Chemical Process Design Vol.4 No.1 (2025) 86-92

CHEMICAL
' PROCESS
DESIGN

Chemical Process Design

‘ Volume 4, Issue 1

June 2025

Available online at http://cpd.usb.ac.ir/ s
University of Sistan
and Baluchestan

The Effect of the Refractive Index of Solar Panel Glass on the
Amount of Energy Received and the Optimal Angle of the Panel

Hamid Moghadam'™ ©, Mohsen Samimi?

! Corresponding Author, Department of Chemical Engineering, Faculty of Engineering, University of Sistan and Baluchestan, Zahedan, Iran.
Email: h.moghadam@eng.usb.ac.ir

2 Department of Chemical Engineering, Faculty of Engineering, Kermanshah University of Technology, Kermanshah, Iran.
Email: m.samimi@kut.ac.ir

ARTICLE INFO ABSTRACT
Article type: Using renewable energy is one of the sustainable solutions to deal with the
Research Article problems caused by the excessive use of fossil fuels. In recent years, the use of

solar electricity has developed more than other methods of using renewable
energy due to its applicability on a small to large scale. Solar panels, as part of
solar power systems that convert solar radiant energy into electrical energy, are
installed at an optimal angle to receive the most energy. The purpose of the
present study is to study the effect of the refractive index of solar panel glass on
the amount of energy received and its optimal angle. The results showed that
increasing the refractive index of the glass coating of solar panels will cause a
significant reduction in the annual energy received. The annual energy received
for a panel installed at an angle of 20 degrees at a latitude of 30 degrees is about
nall 12.591x109 W. Considering a refractive index of about 1.2, the energy received
Refractive index is reduced to 10.530x109 W (about 16.4%). A refractive index of 1.6 also causes
a reduction of about 42.7% of the energy received. Considering an increase in
the refractive index of 1.4 led to an increase of about 2 degrees in the optimal
angle.
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1. Introduction

In recent years, the use of adsorbents for environmental treatment and solar energy as a sustainable and cost-effective
solution for energy supply has become more significant than ever [1-4]. With increasing concerns about climate
change, depletion of fossil fuels and air pollution, solar energy has been recognized as a clean, renewable and

unlimited source [5]. Also, technological advances and reduced production costs have made the use of solar panels
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affordable for households and industries [6]. Many countries are encouraging people to install solar systems by
providing financial facilities and incentives to both reduce energy costs and contribute to environmental protection
[7]. Therefore, moving towards solar energy is not only a smart economic choice but also a necessity for a green and
sustainable future [8]. Solar energy has grown the fastest in recent years compared to other renewable sources such
as wind energy, hydroelectricity, and biomass [9-12].

One of the key advantages of solar energy compared to other renewable sources is its ability to be installed on both a
small and large scale [13]. Wind and hydropower plants usually require large spaces or specific geographical
conditions, while solar panels can even be installed on the roofs of houses [14]. The cost of solar electricity also
shows that solar energy is an attractive option for the future of clean energy, not only in terms of scale, but also in
terms of economics. Solar energy is also available and usable in wider areas than other types of renewable energy,
such as wind energy, wave energy, geothermal energy, etc. [15]. Installing solar panels at the optimal angle is one of
the key factors in increasing the efficiency and productivity of solar systems. The angle of installation of the panels
has a direct impact on the amount of sunlight received and, if properly adjusted, can significantly increase the
electrical energy produced by the solar panel. This angle depends on various factors such as geographical location
(latitude and altitude), season of the year, and direction of solar radiation. In scientific studies, the calculation of the
optimal angle of solar panels is mainly based on radiation models, climate data, and mathematical optimization [16].
Researchers usually calculate the amount of direct, diffuse, and reflected radiation using radiation models and
considering geographical parameters (latitude, longitude, and altitude). It is important to note that direct radiation has
the largest share and therefore the greatest impact, and as a result, only this type of radiation has been examined in
some studies [17]. Typically, modeling conducted to determine the optimal panel angle, considering various
simplifying conditions, seeks to determine the angle under which the highest annual energy input and consequently
the highest electrical energy produced is obtained. The results of various studies show that in areas located at medium
latitudes (such as Iran), the optimal angle is usually considered equal to the latitude of that area (+15 degrees) in order
to absorb the maximum amount of energy throughout the year [18]. Therefore, carefully examining and calculating
the installation angle of solar panels not only reduces costs but also significantly increases the profitability and
efficiency of solar projects.

The results of the research have led to the development of various commercial software such as PVsyst, Helioscope
and PVSOL, which are used to calculate the optimal angle of solar panels. This software suggests the optimal
installation angle of solar panels by simulating geographical and climatic conditions. However, software has
limitations, including the high cost of purchasing a license (especially for professional versions), complexity in use
for non-specialist users, and dependence on accurate meteorological data. These issues cause the results obtained
from their use to be associated with errors in some cases and under specific conditions. Some of these tools have
limited customization capabilities for non-standard system configurations and do not fully consider factors such as
dynamic shading or long-term climate changes in their calculations. These challenges sometimes mean that the results
obtained do not fully correspond to real conditions [19].

Solar panels consist of various components, including photovoltaic cells, a glass cover, an aluminum frame, a polymer
backing, wiring, and connectors. The glass cover of solar panels, which is in direct contact with the environment,
protects the photovoltaic cells from environmental factors such as weather, dust, and impact. However, the presence

of a glass cover causes solar radiation to be reflected from the panel surface and not reach the photovoltaic cells
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during the early and late hours of the day (when the angle of incidence on the solar panel is high). Therefore, it seems
that one of the factors that affects the amount of energy received by solar panels is the refractive index of the glass
coating of solar panels. However, a review of studies shows that the effect of this parameter on the efficiency of solar
panels has not been studied much. Advanced commercial software such as PVsyst and PVSOL also model the effect
of the angle of refraction of the panels on the system efficiency to some extent, but this analysis is usually simplified
and based on the overall panel data. These software mainly use standard reflection coefficients (e.g. 91-94% light
transmission for Anti-Reflective Coating glass), but rarely allow for accurate calculation of the effect of the angle of
refraction based on the exact characteristics of the materials (e.g. refractive index of glass or Nano-coatings).

In calculating the optimal panel angle, this software focuses more on the geometry of solar radiation and shading and
ignores the effects of light polarization or angular variations in reflection in different coatings. As a result, although
solar software is useful for general calculations, to optimize technical details such as the effect of the glass refraction
angle, it may be necessary to supplement the data with other methods. Therefore, considering the existing
shortcomings, the main objective of this research is to investigate the effect of the refractive index of the glass of

solar panels on the amount of energy received and their optimal angle.

2. Methodology

The refractive index of the glass coating on solar panels directly influences the amount of energy received. The critical
angle of the glass coating can be determined using its refractive index. The critical angle is the maximum angle of
incidence at which radiation can pass through the glass. In other words, the glass surface acts as a mirror for radiation
at angles greater than the critical angle. Therefore, if the angle of incidence exceeds the critical angle, the radiation

will be reflected off the glass surface and will not pass through. This is illustrated schematically in Fig. 1.
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Fig. 1. (a) Reflection of incident rays with an angle of incidence greater than the critical angle; (b) transmission of
incident rays with an angle of incidence less than the critical angle

Since the refractive index of commercial glass is about 1.6 or higher, anti-reflective coatings with optimized refractive
indices (usually between 1.2 and 1.5) can minimize light reflection and enhance the average light transmission to
photovoltaic cells. Research indicates that using nanostructured coatings with variable refractive indices can boost
light absorption efficiency at different angles of irradiation (especially at the start and end of the day). This
improvement is particularly notable when the irradiation is oblique (low-angle), as reflection losses are greater in
these conditions. Therefore the range of 1.2 to 1.6 was selected as the range of refractive index change in this study.
The present study was conducted to examine the effect of the refractive index on the amount of energy received and

the optimal angle of the solar panel. Initially, considering the latitude of the study location, the changes in the angle
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of direct sunlight during a day are calculated for a panel positioned at a specific angle to the horizon, from the start
to the end of the day, with a time step of 1 minute. Next, to account for the effect of the refractive index, if the angle
of sunlight on the panel surface exceeds the critical angle related to the specified refractive index, the amount of
energy received is considered zero in the calculations. In these calculations, the relationship between the refractive
index of glass and the critical angle is derived using the following equation.
6, =Sin"' ("2 (1)
n,

In this relation, 0. is the critical angle, n; and n; are the refractive indices of glass and air, respectively. According to
this relation, as the refractive index increases, the critical angle decreases. The refractive index of solar panels depends
on the type of glass and the coating used in them. If commercial glass is used, which has a refractive index of about
1.6, the critical angle is about 38 degrees. The use of solar glasses and nanometer anti-reflective coatings has caused
the refractive index to decrease to values of about 1.15, in which case the critical angle increases to about 60 degrees.
However, most commercially available panels have a critical angle between 42 and 56 degrees. In the next step, all
the calculations mentioned above are performed from the first to the last day of the year, and the total annual energy
received by the panel at a specific installation angle is obtained. Finally, by comparing the total annual energy at
different angles of the panel, the angle under which the maximum amount of energy is received will be introduced as
the optimal angle of the panel, taking into account the effects of the refractive index. To investigate the effect of the
refractive index of the glass coating of solar panels on the optimal angle and received energy, results were compared

with the case where the effect of the refractive index was ignored in the calculations.

3. Results and discussion

The presence of a glass coating on solar panels to protect the photovoltaic cells from environmental conditions causes
solar radiation to be reflected from the panel surface during the early and late hours of the day (when the angle of
incidence is greater than the critical angle). Table 1 shows the energy changes received by the panel from direct solar
radiation at different refractive indices of the glass coating for a given day (the 100th day of the year) and a given
angle of the panel (The panel angle of 20 degrees was chosen for day number 100 based on our previous study [16]).

As is clear, with increasing refractive index, the energy received decreased.

Table 1. The effect of refractive index on the energy received from direct solar radiation on
day 100 for a panel with an installed angle of 20 degrees

Refractive index 1.2 14 1.6
Energy received Considering the critical angle 3.1398 2.6546 2.2772
(x107 W) Regardless of the critical angle 3.8252

On a given day, as the sun rises on the panel surface, the sun's rays strike the panel surface at an angle of 90 degrees.
The angle of incidence decreases steadily over time from its maximum value of 90 degrees. But as long as the angle
of incidence is greater than the critical angle, the radiation is reflected from the surface of the glass covering of the
panel. Over time, the angle of incidence eventually becomes less than the critical angle, and the reflection

phenomenon disappears.
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At solar noon, the angle of incidence experiences its lowest value. As time passes from solar noon to sunset, the angle
of incidence increases again. At a certain point, the angle of incidence again becomes greater than the critical angle.
Therefore, from that time until sunset, the sun's radiation is reflected from the panel surface.

In fact, as the refractive index increases, the critical angle decreases. Lowering the critical angle shortens the time
interval during which solar radiation passes through the glass surface, leading to a decrease in received energy. In
other words, as the refractive index increases and the critical angle decreases, the duration of the times of day when
solar radiation is reflected from the glass surface expands. The results in Table 1 show that the amount of energy
received during a specific day decreases as the refractive index of the glass increases. According to Table 1, on the
100th day of the year, the energy received by a panel mounted at a 20-degree angle, considering refractive indices of
1.2, 1.4, and 1.6, is 17.92%, 30.60%, and 47.47% less, respectively, than when the effect of the critical angle is
ignored. The impact of the refractive index on the total annual energy received at a given panel angle is shown in
Table 2. These results, derived from summing the energy received over all days of the year, demonstrate that, as with

Table 1, increasing the refractive index results in a reduction in the total annual energy received.

Table 2. The effect of refractive index on annual energy received from direct solar radiation
for a panel with an installed angle of 20 degrees

Refractive index 1.6 1.4 1.2
Energy received Considering the critical angle 7.2180 8.6875 10.530
(x10° W) Regardless of the critical angle 12.591

According to the results in Table 2, the annual energy received by a panel installed at an angle of 20 degrees,
considering refractive indices of 1.2, 1.4, and 1.6, is 16.37%, 31%, and 42.67% less than in the case where the effect
of the critical angle is ignored, respectively.

To examine the effect of the refractive index on the solar panel optimal angle, it is first necessary to determine the
optimal angle for Zahedan city's latitude. The method for finding this angle involves calculating the annual energy
received at various angles, and the angle with the highest energy is identified as the optimal. Fig. 2 illustrates the

variations in annual energy received at different panel angles for Zahedan city.
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Fig. 2. The effect of refractive index on the optimal angle of the solar panel for a latitude of 30 degrees
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According to the results obtained, the optimal angle of the solar panel is about 30 degrees (where the related curve
reaches to its maximum value), considering the refractive index equal to 1.4. In contrast, the results show that by
ignoring the effect of the refractive index, the optimal angle is 28 degrees (the point of maximum for the upper curve).
Another important result obtained from Fig. 2 is that the curve corresponding to the case where the effect of the
refractive index is taken into account was shifted significantly downwards. This indicates a significant reduction in
the energy received in this case at all angles considered. This significant received energy reduction should be taken

into account when designing solar power systems.

4. Conclusion

In this study, the effect of considering the refractive index of the glass coating of solar panels on the amount of energy
received and the optimal angle of the panel was investigated. This glass coating is placed on the photovoltaic cells to
protect them from environmental conditions. However, if the angle of solar radiation is greater than the angle of the
glass coating, the radiation is reflected from the panel surface, reducing the amount of solar energy received. The
angle of solar radiation decreases from its maximum value (i.e., 90-degree angle) on the panel surface as the sun rises,
until solar noon, and experiences its minimum value at solar noon. As time passes from solar noon to sunset, the angle
of incidence increases continuously, and at sunset, the angle of incidence on the panel returns to 90 degrees. The
results of this study showed that as the refractive index increases (and consequently the critical angle decreases), the
amount of time that solar radiation passes through the glass coating decreases. The greater the increase in the
refractive index, the shorter this period and, consequently, the lower the amount of energy received. The results
showed that the annual energy input of a panel with a glass coating with a refractive index of 1.6 is about 42.7%
lower than the case where the effect of the refractive index is ignored. The results also show that considering the
refractive index also affects the optimal angle of the panel. While the optimal angle of the panel, ignoring the
phenomenon of solar radiation reflection from the panel surface, is 28 degrees for the city of Zahedan, for a panel

with a glass coating with a refractive index of 1.4, the value of this parameter was determined to be about 30 degrees.

References

[1] Samimi, M., Moghadam, H., 2024. Investigation of structural parameters for inclined weir-type solar stills. Renewable and
Sustainable Energy Reviews, 190, 113969. https://doi.org/10.1016/j.rser.2023.113969

[2] Moghadam, H., Samimi, M., 2022. Effect of condenser geometrical feature on evacuated tube collector basin solar still
performance: Productivity optimization using a Box-Behnken design model. Desalination, 542, 116092.
https://doi.org/10.1016/j.desal.2022.116092

[3] Ndungu, S.N., Wanjau, R.N., Nthiga, E.W., 2024. Efficacy of adsorption of Congo Red dyes from an aqueous media using
silicon nitride (SisN4) adsorbent derived from sand and coffee husk wastes. Eurasian Journal of Science and Technology, 4
(3), 253-263. https://doi.org/10.48309/ejst.2024.433646.1121

[4] Samimi, M., Moeini, S., 2020. Optimization of the Ba** uptake in the formation process of hydrogels using central composite
design: Kinetics and thermodynamic studies of malachite green removal by Ba-alginate particles. Journal of Particle Science
and Technology, 6 (2), 95-102. https://doi.org/10.22104/JPST.2021.4842.1184

[5] Olabi, A., Abdelkareem, M.A., 2022. Renewable energy and climate change. Renewable and Sustainable Energy Reviews,
158, 112111. https://doi.org/10.1016/j.rser.2022.112111

[6] Devabhaktuni, V., Alam, M., Depuru, S.S.S.R., Green, R.C. II, Nims, D., Near, C., 2013. Solar energy: Trends and enabling
technologies. Renewable and Sustainable Energy Reviews, 19, 555-564. https://doi.org/10.1016/j.rser.2012.11.024

[7] Timilsina, G.R., Kurdgelashvili, L., Narbel, P.A., 2012. Solar energy: Markets, economics and policies. Renewable and
Sustainable Energy Reviews, 16 (1), 449-465. https://doi.org/10.1016/j.rser.2011.08.009

[8] Samimi, M., Moghadam, H., 2024. Modified evacuated tube collector basin solar still for optimal desalination of reverse
osmosis concentrate. Energy, 289, 129983. https://doi.org/10.1016/j.energy.2023.129983

[9] Kannan, N., Vakeesan, D., 2016. Solar energy for future world: A review. Renewable and Sustainable Energy Reviews, 62,
1092—-1105. https://doi.org/10.1016/j.rser.2016.05.022



92 H. Moghadam and M. Samimi/ Chemical Process Design, Vol.4, No.1 (2025) 86-92

[10] Samimi, M., Nouri, J., 2025. Optimized removal of trivalent arsenic from aquatic environments using Prosopis juliflora seed
biomass. Global Journal of  Environmental Science and Management, 11 2), 391-402.
https://doi.org/10.22034/gjesm.2025.02.02

[11] Ekpan, F., Ori, M.O., Samuel, H.S., Egwuatu, O.P., 2024. Emerging technologies for eco-friendly production of bioethanol
from lignocellulosic waste materials. Eurasian Journal of Science and Technology, 4 (3), 179-194.
https://doi.org/10.48309/ejst.2024.429106.1119

[12] Samimi, M., 2025. Synthesis of alginate-based biocomposite containing biomass derived from Lantana camara L. stem as a
novel biopolymeric sorbent for methylene blue uptake. Chemical Methodologies, 9 (11), 1054-1068.
https://doi.org/10.48309/chemm.2025.527953.1969

[13] Mekhilef, S., Saidur, R., Safari, A., 2011. A review on solar energy use in industries. Renewable and Sustainable Energy
Reviews, 15 (4), 1777-1790. https://doi.org/10.1016/j.rser.2010.12.018

[14] Ros, A.J., Sai, S.S., 2023. Residential rooftop solar demand in the US and the impact of net energy metering and electricity
prices. Energy Economics, 118, 106491. https://doi.org/10.1016/j.eneco0.2022.106491

[15] Kumar, V., Shrivastava, R., Untawale, S., 2015. Solar energy: Review of potential green and clean energy for coastal and
offshore applications. Aquatic Procedia, 4, 473—480. https://doi.org/10.1016/j.aqpro.2015.02.062

[16] Moghadam, H., Tabrizi, F.F., Sharak, A.Z., 2011. Optimization of solar flat collector inclination. Desalination, 265 (1-3),
107-111. https://doi.org/10.1016/j.desal.2010.07.039

[17] Moghadam, H., Nouri, J., Samimi, M., 2024. Angle optimization of home solar panels for urban energy management.
International Journal of Human Capital in Urban Management, 9 (3), 405—412. https://doi.org/10.22034/IJHCUM.2024.03.03

[18] Khan, T.Y., Soudagar, M.E.M., Kanchan, M., Afzal, A., Banapurmath, N.R., Akram, N., Mane, S.D., Shahapurkar, K.,
2020. Optimum location and influence of tilt angle on performance of solar PV panels. Journal of Thermal Analysis and
Calorimetry, 141, 511-532. https://doi.org/10.1007/s10973-019-09089-5

[19] Milosavljevi¢, D.D., Kevki¢, T.S., Jovanovié, S.J., 2022. Review and validation of photovoltaic solar simulation
tools/software based on case study. Open Physics, 20 (1), 431-451. https://doi.org/10.1515/phys-2022-0042



