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Abstract: Using renewable alternative energy as a source of electricity is necessary due to the 
limited supply of fossil fuels. Solar energy is the alternative energy source with the most significant 
natural supply. Thus, it needs to be utilized to the fullest extent. This energy is easily obtained by 
using photovoltaic solar panels. The main issue with this energy is that excess heat from the solar 
panels can reduce the efficiency of the solar cells. Therefore, a cooling system is required to lower 
the operating temperature of the solar panels. This paper covers the usage of a specific concentration 
of CuO/water nanofluid as a working fluid. PV/T systems that decrease the operating temperature 
by 8.5°C, 11.2°C, and 19.7°C were compared to solar panels in terms of performance. The systems 
included water cooling, CuO/water nanofluid 0.2 vol.% and CuO/water nanofluid 0.4 vol.%, and 
solar panels without cooling. Compared to solar panels without cooling, a PV/T system with a part 
volume of 0.4% CuO/water nanofluid produces the most notable results, boosting output power by 
6.9 W and efficiency by 1.7%. 
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1.  Introduction 
As fossil fuel reserves dwindle, transitioning towards 

renewable energy sources becomes more pressing. Among 
these alternatives, solar energy stands out as an up-and-
coming option. Sunlight arrives on Earth in the form of 
both light and heat, falling within a specific spectrum. We 
employ various technologies, such as energy converters, 
to harness this energy1). For instance, solar collectors can 
capture solar heat, powering liquid-based heating systems. 
Additionally, solar photovoltaic/thermal (PV/T) systems 
enable the conversion of solar energy into electricity, 
offering a versatile solution for energy generation. In 
equatorial regions like Indonesia, solar energy potential is 
incredibly high, reaching up to 4.8 kWh/m2 2),3),4). 

Solar PV/T is a renewable energy device that combines 
Solar PV/T components and a thermal collector, which 
can convert solar heat into electrical energy and 
simultaneously absorb radiant heat from beneath the solar 
panels5),6),7). This is possible because most solar energy 
converted to photoelectricity in solar panels raises the 
cell's temperature, which lowers the panel's overall 
efficiency. Thus, solar collectors can assist in removing 
heat from solar panels so that low-heat absorbers can be 
employed8),9),10). 

Still, the most popular in daily life is the initial 

generation of solar PV/T. Among the several generations 
of solar PV/T, one of its advantages is that it has the 
highest efficiency11),12). A solar PV/T's efficiency 
measures its capacity to transform solar radiation into 
electrical electricity. The current market ranges for 
silicon-based photovoltaic (PV) or solar PV/T efficiency 
from 14% to 19%, with the remaining percentage wasted 
as heat13). 

A Solar PV/T module's performance can be described 
by its efficiency. Two physical factors, namely operating 
temperature and solar radiation intensity, affect how well 
a Solar PV/T performs during operation. The amount of 
solar radiation received by Solar PV/T directly affects the 
voltage and electric current it generates. A drop in the 
voltage produced by Solar PV/T will occur when higher 
temperatures are paired with consistent solar 
intensity14),15),16). 

A solar collector uses the water flow in a specific type 
of pipe attached to the bottom of the solar panel for 
cooling17). Water flows using energy from a water pump18). 
The fluid is to be used as a type of nanofluid. Nanofluids 
have a more significant difference than ordinary working 
fluids such as water. Nanofluid is a mixture of working 
fluids, be it water (H2O) or other fluids, mixed with 
nanoparticles with a size of 1-100 nm10),19),20),21). 
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Research on the use of nanofluids as working fluids was 

also conducted by Imtiaz et al., focusing on identifying the 
best nanofluids for Solar PV/T heat collectors, particularly 
metal oxide materials such as CuO, Al2O3, and SiO2. The 
results showed that CuO nanofluid exhibited the highest 
thermal conductivity. When CuO nanofluid was combined 
with air, there was a 10.5% increase in efficiency 
compared to water alone. Increasing the concentration of 
nanoparticles dissolved in the nanofluid can enhance 
thermal conductivity and heat transfer processes. The 
addition of these nanoparticles is expected to improve the 
heat absorption properties of the fluid by increasing the 
surface area for heat transfer, thereby increasing heat 
transfer coefficients such as thermal conductivity, 
viscosity, and heat transfer coefficients in solar collectors. 
The research will discuss the effects of adding CuO 
nanoparticle concentrations in the working fluid to 
identify its cooling capabilities in the Solar PV/T 
system22),23),24). 

 
2.  State of the art 

There are two main factors for the efficiency of solar 
PV/T: production technical (manufacturing) factors and 
operational factors. Manufacturing factors are factors in 
the Solar PV/T production process, starting from material 
selection, thickness size, Solar PV/T module assembly, 
and cooling factors. Meanwhile, operational factors 
include the operational factors of Solar PV/T in the field, 
such as temperature, intensity of solar radiation, humidity, 
and wind speed. Manufacturing factors strongly influence 
operational factors, so manufacturing process innovation 
is needed to increase the efficiency of Solar PV/T25). 

Temperature factors influence solar PV/T. Solar PV/T 
temperature is obtained from Solar PV/T panels, which 
absorb photons from solar radiation. The captured heat is 
then converted into electrical energy. About 80% of solar 
radiation is captured by Solar PV/T panels. This residual 
heat will increase the overall Solar PV/T temperature. 
This increase in temperature will reduce the performance 
of Solar PV/T and decrease the efficiency of Solar PV/T. 
So, solar cells that operate at high temperatures (such as 
in tropical areas or desert areas) generally the solar cell 
system experience losses due to excess heat26).  

Figure 1 is a curve of research results studied by 
Radziemka in the relationship between Solar PV/T output 
power and solar panel temperature. From temperature data 
of 28, 40, 60, and 80°C, the smallest power value was 
obtained at a temperature of 80°C. Meanwhile, the most 
significant power value was obtained at a temperature of 
28°C. The findings indicate that the performance of Solar 
PV tends to decrease as temperature rises, thus requiring 
an efficient cooling system for PV panels27). One standard 
active cooling method utilized is the installation of solar 
collectors on Solar PV/T. This method involves a strong 
water flow through specific copper pipes installed beneath 
the solar panels. The water is propelled using energy from 
a water pump. Consequently, the water can absorb heat, 

reducing the temperature of the solar panels and 
enhancing the efficiency of the Solar PV/T system28). 

 

 
Fig. 1: Effect of solar intensity on the cooling performance 

of solar PV/T27)  
 

In previous research, it has been shown that the 
temperature of the water used as the working fluid will 
continue to increase over time. This increase in water 
temperature gradually diminishes its ability to absorb heat 
from the solar panels, increasing the solar panel 
temperature. Therefore, alternative working fluids other 
than water with high thermal conductivity are necessary, 
such as nanofluids. Nanofluids offer a more stable 
temperature and higher heat transfer capabilities than 
water. By implementing nanofluids as the working fluid, 
heat dissipation processes in the panels can be enhanced, 
resulting in improved panel performance. 

R.Nasrin carried out experiments using nanofluids of 
the Multi-Walled Carbon Nanotubes (MWCNT) type, and 
the results showed that the efficiency performance of 
Solar PV/T PV/T was 9.2% when using ordinary water 
cooling. Meanwhile, the heat absorption performance 
with nanofluids/MWCNTs is around 4% and 3.67% 
higher than the cooling from the experiments and 
simulations. The Solar Collector contains 
nanofluid/MWCNT at a radiation of 1000 W/m2 and has a 
total efficiency of 87.65%, 4.11% greater than PV/T using 
ordinary water. The volume fraction of MWCNT 
nanofluid cooling water amounts to 0, 0.3, 0.6, and 1% 
when mixed with deionized water. With a mass flow of 0.5 
L/min and radiation of 1000 W/m2, which is maintained 
constant. The difference in the volume fraction value of 
the cooling fluid will increase the Solar PV/T cooling. 
Research shows that the PV module temperature value 
decreases the highest at the highest nanofluid volume 
fraction value, namely 1%. So, the temperature of Solar 
PV/T depends on hot fluid compared to ordinary water 
fluid. Results can be seen in Fig. 229). 

 

Voltage (V) 
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Fig. 2: Effect of variations in MWCNT volume fraction on 

Solar PV/T temperature29)  
 

Other research in the form of Solar PV/T PV/T 
experiments with simulation research using software by 
Imtiaz et al. identified the best nanofluids for Solar PV/T 
PV/T heat collectors, namely metal oxide materials (CuO, 
Al2O3, SiO2) with high concentrations different. The data 
shows that CuO nanofluid has the maximum thermal 
conductivity and the best stability. When CuO nanofluid 
and air are combined, the efficiency is 90.3%, 
significantly greater than when water and air are 
combined, which is only 79.8%. Meanwhile, the volume 
fraction of CuO nanoparticles influences the overall 
efficiency results; the higher the fraction value, the higher  
 

 
Fig. 3: Comparison of Nanofluids and their effect on fluid 

properties in heat collectors22)  
 
3.  Method 

In pursuit of enhancing the cooling efficiency of 
photovoltaic (PV) panels, this study integrates water as the 
base fluid with CuO nanofluid within photovoltaic 
thermal (PV/T) collector systems. Table I: Properties of 
the Working Fluid are the basis for comparing specific 
heat, conductivity value, and density. This property 
indicates the rate of heat transfer coefficient in solar 
thermal (PV/T) collector systems. We refer to this cooling 
mechanism as thermal diffusion, the ratio of time 
derivatives to temperature, which occurs from conduction 
transfer in the panel to convection in the fluid flow. The 
formula for thermal diffusion (𝛼𝛼) is: 

α = ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

= 𝐾𝐾
𝜌𝜌 𝐶𝐶𝑝𝑝

  (1) 

Thermal diffusion is significantly influenced by 
thermal conductivity and specific heat capacity values, as 
the density of each nanoparticle remains constant. Table 1 
provides detailed information on the thermal properties 
and characteristics of various types of nanoparticles. 
Therefore, the research was carried out by cooling through 
CuO nanofluids. Based on Tooraj-Yousefi, the most 
optimal volume fraction value in the test variations ranges 
from 0.2% to 0.4%19). Therefore, in this study, we applied 
variations of CuO nanofluid volume fractions at 0.2% and 
0.4% for comparison purposes. The working fluid is 
transferred through the rectangular-cross-sectioned heat 
collecting pipe connected to the PV panel. PV panels' 
capacity to absorb heat can be increased by using working 
fluids like water or CuO with water. As a result, the 
module's temperature will drop compared to the PV 
without cooling, increasing the PV panel's efficiency30). 

Table 1. Nanoparticle propertie22)  

Material 
Specific 
Heat 
(J/kgK) 

Thermal 
Conductivity 
(W/mK) 

Density 
(kg/m3)  

Titanium 
Oxide (TiO2) 

692 8.4 4230 

Copper 
Oxide (CuO) 

551 33 6000 

Water (H2O), 
Base Fluid 

4182 0.6 1000 

This research investigates the impact of using CuO 
nanofluid in Photovoltaic Thermal Collector systems. In 
this study, a comparison is made between the performance 
of photovoltaic solar panels using CuO nanofluid as the 
working fluid. As shown in Fig. 2, the nanofluid 
concentration can affect the heat transfer occurring in the 
solar panels. Therefore, this research compares the 
increase in nanofluid concentration by 0.2% and 0.4%. 
The preparation of nanofluids involves two main steps. In 
the first step, nanoparticles are dispersed into the base 
fluid and mixed using a magnetic stirrer. This mixing 
process lasts one hour at a temperature of 40°C with a 
stirring speed of 500 rpm. The second step is to sonicate 
the nanofluid for 1 hour using an ultrasonic cleaner31). The 
PV panel uses polycrystalline silicon with 660 x 560 x 25 
mm dimensions. All of the details of the solar panels are 
shown in the following Fig. 4 and Table 22),17). 

Table 2. YL50P-17b solar module specifications32)  
Specifications Value 
Material Module Polycrystalline Silicon 
VOC  22.9 V 
ISC  2.87 A 
PMPP 50 Watt-peak 
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Efficiency ~13.5% 
Operating module 
temperature -40 °C - 85 °C 

Dimension 660 x 540 x 30 mm 
Temperature coefficient 
of power -0,44% per °C 

 

 
Fig. 4: YL50P-17b solar module 

 
The collector pipe is modeled with a direct flow and a 

rectangular cross-section with 30 x 15 mm dimensions. 
Additionally, the thickness of the collector is set at 1 mm. 
This pipe material is made of robust 304 stainless steel, 
which has high heat conductivity and is weldable. The 
journal states that because rectangular pipes or ducts have 
the maximum contact area, they have the best rate of heat 
absorption. The accompanying Figure 5 illustrates the 
thermal collector's design33).  

 
(a) 

 
(b) 

Fig. 5: Set up Experiment: (a) Schematic of a series of 
experiments and (b) Solar collector geometry 

 
Figure 5(a) shows the schematic of the PV/T system 

being used. There is an SPM-1116SD pyranometer for 
measuring solar radiation. The working fluid is circulated 
using a centrifugal pump set to a flow rate of 5 L/min, 
following the methodology established by Misha34), with 
consideration of system efficiency. Temperature 
measurements are conducted using a Labjack series V1.U 
Pro 20 data logger. Meanwhile, in Fig. 5(b), the thermal 
collector design is depicted with a rectangular cross-
section shape to maximize the contact surface area on the 
PV panel. This experiment was carried out at the Faculty 
of Engineering Rooftop, Building 6, Universitas Sebelas 
Maret, Surakarta, Central Java, Indonesia, in June 2022. 
(Longitude: 110.8420 oE, Latitude: -7,54367 oS). Data 
collection started at 7:00 AM and ran until 1:00 PM. This 
research endeavor holds promise in furnishing deeper 
insights into various combinations' efficacy in augmenting 
solar panels' energy efficiency. 

 
4.  Results and Discussion 
4.1  Temperature  

Elevated temperatures can significantly impact the 
ongoing performance of solar panels. To mitigate this 
effect, a photovoltaic/thermal (PV/T) collector system, as 
depicted in Fig. 6, is employed to facilitate cooling and 
reduce the operating temperature of photovoltaic solar 
panels. The graphical representation illustrates a direct 
correlation between solar radiation intensity and the 
temperature increase of solar modules. Notably, solar 
panels attain their peak temperature at 1000 W/m2 of solar 
irradiation across all variations, affirming the hypothesis 
that temperature elevation corresponds to photonic energy 
and intensity. Comparatively, the recorded temperatures 
for panels subjected to different cooling methods vary, and 
panels lacking cooling exhibit a temperature of 65.3°C. In 
comparison, those utilizing water-based cooling and CuO 
with water-based PV/T systems register temperatures of 
57.2°C and 54.1°C, respectively. These values highlight 
the efficacy of cooling systems in reducing temperature, 
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with the average temperature of panels equipped with 
cooling mechanisms being 8.7°C to 19.7°C lower than 
PV-Ground. 

 

 
Fig. 6: The correlation between temperature and radiation 

intensity 
 

Indeed, the photon energy directly influences the 
correlation between the intensity of solar radiation and the 
power received by PV/T solar panels. As elucidated in the 
statistics above, an increase in solar radiation intensity 
corresponds to heightened photon energy levels35). The 
findings of Imtiaz Hussain's research, indicating that an 
escalation in solar radiation intensity correlates with an 
increase in operating temperature, were substantiated 
through numerical experiments. As more photon energy 
impinges upon photovoltaic panels, the amplification in 
solar radiation reception becomes increasingly 
conspicuous. When photon energy exceeds the band gap 
energy threshold, electrons within the photovoltaic panel 
are stimulated by photons across visible, UV, and infrared 
spectrums. Consequently, the operational temperature of 
the photovoltaic panel ascends proportionately as it 
absorbs surplus photon energy beyond the defined energy 
threshold29),36). 

Implementing photovoltaic thermal (PV/T) collectors 
significantly enhances the heat transfer rate compared to 
conventional PV. The cooling fluid used influences the 
working temperature in PV/T systems. Using CuO/water 
nanofluid as the working fluid can further increase the heat 
transfer rate, thus making it more effective in absorbing 
heat from the PV panels. CuO nanoparticles dispersed in 
the base fluid (water) with specific concentrations will 
enhance the thermal properties of the base fluid by 
reducing the particular heat value of the cooling fluid30). 
Table 3 shows the specific heat transfer values obtained 
using equations for each concentration. 
 

Table 3. Specific heat transfer (Cp) for each working fluid37)  
No. Work Fluid Cp (J/kg K) 
1 Water 4182 
2 CuOwith water 0.2 vol. % 4109,38 
3 CuOwith water 0.4 vol. % 4036,76 

 
 

4.2  Short Circuit Current 
An instance of short circuit current (Isc) arises when the 

current flows through the PV panel at its maximum point 
and its resistance is at its lowest. The solar radiation 
intensity (Isc) will determine the short circuit current38). 
Figure 7 shows the Isc data from the research findings as 
this is happening. The graph in this figure illustrates a 
direct relationship between the intensity of solar radiation 
and the value of Isc (short-circuit current) across various 
experimental conditions. The Isc value escalates from 0.4 
A to 2.01 A as the radiation intensity fluctuates from 200 
to 1000 W/m2. This observed increase in Isc underscores 
the heightened generation of electric current within the PV 
system in response to elevated solar radiation levels. 

Moreover, a notable increase in Isc values was 
observed in PV panels equipped with a water-based PV/T 
system and 0.4 vol. % CuO nanofluid. In the former case, 
Isc rises from 0.57 A to 2.11 A, while in the latter, it 
increases from 0.7 A to 2.09 A as solar radiation intensity 
escalates from 200 to 1000 W/m2. Specifically, the 
maximum Isc values recorded for the different setups are 
as follows: 2.01 A for uncooled solar cell panels, 2.11 A 
for panels utilizing a water-based PV/T system, and 2.09 
A for panels incorporating 0.4 vol. % CuO nanofluid 
within the PV/T system. These findings underscore the 
efficacy of water-based PV/T systems and CuO nanofluid 
in enhancing the electrical output of photovoltaic panels, 
particularly under high solar radiation intensities. 

 

 
Fig. 7: Radiation intensity and Isc relationship 

 
According to Karki's experiment results, the Isc value 

will rise as solar radiation intensity increases. The 
following graph shows that PV panels with a cooling 
system have a more excellent Isc rise value than uncooled 
solar cell panels. This occurs because the PV panel's 
increased electric current results from the photons it 
excites being stimulated by a more significant number. 
However, the operational temperature increases when 
photon energy exceeds the band-gap energy limit. 
Because of the diminishing electron excitation process by 
the increasing operating temperature, Isc will decrease39). 
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4.3  Open-circuit voltage 

"Open-circuit voltage" (Voc) refers to the highest 
voltage recorded in a circuit when no current flows or 
resistance is at its maximum. Voc's value relies on the 
solar energy captured and the operating temperature of the 
PV panel. In Fig. 8, data regarding Voc measurements are 
displayed. This figure demonstrates a connection between 
sunlight intensity and open-circuit voltage (Voc). At the 
maximum radiation intensity of 1000 W/m2, the values of 
CuO with water-based PV/T systems, ground panels, and 
panels with water-based PV/T systems are 23.8 V, 21.4 V, 
and 20.1 V, respectively. 

 

 
Fig. 8: The relationship between Voc and radiation intensity 
 
The findings of the author's research align with 

previous studies, such as Ahmad Fuddoli's, which 
indicated that the open-circuit voltage (Voc) decreases as 
radiation intensity increases. In Fuddoli's study, Voc 
declined from 20.3 V to 19.8 V as radiation intensity 
increased from 651 to 1040 W/m2. Additionally, Hussein's 
research demonstrates that maximum radiation intensity 
only sometimes results in the highest Voc value. This 
underscores the significant influence of operating 
temperature on the Voc value of PV panels33). 

The authors' results demonstrated that the increased 
operating temperature led to a drop in the value of Voc in 
all experimental variants. This happens because the 
reverse saturation current outweighs the effect of 
increased solar radiation intensity. A slight reverse 
saturation current flows opposite the primary current and 
is found at the depletion zone (p-n junction). The PV 
panel's increasing operating temperature affects the 
reverse saturation current. As the operating temperature of 
the PV panel rises, the reverse saturation current will 
increase, and the Voc value will decrease40),41). 

 
4.4  Maximum power 

Energy in a unit of time is called maximum power 
(PMPP). With the I-V curve, maximum power may be 
attained. The I-V curve for maximum power is produced 
by multiplying the circuit's peak current and voltage, as 
shown in Equation 1. A variable resistor is required to 
collect the data and create the I-V graph. See Fig. 9 for the 
I-V curve. 

PMPP = IMPP × VMPP  (2) 
 

 
Fig. 9: I-V curve for every change at 1000 W/m2 

 
The load utilized for data collection is a variable 

resistor. Based on the solar panel's specifications, a load 
with a 17-point resistance variation is employed to 
construct the I-V graph. The impact of solar intensity on 
maximum power is seen in Fig. 10. 

 

 
Fig. 10: Each variation's I-V curve at 1000 W/m2 

 

 
Fig. 11: the relationship between solar radiation intensity and 

maximum power (PMPP) 
 
The maximum power output will increase 

proportionally with the intensity of the radiation. As the 
radiation intensity grows more robust, the power generated 
reaches higher levels. The highest PMPP value was attained 
for each version at an intensity of 1000 W/m2. The 
maximum power value (PMPP) rises from 30 W to 36.9 W 
at this intensity when the PV panel's operating temperature 
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drops from 65.3 °C to 45.6 °C. The average temperature is 
enhanced during cooling by using CuO and a water-based 
PV/T collector system. 

 
4.5  Efficiency 

This study determines efficiency by comparing the 
radiation power absorbed by the panel (Plight) with its 
maximum power (PMPP). Equation (3) is used in the 
computation to multiply the value by 100. Figures 11 
display the efficiency calculation findings for this 
investigation: Equation 2 is the foundation for efficiency 
values. 

η = PMPP
Ilight 

= PMPP
Irad × A = ISC×VOC×FF

Irad×A  (3) 

 

 
Fig. 12: The relationship between Temperature and 

efficiency 
 

 
Fig. 13: The relationship between solar radiation intensity 

and efficiency 
 
The impact of sun intensity values and their 

fluctuations on solar panel efficiency are depicted in Fig. 
12. At the sun's maximum intensity of 1000 W/m2, the 
efficiency of solar panels can be doubled with a cooling 
system. CuO and cooling utilizing a water-based PV/T 
collector system had 8.66% and 9.98% efficiency rates, 
respectively. The measurement results show an increase in 
efficiency by 0.54% and 1.87% compared to solar panels 
without cooling, which only have an efficiency rating of 
8.11%. 

Uncertainty analysis is considered due to external 
influences that can affect the accuracy of several 
measuring instruments used in outdoor testing; 

furthermore, this analysis is crucial because data collection 
procedures are based on researchers' observations. The 
multimeter used is the Heles UX838-TR, which has an 
uncertainty of ±3% for DC and ±0.8% for DC voltage. The 
solar power meter used is the Lutron SPM-1116SD, which 
has an accuracy of ±4%. Meanwhile, the error associated 
with the thermocouple used is ±0.5 °C. These values 
contribute to power measurement and panel efficiency 
differences in each sampling, with an average deviation of 
2.4%. 

Based on data analysis using Microsoft Excel's 
ANOVA, Table 4 demonstrates that the study's findings 
are significantly valid. It can be said that an increase in the 
volume fraction of nanofluids significantly increased the 
efficiency value because the calculated F value was 8.77 
below its critical F value of 3.23, and the P-value, with an 
alpha (α) of 0.05, was found to be 0.001134 or below the 
value of 0.0542). 

 
Table 4. Analysis of variance of Efficiency and Temperature. 

Source DF 
Adj 
SS 

Adj 
MS 

F-
Value 

P-
Value 

Temperature 1 44.37 14.7 8.77 0.00113 
Efficiency 1 42.37 14.6 8.66 0.0012 
Error 2         
Total 4         

 
5.  Conclusion 

This study employs a photovoltaic thermal (PV/T) 
collector system to cool PV panels using water as the base 
fluid and incorporating CuO nanofluid. Each experiment 
compares solar panels with or without cooling, water-
based cooling PV/T collectors, and CuO nanofluid-based 
cooling PV/T collectors. The PV/T cooling system 
utilizing CuO nanofluid as the working fluid yields 
optimal results, reducing average temperatures by 8.7°C to 
19.7°C. At a CuO concentration of 0.2%, there is an 
average output power increase of about 2W and an 
efficiency improvement of 0.54%. Meanwhile, at a 
concentration of 0.04%, the average output power 
increases by around 6.9W and the efficiency by 1.87% 
compared to solar panels without cooling. These findings 
suggest that increasing the nanoparticle concentration in 
nanofluids can enhance the overall panel performance. 
Still, attention must be paid to the total cost of the entire 
system to ensure it remains effective and economical. 
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