
Citation: Singh, S.; Singh, R.K.;

Kumar, A.; Kumar, V.; Tiwari, G.N.

Recovered Reverse-Osmosis Water

and MgO Nanoparticles for

Improved Performance of Solar PV/T

Systems. Water 2023, 15, 2445.

https://doi.org/10.3390/

w15132445

Academic Editor: Constantinos

V. Chrysikopoulos

Received: 15 May 2023

Revised: 21 June 2023

Accepted: 25 June 2023

Published: 3 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

water

Article

Recovered Reverse-Osmosis Water and MgO Nanoparticles for
Improved Performance of Solar PV/T Systems
Shweta Singh 1,* , Rakesh Kumar Singh 1, Anil Kumar 2 , Virendra Kumar 3 and Gopal Nath Tiwari 4

1 Department of Electronics Engineering, Kamla Nehru Institute of Technology, Sultanpur 228118, India;
rakesh@knit.ac.in

2 Department of Mechanical Engineering, Kamla Nehru Institute of Technology, Sultanpur 228118, India;
anilk@knit.ac.in

3 Department of Mechanical Engineering, Harcourt Butler Technical University, Kanpur 208002, India;
virendra.k@hbtu.ac.in

4 Bag Energy Research Society, Varanasi 221005, India
* Correspondence: shwetaknit.ec@gmail.com

Abstract: Domestic RO systems are commonly installed in households for water purification and
treatment, typically for drinking water purposes. While RO systems effectively remove impurities,
such as dissolved salts, minerals, and contaminants from tap water, they produce a concentrated waste
stream known as RO reject. This reject water contains the contaminants that were removed during
the RO filtration process. This RO reject can be effectively utilized in other domestic, agricultural, and
industrial applications. In this study, the performance of a photovoltaic/thermal (PV/T) system was
experimentally examined by employing RO reject and MgO/water-based nano-fluid. Two 165 W
polycrystalline solar PV modules were used to compare the performance of a PV/T and a PV module.
The performance of the solar PV module was assessed in terms of cell temperature and electrical
efficiency using a water- and MgO/water-based PV/T system. Furthermore, the thermal and overall
efficiency of the PV/T module was also compared using different base fluids. The effect of the working
fluid flow rate (3 LPM, 6 LPM, 9 LPM, and 12 LPM) and variations in the concentrations (0.10 wt.%,
0.15 wt.%, and 0.20 wt.%) of MgO nanoparticles were examined to evaluate the improvement in the
performance of the PV/T system. The results indicate that the PV/T system’s cell temperature was
significantly reduced, and its electrical, thermal, and overall efficiency increased with an increased
flow rate. The optimum concentration of nanoparticles and flow rate were determined to be 0.15 wt.%
and 12 LPM, respectively. The findings suggest that MgO/water-based nano-fluids have the potential
to enhance the performance of PV/T systems, and this study provides valuable insights for their
practical implementation.

Keywords: solar energy; PV/T collectors; nano-fluids; electrical efficiency; thermal efficiency

1. Introduction

The importance of renewable energy for global sustainability cannot be overstated. As
the demand for electricity production continues to rise worldwide, it is imperative to seek
sustainable solutions. Solar technology presents an ideal solution as it is a clean, abundant,
and freely available energy source. The photovoltaic properties of semiconductors enable
the easy harvesting of solar energy, which can then be transformed into several forms of
energy, such as thermal, electrical, and chemical energy. Solar cells in the form of semicon-
ductors absorb photons from the sun and convert them into electricity, thus providing a
reliable and sustainable power source. Investing in solar technology mitigates negative
environmental impacts and offers significant economic benefits by reducing dependency
on non-renewable energy sources. Therefore, it is crucial to prioritize the development and
adoption of solar technology in the global energy mix to promote a sustainable future for
generations to come. Secondary-treated urban reject and reject from reverse osmosis (RO)
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systems may be used for irrigation purposes [1]. It has been shown that using RO reject for
irrigation can produce higher yields than those obtained using freshwater irrigation [2].
Many studies have already concluded that RO reject could be safely and effectively used
for irrigation purposes, thus providing a sustainable solution for reject management and
water conservation in arid regions [3]. In the current study, the authors have used RO
reject to cool solar panels and improve their performance. There are certain limitations
to the use of domestic RO reject due to its composition, and these must be considered.
Potential applications of domestic RO reject include non-potable uses such as irrigating
plants, flushing toilets, or washing cars [4]. It is important to note that the suitability of
domestic RO reject for reuse may vary based on the specific characteristics of the reject,
local regulations, and the intended application.

A PV module’s electrical efficiency drops by 0.5% with each increase of 1 ◦C in the
module’s temperature above 25 ◦C [5]. Different substances are employed to cool down
PV modules, such as water, air, phase change material (PCM), and nanoparticles, which
transfer heat from the PV panel. However, thermal energy can also be collected for other
purposes, such as space and water heating. Dubey and Tiwari [6] analyzed the thermal
energy, electrical energy, and exergy of a PV/T/Water system by changing the shape and
size of the collectors (sheets and tubes). They concluded that partially sheltered PV cells are
advantageous for those customers who want hot water production as their first choice and
electrical generation first choice using fully covered PV cells. Huang et al. [7] examined
the effect of phase change materials on the cooling of a PV/T system and concluded that
convection and crystalline isolation impacted heat transfer efficiency. Yousefi et al. [8]
studied the effect of Al2O3/water-based nano-fluid on flat-plate solar collectors and found
that at a concentration of 0.2 wt.%, the efficiency increased by 28.3%, which was greater
than the efficiency obtained at a 0.4 wt.% concentration.

Hussain et al. [9] investigated the thermal efficiency of a PV/T model using a nano-fluid
made of Al2O3–water with a concentration of 0.3 wt.% at a flow rate of 0.2 L/s. The
experiment reduced the cell temperature to 42.2 ◦C, which led to a 12.1% improvement in
the efficiency of the solar panel. Another investigation was conducted by Hasar et al. [10],
who compared the behavior of PV modules using different materials in various climate
conditions. They used CaCl2 6H2O (salt hydrate) and capric acid–palmitic acid and found
that the salt hydrate maintained a lower PV cell temperature than the capric–palmitic acid
in both tested sites (Dublin and Velari).

Ghadiri et al. [11] evaluated the effect of ferrofluids as coolants and found that at
a 3 wt.% concentration, the system’s overall performance improved by 45% and that it
increased by up to 50% compared with distilled water when a 50 Hz alternating magnetic
field was applied. AL-Shamani et al. [12] attempted to cool a PVT system using a rectangu-
lar nanotube as an absorber and evaluated the performance of the system with different
nano-fluids, such as SiO2, TiO2, and SiC. They found that the PVT–SiC system showed the
best result with 13.52% electrical efficiency and 81.73% overall efficiency at 1000 W/m2 and
a flow rate of 0.17 kg/s.

Yazdanifard et al. [13] conducted a simple numerical simulation for a water-based PVT
model. He proposed and found an optimum value for the number of pipes and the mass
flow rate that would maximize energy efficiency. M. Sardarabadi et al. [14] examined the
effect of using nano-oxide/water-based nano-fluid as a coolant with TiO2, ZnO, and Al2O3
at 0.2 wt.%. They found that ZnO/water- and TiO2/water-based nano-fluids improve
electrical efficiency compared to Al2O3/water-based nano-fluid and deionized water, both
numerically and experimentally. Ghaderian [15] attempted to increase the efficiency of the
evacuated tube solar collector and obtained a maximum efficiency of 57.63% with 0.06 vol%
Al2O3 nano-fluid at a 60 LPH mass flow rate. Hierrild et al. [16] evaluated the effect of
using a nano-fluid composed of suspended core-shell Ag-SiO2 nanodiscs and CNTs in
water as an optical filter on the performance of a hybrid PV/T system and found that it
increased the combined efficiency by 30% compared with the base fluid.
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Al-Waeli et al. [17] evaluated the performance of the PVT system by cooling it using
SiC nanoparticles and found that the electrical efficiency improved by up to 24.1% when
using 3 wt.% SiC nano-fluid compared to traditional solar PV systems. At the same
time, the thermal and overall efficiency of the PVT system increased to 100.19% and
88.9%, respectively, compared to water as a base fluid. Soltoni et al. [18] investigated
five different cooling methods and found that using SiO2/water produced the highest
power and efficiency compared to natural cooling, water cooling, forced cooling, and
Fe3O4/water. Hasan et al. [19] experimented and gained the highest electrical, thermal, and
total efficiencies of 13%, 85%, and 98%, respectively, using a SiC/water nano-fluid at a flow
rate of 0.167 kg/s, compared to using TiO2 and SiO2 nanoparticles. Sardarbadi et al. [20]
conducted an experiment on a PVT system using a ZnO/water nano-fluid and phase
change material (PCM), and they concluded that this system showed an average increase
in electrical and thermal efficiency of about 5% and 9% respectively as compared to a
conventional PV module. Al-Waeli et al. [21] investigated using nano-fluid and nano-PCM
to improve the efficiency of PVT, resulting in an enhancement in efficiency by 6% and a
thermal efficiency of 72%.

Nasrin et al. [22] experimented and did numerical research on an MWCNT/water-
based cooling system of PVT and found a 9.2% enhancement in PV performance compared
to water as a base fluid. The enhancement in thermal performance was recorded as 3.67%
and 4% in experimental and numerical studies, respectively, using nano-fluid. The overall
numerical and experimental efficiency are 89 and 87%, respectively. Rostami et al. [23]
presented an experiment on atomized CuO nano-fluid for enhancing the cooling perfor-
mance of the PV system, and the result shows that the average cell temperature decreased
up to 57% and maximum power increased up to 51% from a conventional PV system.
Fayaz et al. [24] investigated the effect of nano-fluid flow rate by analyzing the energy and
exergy on the PV/T system, which resulted in the cell temperature reduction to 0.72 ◦C
through an experiment and 0.77 ◦C numerically with 10 L/h flow rate increment.

Mousavi et al. [25] proposed a numerical approach to examine the effect of copper
foam filled with PCM in the PVT water system, which caused 83% increments in thermal
efficiency at 0.02 kg/s flow rate and showed good agreement when validated with an exper-
imental study. AL-Waeli et al. [26] used ANN for modeling and analysis of a PVT and found
that the proposed ANN shows an increase in electrical efficiency by 5% and thermal effi-
ciency by 72% with MSE of 0.023 in the training phase and 0.028 in the cross-authentication
phase. Fatima and Tiwari [27] validated the thermal and electrical performance of the
PVT model theoretically with a copper base and observed good agreement between both
methodologies with a correlation of 0.99 and a mean square error of 7.5%. They also noticed
that the maximum exergy efficiencies and overall thermal were 14.71% and 33.75%, respec-
tively. Das et al. [28] investigated the effect of the liquid-gas phase change material with a
reduction of 8.8 ◦C temperature of the PV panel standalone PV system. Hassan et al. [29]
presented the performance of PVT-PCM nano-fluid, which showed that the maximum
reduction in cell temperature was observed as 23.9 ◦C with maximum improvement in
electrical, thermal, and overall efficiency by 23.9%, 17.5%, and 12%, respectively. Alsalame
et al. [30] assessed the performance of nano-fluid Al2O3/water and CuO/water as the heat
transfer medium, in which the CuO/water mixture showed better results with 51.22% and
72.58% of total efficiency and energy accumulation efficiency, respectively.

Magnesium oxide (MgO) is one of the lightest oxides with a high surface area. The
lightest metal oxides are those formed by alkali and alkaline earth metals, which are the
elements in the first two groups of the periodic table. MgO is the lightest metal oxide
among structural metals, and its surface area is increased by converting it into nanopowder.
The nano-fluid composed of MgO/water will enhance the performance of the PVT system.
MgO nanoparticles dispersed in water form a nano-fluid that exhibits enhanced thermal
conductivity compared to pure water. When this nano-fluid is used as a coolant in the
PVT system, it enhances heat transfer efficiency. The higher thermal conductivity of the
nano-fluid allows for more effective heat dissipation from the PV cells and thermal absorber,
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leading to lower operating temperatures and improved electrical performance of the PV
cells and increasing the overall system efficacy. The efficacy enhancements provided by
MgO/water nano-fluid in a PV/T system can vary depending on factors such as the
concentration and size of MgO nanoparticles, stability of the nano-fluid, flow rate, and
operating conditions. Researchers and scientists have investigated the performance of
PVT systems, utilizing various experimental, numerical, and simulation techniques. In
this paper, authors present an experimental investigation wherein they have developed
an experimental set-up to cool down the PV module temperature using MgO/water
nano-fluid to improve its performance in terms of cell temperature, thermal, electrical, and
overall efficiency.

2. Methodology and Experimentations

The PV cell’s efficiency decreases with increasing solar intensity and ambient tempera-
ture. The maximum electrical efficiency of a PV cell typically ranges from 11% to 21% under
standard test conditions (STC). The standard test conditions include 1000 Watts per square
meter irradiance, the cell temperature at 25 ◦C, and 1.5 air mass. Various PVT systems
have been developed to generate additional electricity to mitigate this effect. This paper
presents an experimental analysis of a PVT system that extracts thermal heat using a MgO
and water-based nano-fluid. The extracted energy may be used for various applications,
including industrial and domestic. The experiment measures thermal and electrical energy
by varying the base fluid and nano-fluid flow rate. The PVT system is constructed using
a Cu tube and hard foam on the back of the PV module. The selection of copper tube
is made based on its thermal conductivity despite corrosion issues. The steel tube may
have lower corrosion resistance, but it is not appropriate for extracting sufficient heat from
PV/T. The effect of water and a mixture of water and MgO flowing through the Cu tube at
various mass flow rates and MgO concentrations has been observed. Some assumptions are
made during the experiment, including that the working fluid’s specific heat is constant,
the Cu tube’s conductivity is constant, and no vapor formation occurs in the copper pipe.
Water used in the study is rejected RO water. Some key characteristics of RO reject are
high total dissolved solids (TDS), elevated salinity, reduced pH, reduced organic content,
low turbidity, and chemical composition. The value of the above characteristics varies
depending on the water source.

Photovoltaic thermal (PVT) systems combine electricity and thermal energy generation
in a single device. Here are some technical insights, limitations, environmental impacts,
and economic feasibility considerations of PVT systems: PVT systems generate electricity
and thermal energy simultaneously, making them more efficient in utilizing solar energy
than standalone PV or solar thermal systems. Integrating PV and solar thermal components
in PVT systems allows for better heat dissipation from PV panels, resulting in improved
overall system efficiency. PVT systems can be designed with tilted PV panels to optimize
solar energy capture, and hybrid designs can incorporate other heat transfer fluids or heat
exchangers to enhance thermal performance. PVT systems are generally more expensive
than standalone PV or solar thermal systems due to the additional complexity of combining
both technologies into a single device. PVT systems require careful design and integration
to optimize thermal and electrical performance, which can add complexity to the system.
The heat extraction from PV panels in PVT systems is typically limited to the rear surface,
which may result in lower thermal efficiency compared to dedicated thermal collectors.
PVT systems require regular maintenance and cleaning to ensure the optimal performance
of both the PV and thermal components. PVT systems contribute to reducing greenhouse
gas emissions by generating renewable electricity and heat, displacing fossil fuel-based
energy sources. PVT systems can save costs by generating electricity and thermal energy,
reducing reliance on grid electricity and conventional heating systems. The economic
feasibility of PVT systems depends on local energy prices, available incentives, and the
demand for electricity and heat.
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The volume fraction and density of nano-fluid, maximum power, solar irradiation,
electrical and thermal efficiency at different flow rates of water, and different flow rate and
concentration of nano-fluid have been obtained by utilizing the following equations.

The volumetric fraction of nano-fluid is obtained by Equation (1) [14]:

∅ =

(
mn
ρn

)
mn
ρn

+ mf
ρ f

(1)

Equation (2) obtains the density of nano-fluid [14]:

ρn f = (1 − ϕ)ρ f + ϕρn (2)

The PV module’s electrical efficiency is obtained by Equation (3) [14]:

ηel =
Pmax

G
e

.
f f

(3)

The maximum value of Pmax is obtained by Equation (4) [14]:

Pmax = Voc × Isc × FF (4)

The incident solar radiation on the module is obtained by Equation (5) [14]:

G
e

.
f f

= Is × Am (5)

Equation (6) obtains the thermal efficiency [14]:

ηth =

.
m f Cp f

(
Tf ,out − Tf ,in

)
G

e
.

f f

(6)

A photovoltaic thermal (PVT) system was fabricated to separate electrical and thermal
energy from the incident radiation on the PVT System. A conventional PV module with
the same characteristics was also used to compare the performance of the designed PVT
system. The investigational data of both PV and PVT were recorded for comparison. The
devices and instruments used in this study include a circulating pump, pyranometers,
multimeter, flowmeter, DC load, anemometer, radiator system, thermocouples, and fluid
storage tank. The schematic representation of the working model with water as the base
fluid is shown in Figure 1, and with MgO/water as the working fluid is shown in Figure 2.
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The heat accumulated at the back of the PV panel is extracted and used for water heat-
ing, which can be used for space heating and other household applications. A copper pipe
with a circular shape and an inner diameter of 10 mm is attached to the backside of the PV
module and covered with a foam sheet measuring 53.5 inches × 26.5 inches × 0.8 inches,
as shown in Figure 3a. The copper pipe has ten straight turns connected with the common
iron pipe of 24.5 mm. The attached copper tube PV module and the unmodified PV module
are shown in Figure 3b.
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Figure 3. Installed experimental set-up.

A sufficient quantity of RO rejects was collected from the kent grand star RO purifier
installed in the household of the first author at Sultanpur. The TDS of the feed was
1245. The maximum flow rate of the unit was 20 LPH. The unit worked on multistage
purification and consisted of ultraviolet, ultrafiltration, TDS controller, and reverse osmosis.
The reject-to-permeate ratio was 4:1. The characteristics of RO reject are included in Table 1.
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Table 1. Characteristics of RO reject from the household.

pH 8.2
Total dissolved solids 2845 mg L−1

Turbidity 8 NTU
Hardness 341 mg L−1

Dissolved oxygen 3.4 mg L−1

Biological oxygen demand 0.5 mg L−1

Chemical oxygen demand 1.2 mg L−1

3. Experiment Design and Measurement of Various Parameters

The PVT system has several parts, including a pump, radiator, copper tubes, and
connecting pipes. Water as a working fluid may be collected in the storage reservoir after
cooling the PV module of the PVT system, as expressed in Figure 1. In the case of nano-fluid,
it is re-circulated by rejecting absorbed heat through the radiator, as shown in Figure 2.
Different cases of designed PVT systems, along with conventional PV that was analyzed in
the current research, are as follows:

Case 1: Conventional Photo Voltaic System.
Case 2: Photo Voltaic Thermal with working fluid as RO reject.
Case 3: Photo Voltaic Thermal with nano-fluid (0.10 wt.% of MgO nanoparticle concentration
in RO reject) as the working fluid.
Case 4: Photo Voltaic Thermal with nano-fluid (0.15 wt.% of MgO nanoparticle concentration
in RO reject) as the working fluid.
Case 5: Photo Voltaic Thermal with nano-fluid (0.20 wt.% of MgO nanoparticle concentration
in RO reject) as the working fluid.

There is no need for any method for working fluid preparation in the case of water.
However, a suitable preparation method is employed to make a MgO/water nano-fluid as a
working fluid. The nanoparticles were purchased from Nano Wings Pvt Ltd., Mamillaguda,
Khammam—Telangana, India, Telangana 507001. The MgO nanoparticles’ SEM image
is presented in Figure 4a. The procured MgO nanoparticle was further examined by
X-ray diffraction (XRD) pattern. The crystalline nature of MgO with the representation of
reflection peaks is shown in Figure 4b. The indexed peaks represent the pure cubic phase of
MgO (JCPDS 75-0447). To prepare nano-fluid of different weight fractions, weighed MgO
nanoparticles were mixed in water with the support of a magnetic stirrer. The nanoparticle’s
average size is 50 nm.

The Solari meter (model TM-207) measures incident solar radiation (W/m2) at 30-min
intervals over the surfaces of both PV and PVT modules. The maximum power output
of the PV and PVT modules was recorded at 30 min intervals using an energy meter.
Five K-type thermocouples/sensors, with the least count of ±0.5%, are attached to the rear
end of the panel along the central line, spaced equally from one end to the other. Also,
four thermocouples are connected to the PV panel’s top side. Four temperature sensors are
used to record the working fluid’s temperature. The panel’s front and backside temper-
atures were calculated by averaging all the attached thermocouples. Several parameters,
such as ambient temperature, humidity, and wind velocity, were obtained from the Solar
Radiation Resource Assessment (SRRA) station of KNIT Sultanpur. In the experiment, flow
rates of 3, 6, 9, and 12 LPM were controlled using the flow meter. Table 2 presents the
detailed specifications of the PV module, and Table 3 shows the nanoparticle properties.
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Table 2. Specifications of PV module.

PV Module LUM 12165

The voltage at Pmax (Vmp) 18.24 V
Current at Pmax (Imp) 9.06 A
Rated maximum power (Pmax) 165.46 W
Open circuit voltage (Voc) 22.66 V
Short circuit current (Isc) 9.61 A
Maximum system voltage 600 V
Module efficiency 16.64%
Maximum series fuse rating 20 A
Cell technology polycrystalline
Operating temperature −40 ◦C to 85 ◦C
Application class A
Dimension (inch) 58.5 × 26.5 × 0.5 in
Weight (kg) 13 kg
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Table 3. Properties of the nanoparticle.

Chemical Name Magnesium Oxide (MgO)

Appearance White Powder
Shape/Morphology Spherical
Crystalline Phase Cubic
Purity 99%
Specific Surface Area 17.8 m2/g
Average Particle Size 50–200 nm
Crystallite Size 15–100 nm
Molecular Weight 40.3044
Density 3560 kg/m3

Specific Heat 955 J/kg ◦C

4. Results and Discussion

An experimental set-up was fabricated and installed on the roof of the academic
building at KNIT, Sultanpur. Experimental data were recorded from 15 April 2022 to 15 May
2022, between 8:00 a.m. and 6:00 p.m. The 1–2, 1–3, 1–4, and 1–5 pairs of experimental cases
were recorded on four different days with clear skies and the assumption of no significant
difference in atmospheric conditions (ambient temperature and solar energy). The average
values of different parameters for case 1 are compared with the similar parameters for
cases 2, 3, 4, and 5 at a flow rate of 3 LPM for the working fluid. The investigation was
repeated for three additional four-day for flow rates (6, 9, and 12 LPM). Ambient data
was recorded for one month, and solar radiation and ambient temperatures were plotted
for four arbitrary days with daytime shown in Figure 5a–d. The peak solar radiation and
ambient temperature were recorded between 11:30 a.m. and 1:30 p.m. Solar radiation
increased until between 12:00 and 1:30 p.m. and then began to decline. The maximum
incident solar intensity on the PV and PVT was between 898 W/m2 and 964 W/m2. The
highest ambient temperature recorded was 42.5 ◦C.
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The cell temperature values at a different time of daylight in all cases, such as case
1 and for cases 2, 3, 4, and 5, at different flow rates (i.e., 3 LPM, 6 LPM, 9 LPM, 12 LPM)
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are recorded and presented in Figure 6. Figure 6a shows the cell temperature (◦C) for case
1 and cases 2, 3, 4, and 5 (at 3 LPM), and its maximum cell temperature was recorded as
69.2, 56.9, 51.5, 50.0, and 53.9 ◦C, respectively, at midday. Similarly, Figure 6b–d shows
the PV temperature for case 1 and cases 2, 3, 4, and 5 at a flow rate of 6, 9, and 12 LPM.
The maximum PV cell temperature (◦C) was recorded for case 1 and cases 2, 3, 4, and 5 as
69.7, 57.5, 51.1, 49.5, and 54.5 ◦C (at a flow rate of 6 LPM), 70.4, 58.0, 50.5, 49.0, and 55.0 ◦C
(at a flow rate of 9 LPM), and 68.9, 56.3, 49.6, 46.4, and 51.6 ◦C (at a flow rate of 12 LPM),
respectively, at midday. An increase in the nanoparticle concentration by up to 0.15%
has improved the decline in PV temperature. However, a further increase in the weight
fraction of nanoparticles reduces the stability of nano-fluids due to the high chance of
agglomeration of nanoparticles. The maximum PV surface temperature drop of 22.5 ◦C is
recorded at a 12 LPM flow rate, while temperature drops of 21.3 ◦C, 20.3 ◦C, and 19.2 ◦C are
obtained at 9, 6, and 3 LPM, respectively, for a 0.15% concentration of MgO nanoparticles.
A reduced PV surface temperature with an increased flow rate is due to the movement of a
large amount of working fluid across the Cu-tube in a shorter time, which extracts more
thermal energy from the PVT system and causes a fall in PV cell temperature.
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4.1. PV Power and Its Efficiency

Figure 7 illustrates the variations in recorded PV power output at different times of
the day for the analyzed cases at different flow rates (i.e., 3 LPM, 6 LPM, 9 LPM, 12 LPM).
Figure 7a shows the recorded maximum electrical power at midday for case 1 and cases 2, 3,
4, and 5 at a flow rate of 3 LPM as 133.42, 136.89, 141.59, 145.32, and 141.92 W, respectively.
Similarly, Figure 7b–d shows the highest electrical power for case 1 and cases 2, 3, 4, and
5 at a flow rate of 6 LPM, 9 LPM, and 12 LPM. The maximum PV power output at midday
is recorded for case 1 and cases 2, 3, 4, and 5 as 129.69, 134.49, 141.45, 147.78, and 140.32 W
for 6 LPM; 126.53, 131.49, 141.45, 147.78, and 140.32 W for 9 LPM; 129.13, 130.95, 140.11,
150.04, and 137.17 W at 12 LPM, respectively.
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The electrical power of the PV at a flow rate of 12 LPM for cases 2, 3, 4, and 5 was
increased by 1.82 W, 10.98 W, 20.91 W, and 8.04 W, respectively, compared to case 1. Case
4, with a 0.15% nano-fluid concentration, exhibited the highest electrical power output
among all the PVT systems. Furthermore, it can be observed that a 0.15 wt.% concentration
of nano-fluid at a flow rate of 12 LPM has the most significant impact on improving PV
power output. Figure 8 shows the variation in electrical efficiency (%) at different flow rates
(3 LPM, 6 LPM, 9 LPM, 12 LPM) for case 1 and cases 2, 3, 4, and 5 at different times of the
day. The highest electrical efficiency at midday for case 1 and cases 2, 3, 4, and 5 at 3 LPM
was recorded as 11.37%, 11.85%, 13.04%, 13.54%, and 12.87%, respectively, as represented
in Figure 8a.

Figure 8b–d shows the maximum electrical efficiency at midday for cases 1 and 2, 3,
4, and 5 at 6 LPM, 9 LPM, and 12 LPM. The maximum electrical efficiency (%) at midday
for case 1 and cases 2, 3, 4, and 5 was recorded as 11.92%, 12.34%, 13.98%, 14.36%, and
14.16% at 6 LPM; 12.25%, 12.65%, 14.53%, 14.85%, and 14.15% at 9 LPM; and 12.76%, 13.31%,
14.80%, 15.15%, and 14.15% at 12 LPM, respectively.

The highest electrical efficiency was obtained for case 4 in all flow rates of the PVT
system integrated with MgO nano-fluid because the optimum concentration of MgO in
the nano-fluid effectively increases the electrical efficiency of PVT systems. In the PVT
system, heat transfer is enhanced by extracting heat from PVT by using the working fluid at
different flow velocities and discarding heat in the radiator. The MgO nanofluid-based PVT
module produces higher electrical efficiency because of the decrease in cell temperature
of the PVT systems. The improvement in electrical efficiency for cases 2, 3, 4, and 5 were
0.65%, 2.04%, 2.39%, and 1.39%, respectively, at 12 LPM compared to case 1, as shown
in Figure 8.
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Figure 9 represents the variation in electrical efficiency for case 4 (0.15 wt.% of MgO) at
different flow rates (3, 6, 9, 12 LPM) and different times of the day. The maximum electrical
efficiency in case 4 (0.15 wt.% of MgO) at 3 LPM, 6 LPM, 9 LPM, and 12 LPM was recorded
as 13.54%, 14.36%, 14.85%, and 15.15%, respectively, at the highest solar radiation. It has
been detected from Figure 9 that the electrical efficiency improves by enhancing the flow
rate of the flowing fluid. The maximum PVT system electrical efficiency was obtained at
12 LPM MgO nano-fluid flow rate followed by 9 LPM, 6 LPM, and 3 LPM. The maximum
PVT system electrical efficiency was obtained as 15.15% for case 4 of this study.
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4.2. Thermal and Overall Efficiency

Figure 10 represents the variation in thermal efficiency (%) for cases 2, 3, 4, and 5 of the
PVT system at different flow rates (i.e., 3, 6, 9, 12 LPM) and daytime. Figure 10a illustrates
the thermal efficiency PVT system for cases 2, 3, 4, and 5 at a flow rate of 3 LPM, and
the maximum thermal efficiency was obtained as 33.40%, 42.46%, 43.59%, and 40.33%,
respectively, during the period from 14:30 HRS to 16:30 HRS of daytime. Figure 10b–d
illustrates the thermal efficiency PVT system for cases 2, 3, 4, and 5 at 6 LPM, 9 LPM, and
12 LPM flow rates. The maximum thermal efficiency PVT system was recorded as 37.35%,
44.86%, 46.57%, and 42.16% for 6 LPM; 37.82%, 46.04%, 47.75%, and 42.16% for 9 LPM;
and 41.26%, 47.27%, 48.83%, and 44.51% for 12 LPM, respectively, for cases 2, 3, 4, and 5,
during the period from 14:30 HRS to 16:30 HRS of daytime. The thermal efficiency of PVT
systems is improved by enhancing the working fluid flow rate because the heat transport
capacity increases at higher flow rates and optimum MgO concentration. The highest
thermal efficiency was recorded in case 4 (at 0.15% MgO) for all the PVT systems. The
optimum MgO concentration for maximum thermal efficiency was found to be 0.15%, and
at this concentration, the thermal efficiency of case 4 was improved by 48.83% at a flow rate
of 12 LPM compared to case 1.
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Figure 11 represents the variation of overall efficiency at different flow rates (i.e.,
3 LPM, 6 LPM, 9 LPM, 12 LPM) for cases 2, 3, 4, and 5 at different daytimes. Figure 11a
represents the overall efficiency for cases 2, 3, 4, and 5 at 3 LPM, and the maximum overall
efficiency was obtained as 44.55%, 54.56%, 56.28%, and 52.21%, respectively, between
14:30 HRS and 16:30 HRS of daytime. Figure 11b–d represents the overall efficiency at
flow rates of 6 LPM, 9 LPM, and 12 LPM for cases 2, 3, 4, and 5. The maximum overall
efficiency (%) was obtained as 48.95%, 58.02%, 60.30%, and 54.96% for 6 LPM; 49.69%,
59.80%, 62.04%, and 55.43% for 9 LPM; 53.97%, 61.08%, 63.16%, and 58.07% for 12 LPM,
respectively, between 14:30 HRS and 16:30 HRS of daytime for cases 2, 3, 4, and 5. The
overall efficiency of PVT is maximum at a concentration of 0.15% (case 4) and for all flow
rates (i.e., 3, 6, 9, and 12 LPM) at different daytime. Figure 12 represents the variation
in overall efficiency at different flow rates (i.e., 3, 6, 9, and 12 LPM) at a concentration
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of 0.15% of MgO (case 4) at different daytime. The maximum overall efficiencies (%) at
3 LPM, 6 LPM, 9 LPM, and 12 LPM were recorded as 56.28%, 60.30%, 62.04%, and 63.16%,
respectively, between 14:30 HRS and 16:30 HRS of daytime. The overall efficiency of MgO
nano-fluid at concentrations of 0.15% and flow rates 3 LPM, 6 LPM, 9 LPM, and 12 LPM
compared to water is enhanced by 11.73%, 11.35%, 12.35%, and 9.19%, respectively.
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5. Conclusions

The study found that using PVT systems can effectively reduce the temperature of the
solar PV module. The most significant reduction in cell temperature was observed in case
4, with a 12 LPM flow rate during peak time, with a recorded reduction of approximately
22.54 ◦C. Furthermore, the study noted that different cases of the PVT system had varying
capabilities in reducing solar PV cell temperature. Increasing the flow rate generally led to
a reduction in cell temperature across all cases.

• This finding suggests that using PVT technology with nanofluid-based cooling can sig-
nificantly improve the electrical efficiency of solar PV modules compared to traditional
PV technology. Specifically, in the case of the PVT module studied, electrical efficiency
was increased from 12.76% to 15.15% at a 12 LPM flow rate. This improvement in
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electrical efficiency can be attributed to the ability of the nano-fluid to extract ther-
mal energy from the solar PV cells more effectively, thereby reducing their operating
temperature and increasing their electrical output;

• The thermal efficiency of the MgO nano-fluid-based PVT system is 10% higher than
the water-based PVT system in case 4 at a 12 LPM flow rate;

• The MgO nano-fluid-based PVT system obtained the highest overall efficiency at 0.15%
concentration and 12 LPM flow rate. The enhancement in overall efficiency at different
flow rates 3, 6, 9, and 12 LPM for case 4 was recorded as 9.19%, 11.35%, 11.73%, and
12.35% compared to water.

It can be concluded that MgO nanofluid-based PVT provides better performance than
water-based PVT systems. The optimal concentration of MgO concentration for better
performance is 0.15%.
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Nomenclature

PV photo Voltaic
PVT photovoltaic Thermal
LPM liter per minute
∅ volume fraction of the nanoparticle in nano-fluid
mn mass of the nanoparticles
ρn density of the nanoparticles
mf mass and density of the base fluid
ρ f mass and density of the base fluid
ρn f density of nano-fluid
ηel electrical efficiency
Pmax amount of solar energy converted into electrical energy to produce the maximum power
G

e
.

f f
solar intensity

Voc open-circuit voltage
Isc the short circuit current
FF the fill factor
Am the area of the PV module
Is the solar intensity
ηth thermal efficiency
.

m f mass flow rate of working fluid
Cp f the heat capacity of the working fluid
Tf ,out outlet fluid temperature
Tf ,in fluid inlet temperature
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