collector-
based system using water as a working medium and a stan-
dalone PV system without any cooling is carried out Table 1.

Preparation of nanofluids

The procedure for preparing the nanofluid is shown in 
Fig. 1. The Al2O3 and carbon nanotubes (CNT’s) are pur-
chased from Sigma-Aldrich, USA with a purity level of 
99.9 %. The procured nanoparticles are initially tested for 
its diameter using scanning electron microscope (SEM). The 
properties of nanoparticle used in the present experimental 
investigation is tabulated in Table 2. The scanning electron 
microscope image of CNT, CNT/Al2O3 mixture is shown in 
Fig. 2. In the binary mixture ratio of 50:50 the Al2O3 and 
carbon nanotubes (CNT’s) are weighed and the moisture 
content available in the particles are removed by keeping 
the nanoparticles in the oven for 1 hr. The base fluid used 
in the present study is deionized water (DI-water) and the 
nanoparticles are added to the fluid in weight concentration. 
Using a standard electronic balance the nanoparticle in the 
concentration of 0.1, 0.5 and 2% are weighed and dispersed 
in the base fluid. A probe type ultrasonicator is used to attain 
excellent stability of particle and to attain homogeneous 
mixture in the aqueous solution. From the physical exami-
nation carried out, it was found that the optimum concentra-
tion of hybrid nanoparticles is 2% with the base fluid as the 
sedimentation occurs beyond 2% weight concentration and 
the particles are unstable in the aqueous solution. The par-
ticle is dispersed in the base fluid is set in the ultrasonicator 
for 2 hours. The thermo-physical properties such as thermal 
conductivity, viscosity and density are measured. The KD2 
pro thermal analyzer is used to measure the thermal conduc-
tivity, while the viscosity of the nanofluid is measured using 

Brookfield viscometer. Similarly, the properties of nanoflu-
ids for 0.1, 0.5 and 2% is tabulated in Table 3. The variation 
in thermal conductivity, viscosity, and zeta potential of dif-
ferent ratio in Al2O3 and CNT nanoparticle in base fluid is 
tabulated in Table 4. It is seen that on increased proportion 
of Al2O3 and CNT nanoparticle in base fluid, the thermal 
conductivity and viscosity increases while the zeta poten-
tial of the prepared nanoparticle decreases. And beyond the 
concentration of 2% of nanoparticles in the base fluid, the 
sedimentation of nanoparticles were observed.

Experimental setup and procedure

The graphical representation on the experimental test rig 
with photo voltaic panel and the position of instruments to 
measure the parameters are shown in Fig. 3. The area of the 
photovoltaic panel is 1 m 2 , and beneath the photo voltaic 
panel copper tubes in spiral arrangement is made to extract 
the heat from the panel absorber plate. Mono-crystalline 
PV panel with a power rating of 150 Watts is purchased 
and the spiral tube arrangement is fixed at the bottom. The 
copper tube is made with a standard diameter and length of 
12.5 mm and 2.5 m respectively. The consecutive distance 
between each windings made in the spiral tube arrangement 
is around 30 mm. For a comparative analysis a similar PV 
panel without the thermal collector arrangement is used for 
testing purpose. A 12 V DC powered pump is used to pump 
the fluid through the collector while one end of the tube is 
connected to the flow measuring device and the other end 
of tube from the collector is connected to the heat exchange 
unit. As the amount of heat collected by the fluid medium is 
higher at the exit, it can be utilized for domestic purposes. 
The low temperature fluid from the heat exchanger is taken 
into the storage tank and circulated again into the PV/T col-
lector. The storage tank is well insulated to avoid the loss 
and gain of heat. The measurements of temperatures such 
as panel, inlet, exit temperatures are measured with RTD 
sensors. Radiation from the sun, wind speed are measured 
using TES132 solar power meter and vane type anemometer 
respectively. DC electric load is provided and the voltage 
and current are measured using a calibrated voltmeter and 
ammeter respectively.

Results and discussion

The performance of the solar energy applications var-
ies with respect to the azimuth angles and environmental 
parameters of geographical location. The performance of 
the PV system is mainly influenced by the raise in the 
surface temperature of the module due to the incident 
solar radiation. The active method is adopted to reduce 
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the surface temperature of the PV system by water is flown 
behind the module using spiral flow water collector. The 
heat transfer enhancement of the PV module with and 
without nanofluids coolant and water-cooling medium is 
analyzed. The performance of the three prototype is com-
pared and reported in the subsequent section.

Variation in thermal performance on PV/T system

The rise in the temperature of the PV module affects the 
performance of the module due to the negative temperature 
coefficient of the power. The hourly variation of the surface 
temperature of the PV module is analyzed.

Table 1  Different nanofluids

S. no. Literature Name of the nanofluid Concentrations Thermal conductivity
(W/m K)

1 Karami and Rahimi (2014b) Boehmite (AlOOH_xH
2
O) 0.01, 0.1 and 0.5 wt.% –

2 Karami and Rahimi (2014a) Boehmite (AlOOH ⋅xH
2
O) 0.01, 0.1 and 0.3 wt.% –

3 Sardarabadi et al. (2014) silica (SiO
2
) 1% and 3% wt% –

4 Sardarabadi and Passandideh-Fard 
(2016)

Aluminum-oxide (Al
2
O

3
 ), Titanium-

oxide (TiO
2
 ) Zinc-oxide (ZnO)

0.2% –

5 Sardarabadi et al. (2017) Zinc-oxide (ZnO) 0.2% –
6 Al-Shamani et al. (2016) Silicon dioxide (SiO

2
),

Titanium-oxide (TiO
2
)

Silicon carbide (SiC)

0.05, 0.1 and 0.2 wt.% –

7 An (2016a) oleylamine solution of Cu9S5 nano-
particle

0.01% 0.178

8 An (2016b) polypyrrole nanofluid 0.001% 0.5931
9 Khanjari et al. (2016) Ag-water nanofluid Alumina-water 

nanofluid
– 0.752

0.694
10 Radwan et al. (2016) Aluminum Oxide (Al

2
O

3
 ) Silicon 

Carbide (SiC)
– 0.58

0.626
11 Saroha (2015) Gold (Au) nanoparticles

Silver (Ag) nanoparticles
0.01 %
0.02 %

–

12 Abdallah et al. (2019) Multi Walls Carbon Nano Tubes 
“MWCNT”

(0 - 0.3%) –

13 Al-Waeli et al. (2017) Aluminum-oxide (Al
2
O

3
)

CuO
Silicon Carbide (SiC)

0.5, 1.0, 2, 3 and 4) –

14 Al-Waeli and Ali (2017) SiC nanoparticles – 0.63–0.65
15 Al-Waeli and Ali (2018a) SiC 0.1

0.4
0.625–0.690
0.661 to 0.731

16 Al-Waeli and Ali (2019b) SiC (0.1, 0.5, 1, 2, 3%)
17 Al-Waeli and Ali (2019a), Al-Waeli and 

Ali (2019c, (2018b)
nano-silicon carbide 3 wt% 0.61

18 Hjerrild et al. (2018) Core-shell Ag-SiO
2

–
19 Du et al. (2019) plasmonic nanofluids (TiO

2
/Ag) 0.002% –

20 Cui and Zhu (2012) MgO 0.02%wt, 0.06% wt, 0.1%wt –
21 Chandrasekar et al. (2010) Al

2
O

3
0.33–5% 0.585–0.621

22 Xu and Kleinstreuer (2014) Al
2
O

3
0.02–1% –

23 Ghadiri et al. (2015b) Nano ferrofluids (Fe
3
O

4
) 1% and 3% –

24 Michael and Iniyan (2015) CuO 0.05% 0.722
25 Said (2015) TiO

2
0.1% and 0.3% 0.6–0.8

26 Lelea (2015) Al
2
O

3
1, 3 and 5% –

27 Noghrehabadi et al. (2016) SiO
2

0.1%
28 Rejeb et al. (2016) Al

2
O

3
 and Cu 0.1, 0.2 and 0.4 wt.% 0.96-1

0.97-1
29 Soltani et al. (2017) SiO

2
 and Fe

3
O

4
– –

30 Hasan et al. (2017) SiC, TiO
2
 , and SiO

2
0.1% –
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The variations in PV panel temperature with nanofluid 
cooling, with water cooling and without cooling standalone 
PV system is shown in Fig. 4. An increased trend on the 
panel temperature is observed as the variations in solar 
intensity falls on the PV panel surface. It can be observed 
that the rate of heat gained from the panel to the tube col-
lector reduced the rate of temperature rise in the panel sur-
face and the temperature of panel is almost equivalent to 
the atmospheric temperature using hybrid nanofluids with 
higher thermal conductivity fluid, there is a reduction in the 
panel temperature to about 15% is observed as compared to 
water as cooling medium. Also, the entire PV panel heat is 
absorbed by the spiral tube collector. The peak temperature 
of the panel recorded using standalone PV, PV/T with water 
and PV/T with hybrid nanofluids are found as 57, 35 and 
30 o C respectively. While, the average surface temperature 
of PV, PV/T with water and PV/T with hybrid nanofluids 
cooling system is 42.58o C, 31 o C and 28.7 o C respectively.

The incident solar radiation on the surface of the PV 
module is plotted in the Fig. 5(a–b). The solar radiation 
starts gradually increases from the morning hours, reaches 

maximum during noon hours and decreases. The peak 
incident solar radiation is 1091 W/m2 obtained during the 
13.00 hrs. It lies in the range of 120–1091 W/m2 during 
summer.

On an increased solar intensity falling on the PV panel, 
the temperature of panel increases. On flowing fluid inside 
the spiral tube kept beneath the PV panel, the heat is 
extracted for reduced panel temperature which simultane-
ously increase the electrical and thermal efficiency. The use-
ful energy absorbed by the thermal collector is calculated 
using Eq. (1). Similarly, the thermal efficiency of thermal 
collector is calculated using Eq. (2) which is the ratio of 
amount of useful energy absorbed and solar intensity fall-
ing on the panel and collector. The variations of fluid exit 
temperature and inlet temperature with respect to time using 
water and hybrid nanofluids is shown in Fig. 5. The maxi-
mum temperature at the exit of collector is found as 53 and 
47 o C using hybrid nanofluids and water respectively during 
the peak solar intensity, while the peak temperature differ-
ence between exit and inlet of the collector is found as 22 
and 16 o C for the PV/T system with hybrid nanofluids and 
water respectively.

On using water fluid medium inside the spiral tube col-
lector, the temperature difference is minimum, whereas, 
the use of hybrid nanoparticles with the fluid improved the 
temperature difference as the relative thermal conductiv-
ity of base fluid improved by a higher thermal conductiv-
ity nanoparticle. The variations in thermal efficiency of 
the spiral tube collector in photovoltaic system is plot-
ted in Fig. 6. The thermal efficiency of collector is higher 
using hybrid nanofluids and the maximum diurnal thermal 
efficiency is found as 30.4% while the thermal efficiency 
using water in the collector tube is found as 29.3%. On 

Fig. 1  Procedure for preparing 
nanofluid

Table 2  Properties of nanoparticle

S. no. Property CNT Al
2
O

3

1 Shape Cylindrical Spherical
2 Specific heat capacity (J/kgK) 9245 854
3 Thermal conductivity (W/mK) 3000 38.4
4 SSA (m2/g) 210 132
5 Color Black White
6 Density (kg/m3) 2145 3900
7 Purity (%) 99.9 99.9
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an average, the thermal efficiency of the collector using 
hybrid nanofluids and water are found as 26.5 and 18% 
respectively.

The amount useful energy extracted from the PV panel 
using the spiral tube collector is estimated as,

Similarly, the thermal efficiency of the spiral tube collector 
in the PV system is estimated as,

(1)Useful energy, Qu = m × Cp × (Tout − Tin)

Variation in electrical performance on PV and PV/T 
system

The electrical performance of PV and PV/T system are 
majorly influenced by the temperature of panel, fluid 
medium and solar intensity. Figs.  7 and 8shows the vari-
ations in open circuit voltage and short circuit current of 
the PV and PV/T system is plotted. It is inferred from the 
Fig. 6 that the open circuit voltage is higher for the PV/T 
system compare to the PV system. Due to the reduction in 
the surface temperature by the introduction of the cooling 
medium in the spiral flow collector in the PV/T system. The 
improvement in voltage of PV/T system using hybrid nano-
fluids and water is found as 26 and 22% respectively. In the 
Fig. 8 inferred that the rise in surface temperature of the 
module increases the short circuit current due to the flow of 
the internal charge carrier recombination and the negative 
temperature coefficient of power. The PV short circuit cur-
rent is higher than the PV/T system is observed during the 
afternoon hours due to increase in the surface temperature. 
The effect of the rise temperature is shown in the open cir-
cuit voltage and short circuit current of the PV module is 
shown in the Figs. 7 and 8.

The electrical power output from the photovoltaic panel 
is estimated as,

The electrical efficiency of photovoltaic panel based on 
the panel temperature and manufacturers data is mathemati-
cally expressed as Evans (1981),

The electrical power output and efficiency of the PV 
and PV/T system is calculated using Eq. (3) and Eq. (4), 
respectively.

The power produced from PV and PV/T system is cal-
culated using Eq. (3). Figure 9 shows the variations in 
power produced from PV and PV/T system using hybrid 
nanofluid and water in the solar thermal collector. On aver-
age, power produced from PV, PV/T with water and PV/T 
with hybrid nanofluids is found as 96, 108 and 118 Watts 
respectively. Similarly, the improvement in power produc-
tion from PV/T system using hybrid nanofluids and water 
are found as 17.7and 10.38 % respectively. The daily power 
production of the PV, PV/T with nano fluids and PV/T with 
water is found to be 1163 W, 1415W and 1298 Watts corre-
spondingly. The variations in electrical efficiency produced 
using thermal collector nanofluid and water based system is 

(2)Thermal efficiency, �thermal =
Qu

I(t) × Ac

× 100%

(3)Power output = V × I

(4)
Electrical efficiency, �electrical = �ref

[

1 − �ref
(

Tp − Tref
)]

Fig. 2  SEM image of (a) CNT, and (b) CNT/Al
2
O

3
nanoparticles
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plotted in Fig. 10. It can be clearly seen that the electrical 
efficiency produced using hybrid nanofluids is higher while 
compared to that of water based and standalone PV system 
without cooling.

Figure 11 shows the effect of PV/T operating temperature 
on power production and electrical efficiency of the PV/T 
system without cooling, with water cooling and with CNT/ 
Al2O3 cooling. From the graph it is evidence that operating 
temperature of the PV/T system is inversely proportional to 
the PV/T system power production and electrical efficiency. 
The peak operating temperature, power production and elec-
trical efficiency of the PV/T system without cooling is 57 ◦ C, 

Fig. 3  Graphical representation 
on experimental test rig

Table 3  Properties of nanofluids at different concentration

S. no. Concentration 
(%)

Thermal conductivity 
(W/mK)

Vis-
cosity 
(mPa.s)

1 0.1 0.72 1.27
2 0.5 0.79 1.58
3 2 0.84 1.89

Table 4  Variation in thermal 
conductivity, viscosity and zeta 
potential of different ratio in Al

2

O
3
 and CNT nanoparticle on 

base fluid

S. no. Concentra-
tion (%)

CNT composi-
tion (%)

Al
2
O

3
 compo-

sition (%)
Thermal conduc-
tivity (W/m2)

Viscosity 
(mPas)

Zeta 
potential 
( �/mV)

1 0.1 10 90 0.62 1.19 − 27.3
20 80 0.67 1.21 − 25.2
30 70 0.68 1.25 − 20.5
40 60 0.69 1.26 − 17.8
50 50 0.72 1.27 − 15.2

2 0.5 10 90 0.75 1.32 − 14.8
20 80 0.76 1.38 − 13.5
30 70 0.78 1.41 − 13.2
40 60 0.78 1.45 − 12.9
50 50 0.79 1.58 − 12.5

3 2 10 90 0.80 1.63 − 11.2
20 80 0.81 1.68 − 10.8
30 70 0.82 1.72 − 10.5
40 60 0.83 1.75 − 10.3
50 50 0.84 1.89 − 10.2
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141.7 watts and 16.6%, respectively. Similarly, peak operating 
temperature, power production and electrical efficiency of the 
PV/T system with water cooling is 35 ◦ C, 176.8 watts and 
17.8%, respectively and peak operating temperature, power 
production and electrical efficiency of the PV/T system with 
Al2O3 cooling is 30 ◦ C, 192.8 watts and 18.49%, respectively. 
The daily average operating temperature, daily average power 
production and daily average electrical efficiency of the PV/T 
system without cooling is 42.6 ◦ C, 96.9 watts and 14.8%, 
respectively. Similarly, daily average operating temperature, 
daily average power production and daily average electrical 

Fig. 4  Variations in panel temperature from PV and PV/T system 
with respect to time

Fig. 5  Variations in solar intensity, fluid temperature (inlet and exit) 
and ambient temperature with respect to time

Fig. 6  Variations in thermal efficiency PV/T system with respect to 
time

Fig. 7  Variations in voltage from PV and PV/T system with respect 
to time
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efficiency of the PV/T system with water cooling is 31 ◦ C, 
108.2 watts and 16.05%, respectively and daily average oper-
ating temperature, daily average power production and daily 
average electrical efficiency of the PV/T system with CNT/Al2
O3 cooling is 29 ◦ C, 117.96 watts and 17.21%, respectively. 
During peak solar intensity hours, operating temperature of 
the PV/T system with water cooling and PV/T system with 
CNT/ Al2O3cooling is 22 and 27 ◦ C less than as compared to 
the PV/T system without cooling. Whereas, power production 
from the PV/T system with water cooling and PV/T system 

with CNT/Al2O3cooling is 15.61 and 35.24 watts higher than 
compared to the PV/T system with water cooling and without 
cooling. Similarly, electrical efficiency of PV/T system with 
water cooling and PV/T system with CNT/Al2O3cooling is 
0.54 and 1.3% watts higher than compared to the PV/T sys-
tem without cooling. From the detailed analysis on the effect 
of operating temperature of the PV/T system it is concluded 
that performance of the PV/T system mainly depends on solar 
intensity as well as the PV/T system operating temperature. 
The daily average PV panel temperature, PV thermal efficiency 
and electrical efficiency on two different days of the experi-
ments for different combinations of PV panel is tabulated in 
Table 5. It is observed that the average PV panel temperature, 
thermal and electrical efficiency were almost equal for two 
different average solar intensity and ambient temperature. On 
using hybrid nanofluids in the PV panel, the thermal efficiency 
of the system is improved to about 27.23% than using water 
as cooling medium. Similarly, the average improvement in the 
electrical efficiency is observed as 14% and 6.74% than stan-
dalone PV panel and PV/T system with water cooling.

Variation in Overall efficiency on PV/T system

The overall efficiency of PV/T is the summation of electrical 
efficiency of the PV system and thermal efficiency of thermal 
collector and the overall thermal efficiency of PV/T system is 
calculated using Eq. (5).

The overall efficiency of PV/T is estimated as,

(5)�overallefficiency = �electricalefficiency + �thermalefficiency

Fig. 8  Variations in current from PV and PV/T system with respect 
to time

Fig. 9  Variations in power output from PV and PV/T system with 
respect to time

Fig. 10  Variations in electrical efficiency from PV and PV/T system 
with respect to time
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Conclusions

An experimental investigation is carried out on a PV/T sys-
tem using CNT/Al2O3 nanoparticle in water base fluid to 
enhance the electrical performance and compared with PV/T 
system with water as cooling medium and standalone photo-
voltaic system. The following conclusions are derived from 
use of hybrid nanofluids and water fluid in PV/T system and 
as follows:-

– The electrical efficiency of the PV/T system is higher 
using hybrid nanofluids while compared to that of water 
and standalone photovoltaic system. The average electri-
cal efficiency is higher to about 16 and 17.2% using water 
and hybrid nanofluids respectively. The average electrical 
efficiency of standalone PV system is found as 14.8%.

– The removal of heat from the photovoltaic panel using 
hybrid nanofluids and water increased the rate of power 
production by 17.7 and 10.38% respectively compared to 
standalone PV system.

– The temperature of panel using hybrid nanoparticle 
is lowered and equal to the ambient temperature for 
enhanced electrical efficiency.

– The overall efficiency of PV/T system using hybrid nano 
particle with water is higher than compared to water fluid 
and the enhancement in overall thermal efficiency of 
about 27.3% using hybrid nanofluids.
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