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ABSTRACT

This comprehensive study explores the impact of solar panel orientation and tilt on their efficiency in
photovoltaic energy generation. By analyzing the results of three distinct experiments, it highlights the two-axis
solar tracker as the most effective method for optimizing solar irradiance reception throughout the day over an
extended period. However, it is essential to note that the optimal orientation of solar panels depends on the
specific geographic location, while a 60-degree tilt proved particularly effective for a specific day. This research
provides crucial insights for designing more efficient and sustainable solar systems and contributes significantly

to the ongoing shift toward clean and renewable energy sources.
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Introduction

Photovoltaic (PV) solar energy plays a pivotal
role in the transition to clean and sustainable
energy sources, offering a critical alternative to
fossil fuels. This innovative technology enables
the capture of solar light and its conversion
into a valuable source of renewable electricity,
contributing to a reduction in our carbon
footprint. To maximize the performance of PV
installations, understanding key parameters,
such as solar panel orientation and tilt, is
imperative. Orientation, defining the angle
relative to true north, and tilt, determining the
angle relative to the horizontal, are critical
factors that can either enhance or hinder the
performance of PV systems (Fouad, 2017).
These parameters are flexible and vary by
geographic highlighting  the
importance of regional considerations. Due to

location,
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the sun's ever-changing position, evaluating
these parameters carefully is crucial for
optimal energy production. In this context, this
study aims to thoroughly examine the influence
of solar panel orientation and tilt on energy
production. Through rigorous methodology
and in-depth analysis, our research contributes

NeuroQuantolo

significantly to our understanding of the
optimal configuration of solar panels to
maximize energy yield.

Literature Review

The study of the impact of solar panel
orientation and tilt on energy production is a
crucial research area in the realm of solar
energy. Researchers worldwide have made

significant contributions over the years,
profoundly affecting our understanding of key
parameters influencing  solar  system
performance.
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Orientation, representing the angle relative to
geographic north, and the tilt of solar panels,
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determining the angle relative to the horizontal,
are decisive factors that can either optimize or
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compromise the performance of photovoltaic
installations (Jager, 2014). These choices directly
affect the amount of solar energy captured and
converted into electricity and vary by geographic
location.

The orientation of solar panels plays a pivotal role
in maximizing photovoltaic energy production.
Researchers such as Siraki et al. have conducted a
comprehensive analysis of tilt and azimuth angles
for photovoltaic systems, emphasizing the
importance of considering local characteristics
when planning solar panel orientation (Siraki,
2012). Guo et al. have demonstrated that it is
widely recognized that facing south in the
northern hemisphere or north in the southern
hemisphere maximizes solar light capture
throughout the day, thereby increasing energy
production (Guo, 2017). However, in specific
situations where electricity demand varies
throughout the day, other orientations may be
justified (Mondol, 2007).

Other researchers have used experimental
approaches to determine the optimal tilt angle
for photovoltaic panels. Chang examined the
apparent position of the Sun and the optimal tilt
angle of a solar sensor in the northern
hemisphere, highlighting the importance of
geographic orientation (Chang, 2009). Kaldellis
conducted a meticulous study on the optimal tilt
angle of solar panels during the summer period,
emphasizing crucial seasonal variations (Kaldellis,
2012). Le Roux provided valuable data by
determining the optimal tilt and azimuth angles
for fixed solar sensors in South Africa, based on
real measurements. The importance of
considering geographical specifics is a key
concept (Le Roux, 2016). Kaddoura proposed
specific recommendations to maximize the
energy efficiency of photovoltaic solar energy in
Saudi Arabia, taking into account the particular
conditions of the region (Kaddoura, 2016).
Hussein and Salih presented results claiming that
for every location on Earth with varying radiation
characteristics, it is possible to find an optimal tilt
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angle for the best reception of solar energy
(Hussein, 2004; Salih, 2014).

In general, an inclination angle equal to the
geographical latitude can be a first approximation
to maximize annual energy production. However,
finer adjustments based on seasons can further
2011).
Stanciu and Hafez conducted research to

enhance performance (Benghanem,
precisely determine the optimal maximum tilt
angle for photovoltaic panels for any country in
the world (Stanciu, 2014; Hafez, 2017). These
considerations extend beyond solar panel
orientation. Kamali quantified the impact of
azimuth angle variations on annual photovoltaic
energy production, emphasizing the importance
of accurate orientation. Furthermore, solar panel
efficiency is also influenced by aspects related to
the electrical system (Kamali, 2006). Hartner
examined the optimal tilt and orientation angles
of photovoltaic panels from the perspective of
the electrical grid, exploring the benefits for grid
integration(Hartner, 2015). Mishra developed an
intelligent dual-axis solar tracker based on
Arduino, providing an innovative solution for
optimizing solar panel orientation (Mishra, 2017).

Studies have also extended to regional variations.
Rowlands studied the optimal tilt and orientation
angles of photovoltaic thermal systems for use in
the Ontario region, Canada (Rowlands, 2011).
Yadav conducted experimental and mathematical
research on the optimal tilt angle and the effects
of reflectors on photovoltaic energy production.
Finally, global assessments have been proposed
(Yadav, 2013). Dubey provided global estimates
of optimal PV tilt angles, as well as insolation
ratios for tilted and tracking panels compared to
horizontal panels (Dubey, 2013).

Further studies have also

recommendations regarding fixed tilt and

provided

azimuth angles for specific locations, such as
South Africa (Le Roux 2016), India (Yadav, 2014),
Iran (Jafarkazemi, 2012), the United States(Lave,
2011), Turkey (Bakirci, 2012), Indonesia
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(Kurnianto, 2017), China (Tang, 2004), Nigeria
(Udoakah, 2015), and the United Arab Emirates
(Jafarkazemi, 2013). This research emphasizes the
importance of considering these previous works
when planning and designing photovoltaic
systems, especially based on specific geographic
locations, with the goal of optimizing solar energy
production.

Despite significant advancements, gaps remain in
the literature. Region-specific studies are
necessary due to climate variations, sunlight
hours, and differences.
Furthermore, while existing studies have mainly

energy demand

focused on fixed photovoltaic installations, there

is a growing interest in one or two-axis solar
tracking systems, which could significantly
improve solar panel efficiency (Ghosh, 2010).
Further research is needed to assess the benefits
of these systems in various geographic and
climatic contexts.

Experiment 1: Impact of Solar Panel Tilt

In this experiment, we assessed the impact of
solar panel tilt on their performance using three
solar panel kits with tilts of 30°, 45°, and 60°, all
oriented towards the south (figure 1). The goal
was to determine the optimal tilt angle that

would yield the best solar irradiance.

Figure 1. The image of the three solar panel kits with tilts of 30°, 45° and 60°

Methodology

« Three solar panel kits were installed with tilts
of 30°, 45°, and 60°, all fixed in a southward
orientation.

« Solar irradiance data were collected every
hour during the period from 09:00 to 15:00.

« The average solar irradiance values for each
kit were recorded and compared.
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Results

The results of the experiment, depicted in Figure
2, indicate that the kit with a 60° tilt achieved the
highest and most consistent performance
throughout the day. This is particularly noticeable
when compared to the other two kits, which
exhibited a noticeable deviation at each
measurement hour.
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Figure 2. Comparison of the impact of solar panel tilt

To confirm these observations, we calculated the
this
measurement day using the "Motions of the Sun

optimal hourly and daily angles for

Simulator" software. The results are summarized
in Table 1.

Table 1. Optimal hourly and daily tilt angles

The analysis of the theoretical results confirms
that the optimal angle for this measurement day
was 60°, which corresponds to the tilt of the kit
that achieved the highest performance.

Time 06h |07h |08h |09h |10h |11h [12h (13h |14h |15h |16h |17h |18h |19h
Hourly optimal tilt angle 84.7 |72.6 [60.6 (48.9 |38.4 |30.2 |26.9 |30.1 [38.2 (48.7 |60.3 |72.3 (84.4 |90.0
Daily optimal tilt angle 56.16

Conclusion

This experiment demonstrates that the tilt of
solar panels has a significant impact on their
performance. In this specific case, a tilt of 60°
yielded the most favorable results in terms of
solar irradiance. This information can be valuable
for the optimization of solar panel installations to
maximize solar energy production.

Experiment 2: Comparison Between a Fixed
Solar Kit and a Single-Axis Tracking Kit

eISSN1303-5150
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In this second experiment, our goal is to analyze
the impact of the orientation of photovoltaic
solar panels on solar energy production. We
deliberately chose an inclination angle of 30° for
our solar panels. We set up two configurations of
solar kits, all inclined at this fixed angle but with
different orientations. The first kit is fixedly
oriented toward the south, while the second kit
has been specially configured as a single-axis
solar tracking system, with manual azimuth
adjustments made every half-hour to follow the

sun's trajectory.
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Figure 3. The image of a single-axis tracking kit and the fixed south-facing kit 123
Methodology
« Two identical solar panel kits with a 30° tilt « The second kit was consistently oriented
were installed. towards the south.
« The first kit was set up as a single-axis solar « Solar irradiance data was collected every hour
tracker with manual azimuth adjustments during the period from 09:00 to 14:00.

every half-hour.
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Figure 4. Comparison of the performance between the single-axis tracking kit and the fixed south-facing kit
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Results

Figure 4 presents the results of the experiment,
comparing the average solar irradiance values for
each hour between the two kits.

The analysis of the results reveals that both
configurations of solar panel kits produced nearly
identical solar irradiance values during the early
hours of the experiment, from 9 a.m. to 11 a.m.
However, starting at 11 a.m., the solar kit
equipped with a single-axis solar tracker began to
maintain maximum irradiance intensity, while the
fixed south-facing kit showed a gradual decline in
irradiance. The gap continues to widen until the
end of the experiment. The irradiance intensity of
the single-axis tracking kit even reaches double
that of the south-facing kit. These observations
clearly indicate the advantage of single-axis solar
tracking for maximizing solar energy production.

Conclusion

The results of this experiment highlight the
significant advantage of single-axis solar tracking
for maximizing solar energy production. This
configuration allows for the maintenance of
maximum solar irradiance intensity for a longer
duration throughout the day, resulting in a
significant increase in energy production.

Experiment 3: Two-Axis Solar Tracker for
Optimal Angle

Solar radiation

PV panel

Figure 5. Two-axis solar tracker: tilt and azimuth
angles
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In this third experiment, our goal was to
determine the effectiveness of a two-axis solar
tracker in maintaining an optimal angle for each
measurement hour, compared to the previous
configurations. To achieve this, a single solar
panel kit was used with manual orientation
capability, capable of tracking the solar path by
adjusting its tilt and azimuth angles (figure 5).

Methodology

« A single solar panel kit was installed with a
two-axis solar tracking mechanism, allowing
manual adjustment of the tilt and azimuth
angle to track the solar path.

« Solar irradiance data was collected every hour
throughout the day to assess the performance
of the two-axis solar tracker.

Results

The results of the experiment are presented in
Figure 6, summarizing the average hourly
irradiance throughout the day.

The measurements from the reference cell
revealed that the solar panel kit equipped with a
two-axis solar tracker displayed maximum
irradiance values exceeding 1000 W/m? for over 9
hours during the day. These results further
support the theory that PV systems with a two-
axis tracker ensure significantly higher solar
irradiance reception throughout the sunlight
hours.

Conclusion

The results of this experiment confirm the
efficiency of a two-axis solar tracker in
maximizing solar irradiance reception. This
configuration allows for maintaining an optimal
angle at each measurement hour, ensuring high
irradiance values throughout the day.
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Figure 6. Average hourly irradiance profile over the course of the day

Comparison of Results from the Three
Experiments
To determine the most effective method for

maximizing photovoltaic energy production, we
compared the results from the three
experiments. These experiments allowed us to
assess the performance of different solar panel
configurations in real-world conditions.

[1090,6

[1107,3

The first curve in Figure 7 represents the results
of the experiment using a two-axis solar tracker.
It displays the best solar irradiance results,
exceeding 1000 W/m? for an extended period,
notably up to 9 hours. This curve highlights the
two-axis solar tracker's ability to maintain
maximum solar irradiance reception, making it a
promising option increasing energy production.
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Figure 7. Results from the three experiments
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In order to gain a better understanding of the
performance and production of the two-axis
method, four consecutive days of production

were recorded. The system was isolated,

1200
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% %,

G

The frst day

Figure 8. The results of the four days of production

Upon observing these cumulative results, it
becomes evident that the two-axis solar tracker is
the most effective method for maximizing solar
irradiance reception and increasing photovoltaic
energy production. This configuration stands out
for its ability to maintain a high irradiance
intensity for a significant portion of the day.
Therefore, in selecting the best condition for our
kit and ensuring maximum photovoltaic energy
production, the two-axis solar tracker method
emerges as the optimal solution. This conclusion
is supported by empirical data and tangible
of this

results, affirming the effectiveness

configuration.

General Conclusion

The entirety of these three experiments has
provided valuable insights into the impact of
tilt,
performance of photovoltaic solar panels. These

orientation, and solar tracking on the
experiments have highlighted key elements for

maximizing solar energy production under

various conditions.
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%

The second day .. The third day

meaning it was not connected to a charger,
allowing for an assessment of its behavior under
normal operating conditions. The results of these
four days of production are presented in Figure 8

O 2
3 % %

2 % 23

The dourth day 950 W/m?

The first experiment underscored the significance
of the tilt of solar panels, with a 60° tilt proving
optimal for a specific day. The second experiment
showcased the advantages of single-axis solar
tracking in maintaining maximum irradiance
intensity for an extended duration compared to a
fixed installation. The third experiment confirmed
that the

maintenance of an optimal angle at every

dual-axis solar tracking enables
measurement hour, guaranteeing high irradiance
values throughout the day. Comparing the results
of the three experiments has identified the dual-
axis solar tracker as the most promising method
for maximizing photovoltaic energy production.
This configuration offers superior performance,
ensuring high solar irradiance reception over

extended periods.

The knowledge gained from these experiments
can contribute to the design of more efficient and
economically viable solar systems and aid in the
transition toward a more sustainable energy
future.
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