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ABSTRACT 

Climate change demands optimal use of solar energy. However, solar panel efficiency is still 
limited by light reflection on glass, necessitating the development of anti-reflective coatings. This 
study aims to examine the effectiveness of polyvinyl alcohol (PVA)-based hydrogel as a solar 
panel surface coating in reducing light reflectance and increasing solar panel output power. PVA 
hydrogel was tested in three variations, namely plain PVA hydrogel, PVA hydrogel with a 
mixture of TiO₂ nanoparticles, and PVA hydrogel with a mixture of ZnO nanoparticles. The 
method used in this research is a quantitative method with an experimental approach. The test 
was carried out by measuring the refractive angle of light using a photosynthesis light to 
determine the refractive index based on Snell's law, calculating the reflectance using Fresnel's 
law, and measuring the electrical power stored in the battery after the solar panel has operated 
for an hour. The results showed that plain PVA hydrogel had the lowest reflectance of 2.751% 
compared to PVA–ZnO hydrogel (4.647%) and PVA–TiO₂ hydrogel (5.925%). In addition, the 
solar panel with plain PVA hydrogel coating produced the highest electrical power with an 
average of 3,737 Wh, greater than the control panel and the panel with a mixture of 
nanoparticles. Based on these results, it can be concluded that plain PVA-based hydrogel is the 
most effective solar panel surface coating in this study. This study demonstrates the potential of 
PVA hydrogel as a simple and environmentally friendly anti-reflective coating to improve solar 
panel performance.​
 
Keywords: PVA hydrogel, solar panel, reflectance, refractive index, renewable energy. 
 

A.​ INTRODUCTION​
​ Climate change is a global 
challenge with wide-ranging 
impacts, such as water crises and 
the increasing frequency of extreme 
weather phenomena. These 
conditions indicate that 
environmental degradation has 
reached an alarming stage. 
Therefore, concrete actions are 
needed to reduce the impacts of 
climate change. One such action is 
the transition from fossil energy to 
renewable energy. 

Solar energy is one of the 
most promising renewable energy 
sources because of its abundant 
availability and its potential to be 
utilized in almost all regions of the 

world. Solar panels are one of the 
technologies that harness solar 
power. Over the past few decades, 
solar panel technology has 
continued to develop and its use 
has become increasingly 
widespread. However, the efficiency 
of converting light into electrical 
energy still needs to be improved so 
that the potential of solar energy can 
be utilized optimally. 

One aspect that needs to be 
improved in solar panels is the 
reflection of light on the glass 
surface of the panel. The glass 
surface can reflect part of the 
incoming light, preventing it from 
being absorbed by the solar cells 
and causing energy losses (Jones, 
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Law, & Walls, 2023). Therefore, 
anti-reflective coatings need to be 
developed to reduce light reflection 
and increase energy absorption in 
solar panels. 

Nanoparticle composites can 
be used as anti-reflective coatings 
on solar panels (Afif, El-Khozondar, 
& Pfeifer, 2021). However, the 
number of studies combining 
hydrogels and nanoparticles to form 
anti-reflective coatings on solar 
panel surfaces is still limited. Thus, 
this study investigates the 
effectiveness of 
hydrogel–nanoparticle composites 
as anti-reflective coatings. 

The first research question is: 
how does coating monocrystalline 
silicon solar panels with pure 
PVA-based hydrogel, PVA–TiO₂, 
and PVA–ZnO affect the light 
reflectance on the panel surface? 
This problem focuses on comparing 
reflectance among different 
hydrogel coating variations based 
on differences in their refractive 
indices. Therefore, this research 
question examines the relationship 
between hydrogel composition 
variations and the magnitude of light 
reflection from the solar panel 
surface. 

The second research 
question is: which variation of 
PVA-based hydrogel coating 
produces the greatest reduction in 
light reflectance and the highest 
increase in electrical energy output 
of the solar panel? This study 
addresses this question through 
reflectance calculations using 

Fresnel’s equations and by 
measuring the electrical energy 
stored in a battery after the panel 
operates for a certain period. This 
question aims to identify the most 
optically and energetically effective 
hydrogel coating compared to an 
uncoated solar panel. 

The objective of this study is 
to analyze the effect of pure 
PVA-based hydrogel and hydrogel 
mixed with TiO₂ and ZnO 
nanoparticles on the light 
reflectance of solar panel surfaces. 
In addition, this study aims to 
determine the type of hydrogel 
coating that is most effective in 
increasing the electrical energy 
generated by solar panels. The 
results are expected to provide 
insight into effective coating 
formulations for optimizing light 
absorption. 

The first hypothesis is that 
applying PVA-based hydrogel 
coatings, either pure or mixed with 
TiO₂ and ZnO nanoparticles, will 
reduce light reflectance compared to 
uncoated solar panels. This is 
because hydrogels can form 
transparent layers that reduce the 
refractive index mismatch between 
air and the glass surface of solar 
panels. Reducing this refractive 
index difference lowers light 
reflectance according to Fresnel’s 
equations. 

The second hypothesis is 
that PVA-based hydrogel mixed with 
ZnO nanoparticles will produce the 
lowest reflectance and the highest 
electrical energy output compared to 
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pure PVA hydrogel and PVA–TiO₂ 
hydrogel. This is presumably 
because the addition of 
nanoparticles can enhance the 
performance of the hydrogel layer 
by modifying light interactions at the 
panel surface. ZnO is expected to 
be more effective than TiO₂ because 
it has better transparency in the 
visible light range and is less likely 
to make the coating overly dense or 
opaque, allowing more light to enter 
the solar panel and generate energy 
more optimally. 

Solar energy is a form of 
renewable energy obtained by 
converting light radiation into 
electrical energy using technologies 
such as solar panels (Dwisari, 
Sudarti, & Yushardi, 2023). Solar 
panels consist of semiconductor 
cells that absorb light radiation and 
generate electric current. 
Semiconductor materials have high 
chemical stability and relatively 
good conversion efficiency within 
the light spectrum (Fitriana, 2022). 
Solar panels operate based on the 
photovoltaic principle, which is the 
ability of semiconductor materials to 
generate electric current when 
exposed to light (Abidin, Alamsyah, 
& Hiendro, 2021). 

When light strikes the surface 
of a solar panel, photons collide with 
electrons in the semiconductor 
structure and provide sufficient 
energy to free them from their 
bonds. These free electrons then 
flow through the semiconductor 
material, producing a direct current 
(DC). The basic structure of a solar 

panel usually consists of two 
semiconductor layers: n-type 
(negative) and p-type (positive), 
forming a p–n junction. In this 
junction region, an internal electric 
field is created that drives electrons 
and holes in opposite directions, 
generating current when an external 
circuit is connected (Asnawi, 
Diningsih, Faiza, Firdaus, & Khoiro, 
2021). 

Solar panels are equipped 
with anti-reflective layers to 
minimize the amount of light 
reflected back and maximize the 
energy produced. Therefore, the 
efficiency of solar panels is strongly 
influenced by their surface coatings. 
The addition of nanoscale materials, 
such as nanoparticle layers, can 
improve the optical properties of 
solar panel surfaces and enhance 
photovoltaic performance (Prasetya 
& Utami, 2018). 

Solar panels come in many 
types and specifications. This study 
uses monocrystalline silicon solar 
panels with dimensions of 136 × 
136 mm. These panels are capable 
of producing 5 V, 2 W, and 390 mA 
under optimal conditions. 

Hydrogels are polymeric 
materials with anti-reflective 
properties. These properties are 
indicated by light reflection below 
4% when irradiated at a 50° angle 
(Abdullah et al., 2024). One way to 
increase solar panel efficiency is to 
reduce light reflection (Hadi, 
Notonegoro, & Soegijono, 2025). 

There are many types of 
hydrogels, including natural, 
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synthetic, and hybrid. This study 
uses a synthetic hydrogel based on 
polyvinyl alcohol (PVA) crosslinked 
with citric acid. PVA is selected 
because PVA-based hydrogels form 
solutions with transparency up to 
99.8% and an average refractive 
index of about 1.33 after gelation, so 
they do not interfere with visible light 
transmission to the solar panel 
(Barleany et al., 2024). 

Nanoparticles are particles 
with sizes between 1–100 
nanometers. TiO₂ and ZnO 
nanoparticles are wide-band-gap 
semiconductor oxides that are 
transparent to visible light (Ekarani, 
Prima, & Rusdiana, 2023). ZnO has 
a band gap of about 3.37 eV, while 
TiO₂ has about 3.2 eV. Both 
nanoparticles do not absorb visible 
light and are therefore suitable for 
surface coatings on solar panels. 
They also have relatively high 
refractive indices, namely about 2.5 
for TiO₂ and 1.96 for ZnO (Setiawan, 
2024). 

These properties of TiO₂ and 
ZnO are beneficial for this study. 
Their high refractive indices can 
reduce light reflection between the 
panel surface and air. This behavior 
follows Fresnel’s law, which states 
that reflectance increases as the 
difference in refractive index 
between two media increases. The 
glass on the surface of solar panels 
has a refractive index of 1.52 
(Fuhaid, Ismail, & Nurhadi, 2016), 
while air has a refractive index of 1. 
Placing a hydrogel layer between 
glass and air reduces the refractive 

index difference between each 
interface (El-Naas, Hussein, 
Surkatti, & van Loosdrecht, 2024). 
 
B.​ METHOD 

This study employs a 
quantitative method with an 
experimental approach. Quantitative 
methods focus on testing 
relationships between variables and 
building generalizations based on 
empirical evidence (Afgani, Fatimah, 
Septaria, Salsabila, & Siroj, 2024). 
The experimental approach is a 
research method conducted by 
applying specific treatments to 
independent variables and 
observing their effects on dependent 
variables under controlled 
conditions, so that cause-and-effect 
relationships can be clearly 
analyzed (Afgani et al., 2024). This 
study uses a quantitative 
experimental approach because it 
aims to objectively measure the 
effectiveness of polyvinyl alcohol 
(PVA)-based hydrogel as a surface 
coating for solar panels through the 
application of treatments and 
numerical measurement of solar 
panel performance variables, 
allowing causal relationships to be 
scientifically examined. 

This study involves several 
variables classified into 
independent, dependent, and 
control variables. The independent 
variable is the treatment of 
PVA-based hydrogel mixtures 
crosslinked with citric acid. Each 
solar panel receives a different 
treatment. The first panel is not 
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coated with hydrogel and serves as 
the control panel. The second panel 
is coated with PVA-based hydrogel 
without nanoparticles. The third 
panel is coated with PVA-based 
hydrogel containing TiO₂ 
nanoparticles. The fourth panel is 
coated with PVA-based hydrogel 
containing ZnO nanoparticles. 

The dependent variables in 
this study are the refractive index of 
each hydrogel treatment, the angle 
between the incident ray and the 
normal line for each hydrogel 
treatment, and the energy obtained 
from each solar panel after one hour 
of operation. Meanwhile, the control 
variables include the refractive index 
of air, the type, the angle between 
the refracted ray and the normal 
line, brand, and model of the solar 
panel, as well as the batteries, 
resistors, wires, modules, and 
switches used. Each experimental 
repetition is conducted at the same 
time and placed under a 
photosynthesis lamp. 

The instruments used in this 
study are a magnetic stirrer, doctor 
blade, laboratory oven, multimeter, 
lux meter, and photosynthesis lamp. 
The magnetic stirrer is used to 
prepare PVA-based hydrogel and its 
nanoparticle variations. The doctor 
blade is used to apply the hydrogel 
layer onto the surface of the solar 
panel. The laboratory oven is used 
to ensure that the citric acid 
crosslinking process proceeds 
properly. 

The photosynthesis lamp is 
used to determine the refractive 

index of each hydrogel mixture 
variation. Measurements are carried 
out using Snell’s Law so that 
changes in the direction of light 
propagation through each mixture 
can be quantitatively analyzed. 

The multimeter is used for 
two main purposes: testing the 
output of the solar panel under 
standard operating conditions and 
measuring the voltage and current 
of the battery. The measurement 
data are then used to determine the 
amount of electrical energy stored in 
watt-hours. Meanwhile, the lux 
meter is used to measure the light 
intensity incident on each panel in 
every experiment. The results are 
recorded in units of lux (lumens/m²). 
The photosynthesis lamp serves as 
a substitute for natural sunlight. 

This study is conducted in 
three main stages. The first stage is 
the preparation of PVA-based 
hydrogel and its nanoparticle 
variations. Plain PVA hydrogel is 
prepared by dissolving polyvinyl 
alcohol powder in hot distilled water, 
followed by stirring and heating 
using a magnetic stirrer for two 
hours and thirteen minutes. The 
temperature of the hydrogel is then 
reduced to room temperature and 
the mixture is placed in a 
refrigerator for 21 hours. 

After being removed from the 
refrigerator and returned to room 
temperature, the magnetic stirrer 
and heater are turned on again until 
the hydrogel reaches 50°C. Citric 
acid dissolved in distilled water is 
then added and allowed to mix into 
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the hydrogel for 15 minutes. A 
portion of this hydrogel is applied to 
the surface of a solar panel as the 
plain PVA hydrogel sample using a 
doctor blade. 

The remaining hydrogel is 
divided into two separate beakers. 
TiO₂ and ZnO nanoparticles 
dissolved in distilled water are 
added to each beaker. The 
nanoparticle-mixed hydrogels are 
then applied to the surfaces of the 
corresponding solar panels. After all 
panels are coated, they are placed 
in a laboratory oven at 80°C for one 
hour to facilitate proper citric acid 
crosslinking. 

The second stage is data 
collection and classification. The 
first data collected are the refracted 
angles of each type of hydrogel. 
Samples from each hydrogel type 
are formed into thin, uniform layers. 
These layers are placed 
horizontally, and a photosynthesis 
lamp is directed at an angle of 60°. 
The refraction angle of the light 
passing through the hydrogel layer 
is measured using a protractor 
relative to the normal line. 

After each test, the voltage 
and current of each battery are 
measured. The data are then 
grouped according to the type of 
coating on each solar panel. 

The third stage is the 
calculation of battery energy 
increase, refractive index, and 
reflectivity. Battery energy is 
calculated using the formula E = 
VAverage x I x t, where E is the stored 
electrical energy (watt-hours), 

VAverage is the average voltage 
between the voltage before and 
after testing (volts), I is the battery 
current (amperes), and t is time 
(hours). 

The refractive index of each 
hydrogel mixture was calculated 
using Snell’s law. The Snell’s law 
equation applied is 

 which can 𝑛
𝑎𝑖𝑟

𝑠𝑖𝑛θ
1

= 𝑛
ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙

𝑠𝑖𝑛θ
2

be arranged to . 𝑛
ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙

= 𝑛
𝑎𝑖𝑟

𝑠𝑖𝑛θ
1

𝑠𝑖𝑛θ
2

In this equation, n represents the 
refractive index of air and hydrogel, 
with  ≈ 1. θ₁ is the angle 𝑛

ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙
between the incident ray and the 
normal line, while θ₂ is the angle 
between the refracted ray and the 
normal line. The refractive index of 
each tested hydrogel mixture is 
expressed as . 𝑛

ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙
The refractive index was 

determined by directing light at an 
incident angle of 60° and measuring 
the refracted angle using a 
protractor. This method is subject to 
relatively large measurement 
uncertainty because the hydrogel 
surface may not be perfectly flat, 
alignment of the light beam may 
vary, and manual angle readings 
can introduce human error. Even a 
small deviation of about ±1° in the 
measured angle can cause a 
noticeable change in the calculated 
refractive index due to the nonlinear 
relationship in Snell’s law. Ideally, 
multiple measurements should be 
taken and reported using statistical 
indicators such as the mean and 
standard deviation to quantify 
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variability. However, this study did 
not include repeated 
measurements, uncertainty 
analysis, or error propagation 
calculations. Therefore, the reported 
refractive index values may appear 
more precise than the experimental 
method actually supports and 
should be interpreted as 
approximate estimates rather than 
exact values. 

The reflectance of each 
hydrogel mixture was calculated 
using Fresnel’s law. The equation 

used is . In this 𝑅 = ( 𝑛1−𝑛2
𝑛1+𝑛2 )

2
 𝑥 100%

equation, R is the reflectance. A 
lower reflectance indicates that less 
light is reflected from the surface of 
the solar panel. For the calculation 
of Rair-hydrogel, n₁ represents the 
refractive index of air and n₂ 
represents the refractive index of 
the hydrogel. Meanwhile, for the 
calculation of Rhydrogel-glass, n₁ 
represents the refractive index of 
the hydrogel and n₂ represents the 
refractive index of the glass. 

It should be noted that the 
reflectance calculation in this study 
uses a formula that is valid for light 
hitting the surface straight on (0°). In 
this experiment, however, the light 
was directed at an angle of 60°. At 
such angles, reflectance depends 
on the light’s polarization, which can 
produce different reflection values. 
Because the light source used was 
not polarization-controlled, this 
effect was not included in the 
calculations. Therefore, the 
reflectance values obtained are 
simplified estimates and may not be 

fully accurate, which should be 
considered as a limitation of this 
study. 

 
C.​ RESULTS AND DISCUSSIONS 
​ The experimental data are 
presented in the form of tables and 
bar charts. 
 

1.​ Refractive Index of 
Hydrogel Calculation 

Table 1. Results of Refractive Index 
Calculation 

Hydrogel 
Treatment 

θ1 θ2 n 

Plain PVA 60° 39° 1.376 

TiO2 60° 32° 1.634 

ZnO 60° 34° 1.549 

This table shows that plain 
PVA hydrogel has a refractive index 
of 1.376, while the addition of TiO₂ 
increases the refractive index to 
1.634. Meanwhile, the hydrogel with 
ZnO has a refractive index of 1.549. 
These results indicate that the 
addition of inorganic materials to 
PVA hydrogel affects its optical 
properties, with TiO₂ providing the 
most significant increase in 
refractive index. This increase in 
refractive index has the potential to 
increase light deflection, thus 
contributing to the effectiveness of 
the hydrogel as a solar panel 
surface coating. 
 

2.​ Reflectance Calculation 
Table 2. Results of Reflectance 

Calculation 
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Solar 
Panel 

Treatm
ent 

Rair-hydrogel Rhydrogel-gl

ass 
 

Rtotal 

Rair-glass (Just for 
Control) 

Control 4.258% 4.258
% 

Plain 
PVA 

2.504% 0.247% 2.751
% 

PVA + 
TiO2 

5.794% 0.131% 5.925
% 

PVA + 
ZnO 

4.639% 0.008% 4.647
% 

This table shows that plain 
PVA hydrogel has the lowest 
reflectance of 2.751%, followed by 
control (4.258%), PVA + ZnO 
(4.647%), and PVA + TiO₂ with the 
highest value of 5.925%. This 
difference indicates that the 
increase in refractive index due to 
the addition of TiO₂ and ZnO 
particles increases the difference in 
refractive index with air, thus 
increasing reflectance. 
 

3.​ Light Intensity Calculation 
Table 3. Light Intensity Calculation 

Results 
Attempt 
Number 

Photosynthesis 
Light Intensity (Lux) 

1 12360 

2 12365 

3 12381 

4 12370 

5 12379 
 

4.​ Battery Energy Calculation 
In this experiment, the 

current was fixed at 1 A for all trials 
rather than measured dynamically 
during charging. This indicates that 
the calculation assumes a constant 
current condition and does not 
account for real-time variations in 
current supplied by the solar panel. 
Since the solar panels used are 
rated at approximately 2 W, they 
may not realistically sustain a 1 A 
output for one hour under the given 
operating conditions without 
additional circuitry or energy 
buffering. Therefore, the calculated 
energy values should be interpreted 
as theoretical estimates based on 
the assumed current, rather than 
precise measurements of the actual 
electrical energy delivered solely by 
the panels. This assumption 
represents a limitation of the 
electrical analysis and should be 
considered when evaluating the 
results. 

Table 4. Results of Control Solar 
Panel Experiments 

Attem
pt 

Numb
er 

Begin
ning 

Voltag
e 

(V)  

Endi
ng 

Volt
age 
(V)  

Avera
ge 

Voltag
e (V) 

Curren
t in 

Batter
y (A) 

1 3.62 3.7 3.66 1 

2 3.62 3.71 3.665 1 
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3 3.62 3.75 3.685 1 

4 3.62 3.72 3.67 1 

5 3.62 3.74 3.68 1 
 

Table 5. Calculation Results of 
Control Solar Panel Battery Energy 
Attempt 
Number 

VAverage x I x t Watt 
hour 
(Wh) 

1 3,66 x 1 x 1 3,66 

2 3,665 x 1 x 1 3,665 

3 3,685 x 1 x 1 3,685 

4 3,67 x 1 x 1 3,67 

5 3,68 x 1 x 1 3,68 

Average 3,672 

Standard Deviation 0.0102 
 

Table 6. Results of Plain PVA Solar 
Panel Experiments 

Atte
mpt 
Num
ber 

Begin
ning 

Voltag
e 

(V)  

Endi
ng 

Volta
ge 
(V)  

Aver
age 

Volta
ge 
(V) 

Curre
nt in 

Batter
y (A) 

1 3.62 3.83 3.725 1 

2 3.62 3.84 3.73 1 

3 3.62 3.87 3.745 1 

4 3.62 3.86 3.74 1 

5 3.62 3.87 3.745 1 
 
Table 7. Calculation Results of Plain 

PVA Solar Panel Battery Energy 
Attempt 
Number 

VAverage x I x t Watt 
hour 
(Wh) 

1 3.725 x 1 x 1 3.725 

2 3.73 x 1 x 1 3.73 

3 3.745 x 1 x 1 3.745 

4 3.74 x 1 x 1 3.74 

5 3.745 x 1 x 1 3.745 

Average 3.737 

Standard Deviation 0.0087 
 
Table 8. Results of TiO2 Solar Panel 

Experiments 
Attem

pt 
Numb

er 

Begin
ning 
Volta

ge 
(V)  

End
ing 
Volt
age 
(V)  

Avera
ge 

Voltag
e (V) 

Curr
ent 
in 

Batt
ery 
(A) 

1 3.62 3.67 3.645 1 

2 3.62 3.69 3.655 1 

3 3.62 3.73 3.675 1 

4 3.62 3.72 3.67 1 

5 3.62 3.72 3.67 1 
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Table 9. Calculation of TiO2 Solar 

Panel Battery Energy 
Attempt 
Number 

VAverage x I x t Watt 
hour 
(Wh) 

1 3.645 x 1 x 1 3.645 

2 3.655 x 1 x 1 3.655 

3 3.675 x 1 x 1 3.675 

4 3.67 x 1 x 1 3.67 

5 3.67 x 1 x 1 3.67 

Average 3.663 

Standard Deviation 0.012 
 
Table 10. Results of the ZnO Solar 

Panel Experiment 
Atte
mpt 
Num
ber 

Begin
ning 

Voltag
e 

(V)  

Endin
g 

Volta
ge (V)  

Avera
ge 

Volta
ge (V) 

Curre
nt in 
Batte
ry (A) 

1 3.62 3.7 3.66 1 

2 3.62 3.7 3.66 1 

3 3.62 3.74 3.68 1 

4 3.62 3.71 3.665 1 

5 3.62 3.73 3.675 1 
 
Table 11. Calculation of ZnO Solar 

Panel Battery Energy 
Attempt 
Number 

VAverage x I x t Watt 
hour 

(Wh) 

1 3.66 x 1 x 1 3.66 

2 3.66 x 1 x 1 3.66 

3 3.68 x 1 x 1 3.68 

4 3.665 x 1 x 1 3.665 

5 3.675 x 1 x 1 3.675 

Average 3.668 

Standard Deviation 0.0084 

The experimental results show that 
pure PVA-based hydrogel has a 
refractive index of approximately 
1.376 and the lowest reflectance of 
2.751%, compared to PVA hydrogel 
mixed with ZnO, which has a 
refractive index of 1.549 and a 
reflectance of 4.647%, and PVA 
hydrogel mixed with TiO₂, which has 
a refractive index of 1.634 and a 
reflectance of 5.925%. In line with 
these results, measurements of the 
electrical energy stored in the 
battery indicate that the solar panel 
coated with pure PVA hydrogel 
produced the highest energy output, 
with an average of 3.737 Wh. This 
value is higher than that of the 
control solar panel (3.672 Wh), the 
panel coated with PVA–TiO₂ (3.663 
Wh), and the panel coated with 
PVA–ZnO (3.668 Wh). These 
findings indicate a correlation 
between refractive index, 
reflectance, and the electrical 
energy produced by the solar panel.​
​ The panel coated with plain 
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PVA hydrogel produced the highest 
electrical energy output, exceeding 
the control panel by 0.065 Wh 
(approximately a 1.77% increase), 
indicating that plain PVA is the most 
effective coating among those 
tested in this study. However, this 
improvement is relatively small and 
may be influenced by experimental 
uncertainties, particularly because 
the battery charging current used in 
the experiment was only 1 A, 
making the calculated energy highly 
sensitive to small changes in 
voltage measurements. Minor 
measurement errors, fluctuations in 
light intensity, or variations in battery 
performance could therefore 
produce differences of this 
magnitude. Since no statistical 
significance test was conducted, it 
cannot be determined with certainty 
whether the observed increase 
reflects a true performance 
improvement or normal 
measurement variation. Thus, 
although plain PVA hydrogel 
appears to perform best, this 
conclusion should be interpreted 
with caution and confirmed through 
further experiments with more trials 
and formal statistical analysis.​
​ The differences in 
performance can be explained 
based on the mechanism of light 
propagation at the 
air–hydrogel–glass interface of the 
solar panel. Air has a refractive 
index of approximately 1.00, while 
the glass on the surface of the solar 
panel has a refractive index of about 
1.52. Pure PVA hydrogel, with a 

refractive index of around 1.38, lies 
between these two values, forming 
a more gradual refractive index 
gradient. According to Fresnel’s law, 
this gradient causes incoming light 
from air to be refracted gradually 
before entering the panel glass, 
thereby reducing light reflection at 
each interface.​
​ In contrast, PVA hydrogels 
mixed with TiO₂ and ZnO have 
refractive indices of approximately 
1.63 and 1.55, respectively. These 
values are higher than those of air 
and the panel glass. Based on 
Fresnel’s law, this condition 
significantly increases light 
reflectance, causing part of the 
incident light to be reflected back 
before it can be transmitted into the 
panel glass. The increased 
reflectance in PVA–TiO₂ and 
PVA–ZnO hydrogels reduces the 
amount of light transmitted into the 
solar panel, resulting in lower 
electrical energy output compared to 
pure PVA hydrogel.​
​ The average electrical energy 
produced by the control panel was 
3.672 ± 0.0102 Wh. The solar panel 
coated with plain PVA hydrogel 
produced 3.737 ± 0.0087 Wh, while 
PVA–TiO₂ and PVA–ZnO coatings 
produced 3.663 ± 0.012 Wh and 
3.668 ± 0.0084 Wh, respectively.​
​ The relatively small standard 
deviation values indicate that the 
measurements were consistent 
across trials. However, because the 
difference between treatments is 
comparable in magnitude to the 
variability, further statistical testing 
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such as a t-test would be required to 
confirm whether the observed 
differences are statistically 
significant. 

D.​ CONCLUSION AND 
SUGGESTIONS 

​ Based on the research 
results, hydrogel coatings influence 
light reflection on the surface of 
solar panels. Pure PVA-based 
hydrogel shows the best 
performance in reducing light 
reflection compared to hydrogels 
mixed with nanoparticles; therefore, 
the first hypothesis is accepted. This 
result is consistent with Snell’s law, 
in which the refractive index of pure 
PVA hydrogel, lying between that of 
air and the glass of the solar panel, 
forms a more gradual refractive 
index transition at the 
air–hydrogel–glass interface, 
thereby reducing light reflection.​
​ Solar panels coated with pure 
PVA hydrogel generate the highest 
electrical energy compared to 
uncoated panels and panels coated 
with nanoparticle-mixed hydrogels; 
therefore, the second hypothesis is 
not fully supported. Theoretically, 
ZnO nanoparticles were expected to 
improve performance due to their 
transparency and high refractive 
index. However, their addition 
increased the hydrogel’s refractive 
index beyond the optimal 
intermediate value between air and 
glass, creating a larger mismatch at 
the air–hydrogel interface. 
According to Fresnel’s law, this 
increases light reflection and 

reduces transmission into the panel. 
In addition, nanoparticles may 
aggregate within the hydrogel, 
forming clusters that scatter incident 
light and reduce optical clarity. 
These combined effects decrease 
the amount of light reaching the 
solar cells, so pure PVA hydrogel 
proved to be the most effective 
coating in this study.​
​ For future researchers, it is 
recommended to explore hydrogel 
mixtures with nanoparticles other 
than ZnO and TiO₂ and to consider 
weather conditions, as 
measurements of solar panel 
effectiveness are highly dependent 
on the availability of sunlight. 
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